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Abstract
ATP-binding cassette transporters A1 (ABCA1) and G1 (ABCG1) play a vital role in promoting cholesterol efflux.
Although, the dysregulation of these transporters was attributed as one of the mechanisms of atherogenesis, what renders
their dysfunction is not well explored. Previously, we have reported that thrombin without having any effect on ABCG1
levels depletes ABCA1 levels affecting cholesterol efflux. In this study, we explored the mechanisms underlying thrombin-
induced depletion of ABCA1 levels both in macrophages and smooth muscle cells. Under normal physiological conditions,
COP9 signalosome subunit 3 (CSN3) was found to exist in complex with ABCA1 and in the presence of proatherogenic
stimulants such as thrombin, ABCA1 was phosphorylated and dissociated from CSN3, leading to its degradation. Forced
expression of CSN3 inhibited thrombin-induced ABCA1 ubiquitination and degradation, restored cholesterol efflux and
suppressed foam cell formation. In Western diet (WD)-fed ApoE−/− mice, CSN3 was also disassociated from ABCA1
otherwise remained as a complex in Chow diet (CD)-fed ApoE−/− mice. Interestingly, depletion of CSN3 levels in WD-fed
ApoE−/− mice significantly lowered ABCA1 levels, inhibited cholesterol efflux and intensified foam cell formation
exacerbating the lipid laden atherosclerotic plaque formation. Mechanistic studies have revealed the involvement of Par1-
Gα12-Pyk2-Gab1-PKCθ signaling in triggering phosphorylation of ABCA1 and its disassociation from CSN3 curtailing
cholesterol efflux and amplifying foam cell formation. In addition, although both CSN3 and ABCA1 were found to be
colocalized in human non-lesion coronary arteries, their levels were decreased as well as dissociated from each other in
advanced atherosclerotic lesions. Together, these observations reveal for the first time an anti-atherogenic role of CSN3 and
hence, designing therapeutic drugs protecting its interactions with ABCA1 could be beneficial against atherosclerosis.

Introduction

Cholesterol is an essential component of cell membranes
and a precursor for several hormones that are vital for body
function [1]. However, excess cholesterol production can
lead to its accumulation in peripheral tissues, including
arteries where it becomes vulnerable for oxidation, ester-
ification, and crystallization leading to foam cell formation
and atherogenesis [2]. Therefore, removal of cholesterol
from peripheral tissues is critical in the maintenance of
cholesterol homeostasis [2]. ATP-binding cassette trans-
porters A1 (ABCA1) and G1 (ABCG1) play an important
role in the maintenance of cholesterol homeostasis by
driving cholesterol efflux to apolipoprotein A-I (ApoA-I)
and high-density lipoprotein (HDL), respectively, from
peripheral tissues back to liver where it is converted to bile
acids [3–5]. For example, mutation in ABCA1 gene causes
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Tangier disease, which is characterized by low levels of
HDL cholesterol (HDL-C) and ApoA-I and an increase in
the accumulation of cholesteryl esters (CEs) within
macrophage-rich tissues [6]. In addition, ABCA1 and
ABCG1 were dysregulated during the pathogenesis of

atherosclerosis [7–11]. Many reports have also shown that
disruption of ABCA1 gene enhances atherosclerosis and
inhibition of its proteasomal degradation restores choles-
terol efflux and reduces atherosclerosis [12–14]. Recently,
we reported that protease-activated receptor 1 (Par1)-
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mediated atherogenesis was associated with ABCA1 pro-
teasomal degradation, reduced cholesterol efflux and
enhanced foam cell formation [15]. We have also shown
that Par1-triggered ABCA1 depletion was dependent on
Cullin3-mediated ubiquitination [15]. Based on these
observations, we asked the question how ABCA1 is pro-
tected during normal physiological conditions? Previously,
it was reported that COP9 signalosome subunit 2 (CSN2)
and 5 (CSN5) upon forced expression were found to be co-
precipitated with ABCA1 in HEK293 cells and CSN2
overexpression decreased ubiquitination of ABCA1 [16]. It
was also reported that CSN5 expression increases in human
atherosclerotic lesions and its deletion in ApoE−/− mice
exacerbates atherogenesis in response to WD [17, 18].
Besides, it was demonstrated that COP9 signalosome sub-
unit 3 (CSN3), another subunit of COP9 signalosome, binds
with transcriptional factor interferon regulatory factor 5 and
Ras guanine nucleotide exchange factor Sos1 and maintains
their stability [19, 20]. In view of these observations and the
fact that COP9 signalosome has a role in the deubiquiti-
nation and protection of proteins from proteasome-mediated
degradation [21–23], we have studied the role of CSN3 in
ABCA1 stability and cholesterol efflux. Here, we report for
the first time that CSN3 interacts with and protects ABCA1
from thrombin and WD-induced degradation.

Mechanistically, we found that thrombin via activation of
Par1-Gα12-Pyk2-Gab1-PKCθ signaling induces phosphor-
ylation of ABCA1, leading to its disassociation from CSN3
and getting ubiquitinated and degraded. Furthermore,
depletion of CSN3 levels in WD-fed ApoE−/− mice sub-
stantially decreased ABCA1 levels as compared with those
that received control siRNA, leading to heightened foam
cell formation and atherosclerotic lesion progression in
response to WD. Based on these findings, we believe that
CSN3 plays an atheroprotective role and hence, developing
therapeutic drugs to safeguard CSN3–ABCA1 complex
would be useful in controlling atherogenesis.

Results

Disruption of CSN3 and ABCA1 interactions
in macrophages in response to thrombin and in
ApoE−/− mice in response to WD

Previously, we reported that Cullin3 mediates ABCA1
ubiquitination and its proteasomal degradation [15].
COP9 signalosome by deneddylation of Cullins has a role
in protein stability [21–23]. As CSN3 maintains the stability
of several proteins [19, 20], here we tested its role in
ABCA1 stability. Thrombin, a G protein-coupled receptor
agonist, while depleting ABCA1 levels had no effect on
steady state CSN3 levels (Fig. 1a, b). Next, we found that
both CSN3 and ABCA1 exist as a complex in control cells
and in response to thrombin CSN3 was found to be dis-
associated from ABCA1 (Fig. 1c, d). To understand the
mechanisms underlying CSN3 dissociation from ABCA1,
we tested the effect of thrombin on ABCA1 phosphoryla-
tion. Thrombin-induced ABCA1 phosphorylation in a
manner that precedes its dissociation from CSN3 (Fig. 1c,
d). Furthermore, consistent with co-immunoprecipitation
(co-IP) findings, co-immunofluorescence staining confirmed
that CSN3 and ABCA1 exist as a complex in control cells,
and in response to thrombin they were found to be dis-
sociated from each other and ABCA1 levels were decreased
(Fig. 1e). In addition, in the presence of proteasomal inhi-
bitor, MG132 [24], thrombin failed to deplete ABCA1
levels and both CSN3 and ABCA1 were found to be
colocalized (Fig. 1e). The interactions between CSN3 and
ABCA1 were further confirmed by in situ proximity liga-
tion assay (PLA). Basically, PLA results showed that CSN3
and ABCA1 exist as a complex in control cells, which was
completely disrupted in response to thrombin (Fig. 1f).
Besides, in line with the co-immunofluorescence findings,
in the presence of MG132, thrombin did not lead to the
dissociation of CSN3 from ABCA1 (Fig. 1f). We also
studied the effect of thrombin on CSN3 and ABCA1
interactions in the presence and absence of MG132 by co-IP

Fig. 1 Dissociation of CSN3 from ABCA1 in macrophages in
response to thrombin and ApoE−/− mice in response to WD
feeding. a–d RAW264.7 cells a, c or peritoneal macrophages b, d
were treated with and without thrombin (0.5 U/ml) for the indicated
time periods, cell extracts were prepared and analyzed by western
blotting for the indicated proteins using their specific antibodies a, b or
immunoprecipitated with anti-ABCA1 or anti-CSN3 antibodies and
the immunocomplexes were analyzed by western blotting for the
indicated proteins using their specific antibodies c, d. Input protein
from control and the indicated treatment in both c, d was immuno-
blotted for β-actin or α-tubulin. e Quiescent RAW264.7 cells were
treated with and with without thrombin (0.5 U/ml) in the presence and
absence of MG132 (10 μM) for 4 h, fixed and stained by double
immunofluorescence for CSN3 and ABCA1. f Quiescent RAW264.7
cells were treated with and without thrombin (0.5 U/ml) in the pre-
sence and absence of MG132 (10 μM) for 4 h and subjected to in situ
PLA as described in “Materials and Methods”. g Quiescent
RAW264.7 cells and peritoneal macrophages were treated with and
without thrombin (0.5 U/ml) in the presence and absence of MG132
(10 μM) for 4 h, cell extracts prepared, immunoprecipitated with anti-
ABCA1 antibodies and immunoblotted with the indicated antibodies.
The input protein from these samples was immunoblotted for α-
tubulin. h Peritoneal macrophages were treated with and without
thrombin (0.5 U/ml) for the indicated time periods and cholesterol
efflux to Apo-AI was measured. i, j ApoE−/− mice were fed with CD
or WD for 10 weeks, aortas and macrophages were isolated, extracts
were prepared and analyzed by western blotting for the indicated
proteins using their specific antibodies i or immunoprecipitated with
anti-ABCA1 antibodies and the immunocomplexes were analyzed by
western blotting for the indicated proteins using their specific anti-
bodies j. The input protein from each sample in j was immunoblotted
for α-tubulin. The bar graph represents Mean ± SD values of three
experiments. *p < 0.01 versus control or CD.
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experiments. First, thrombin-induced degradation of
ABCA1 was completely prevented by MG132 (Fig. 1g).
Second, inhibition of ABCA1 degradation by MG132

restored its interaction with CSN3 (Fig. 1g). Third, the
rescue of ABCA1 interaction with CSN3 was also corre-
lated with the suppression of ABCA1 phosphorylation
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(Fig. 1g). Thus, the observations by co-IP, co-
immunofluorescence and PLA along with MG132 rescue
experiments clearly demonstrate that CSN3 and ABCA1
exist as a complex under basal conditions and that their
interactions disrupt in response to thrombin. Consistent with
its effect on ABCA1 depletion, thrombin also decreased
cholesterol efflux (Fig. 1h). Based on these results, we
conclude that CSN3 exists in complex with ABCA1 and
maintains its stability under normal conditions in macro-
phages, which is disrupted in response to thrombin. To
validate these results in vivo, ApoE−/− mice were fed with
WD for 10 weeks or left on CD and ABCA1 and CSN3
levels were measured both in aorta and macrophages. Both
ABCA1 and CSN3 levels were found to be decreased in
aorta as well as macrophages of WD-fed ApoE−/− mice as
compared with those of CD-fed ApoE−/− mice (Fig. 1i). In
addition, ABCA1 was found to be phosphorylated
and dissociated from CSN3 both in aorta and macrophages
of WD-fed ApoE−/− mice as compared with those of
CD-fed ApoE−/− mice (Fig. 1j). These results demonstrate
that WD triggers phosphorylation of ABCA1 and its dis-
sociation from CSN3, leading to its degradation in ApoE−/−

mice.

CSN3 rescues cholesterol efflux from inhibition by
thrombin and reduces foam cell formation

To gain further evidence for the possible role of CSN3 in
ABCA1 stability, we used siRNA approach. Down-
regulation of CSN3 levels by its siRNA in RAW264.7 cells
enhanced thrombin-induced degradation of ABCA1 as well
as exacerbated thrombin-induced inhibition of cholesterol
efflux (Fig. 2a, left and middle panels and b). Furthermore,

CSN3 depletion also correlated with a slight increase in
thrombin-induced ABCA1 phosphorylation (Fig. 2a, right
panel). As the effects of thrombin on ABCA1 depletion
were dependent on CSN3 dissociation from ABCA1,
downregulation of CSN3 levels as expected resulted no
substantial additive effects on ABCA1 phosphorylation and
degradation. However, downregulation of CSN3 levels
alone caused an increase in ABCA1 phosphorylation and its
degradation (Fig. 2a, right panel). In line with these
observations, CSN3 depletion enhanced thrombin-induced
foam cell formation (Fig. 2c). On the other hand, over-
expression of CSN3 in RAW264.7 cells restored CSN3
association with ABCA1 from thrombin-induced dissocia-
tion and prevented thrombin-induced phosphorylation and
degradation of ABCA1 (Fig. 2d). Overexpression of CSN3
also restored cholesterol efflux from inhibition by thrombin
and prevented thrombin-induced foam cell formation
(Fig. 2e, f). Together, these findings demonstrate that CSN3
maintains ABCA1 stability, promotes cholesterol efflux and
decreases foam cell formation.

Depletion of CSN3 in ApoE−/− mice reduces ABCA1
levels, inhibits cholesterol efflux, and increases
foam cell formation

Based on our in vitro results showing the protective role of
CSN3 on ABCA1 stability, we tested whether depletion of
CSN3 levels leads to ABCA1 downregulation in WD-fed
ApoE−/− mice. Considering that homozygous deletion of
CSN3 is embryonic lethal [25], we applied in vivo siRNA
approach. To this end, siControl (control siRNA) or siCSN3
was injected intravenously into ApoE−/− mice and at the
indicated time periods of post injection, CSN3 levels were
measured in aorta. CSN3 levels were significantly reduced
in aorta of ApoE−/− mice at 7 days post injection of its
siRNA (Fig. 3a). Based on this observation, ApoE−/− mice
were fed with WD for 10 weeks and siControl or siCSN3
was given every 7 days for the duration of the feeding. As
expected, CSN3 levels were substantially depleted in aorta
and macrophages of WD-fed ApoE−/− mice injected with
siCSN3 as compared with those mice that received siCon-
trol (Fig. 3b, c). In addition, ABCA1 but not ABCG1 or
CD36 levels were found to be substantially reduced in
siCSN3 received WD-fed ApoE−/− mice as compared with
ApoE−/− mice that received siControl (Fig. 3b–e). Fur-
thermore, depletion of CSN3 levels inhibited cholesterol
efflux to ApoA-I in peritoneal macrophages of WD-fed
ApoE−/− mice and as a consequence increased the capacity
of their foam cell formation as compared with those of
siControl received mice (Fig. 3f, g). Together, these results
demonstrate that depletion of CSN3 levels in WD-fed
ApoE−/− mice reduces ABCA1 levels, inhibits cholesterol
efflux, and increases foam cell formation.

Fig. 2 CSN3 blocks thrombin-induced ABCA1 depletion, rescues
cholesterol efflux, and inhibits foam cell formation. a (left and
middle panels) RAW264.7 cells were transfected with the indicated
siControl or siCSN3 (100 nmoles), treated with and without thrombin
(0.5 U/ml) for 4 h, cell extracts were prepared and analyzed by western
blotting for the indicated proteins using their specific antibodies.
a (right panel) RAW264.7 cells that were transfected with siControl or
siCSN3 (100 nmoles) were treated with and without thrombin for 4 h,
cell extracts prepared, immunoprecipitated with anti-ABCA1 anti-
bodies and the immunocomplexes were immunoblotted sequentially
with pSer/Thr, CSN3, and ABCA1 antibodies. b, c RAW264.7 cells
were transfected with silencer select siControl or siCSN3, treated with
and without thrombin (0.5 U/ml) for 4 h and assayed for cholesterol
efflux b or foam cell formation c. d RAW264.7 cells were transfected
with pCMV or pCMV-CSN3 plasmid, treated with and without
thrombin (0.5 U/ml) for 4 h, cell extracts were prepared, immunopre-
cipitated with anti-ABCA1 antibodies and immunoblotted with the
indicated antibodies. The input protein from each sample was immu-
noblotted for CSN3 or α-tubulin. e, f All the conditions were the same
as in d except that cells were assayed for cholesterol efflux e or foam
cell formation f. The bar graphs represent Mean ± SD values of three
experiments. *p < 0.01 versus siControl + vehicle or pCMV + vehi-
cle, #p < 0.01 versus siControl + thrombin or pCMV + thrombin.
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Depletion of CSN3 levels in WD-fed ApoE−/− mice
accelerates atherosclerotic lesions

To test the role of CSN3 in atherosclerosis, ApoE−/− mice
were fed with WD for 10 weeks and given control or
CSN3 siRNA every 7 days for the duration of the feeding
and lesion development was analyzed by Oil Red O staining
of aorta and aortic root cross-sections. Although no

significant differences were found in the body weight and
TG levels between siControl and siCSN3 injected WD-fed
ApoE−/− mice, total cholesterol and LDL levels were found
to be substantially increased in the latter group as compared
with the former group of mice (Table 1). Measurement of
total atherosclerotic lesion area by enface staining revealed
a significant increase in the lesions in the aorta of siCSN3
received ApoE−/− mice (Fig. 4a). The percentage of plaque

Fig. 3 Downregulation of CSN3 depletes ABCA1 levels, inhibits
cholesterol efflux, and enhances foam cell formation in WD-fed
ApoE−/− mice. a ApoE−/− mice were injected (iv) with siControl or
siCSN3 (40 μg/mice), killed at the indicated days, aortas were dis-
sected out, tissue extracts were prepared and analyzed by western
blotting for CSN3 levels using its specific antibody. The blot was
reprobed sequentially for CDK4 and α-tubulin to show the effect of the
siRNA on its off-target molecules. b–e ApoE−/− mice were fed with

CD or WD for 10 weeks and injected (iv) with siControl or siCSN3
every 7 days for the entire duration of the feeding, following which
aortas and peritoneal macrophages were isolated, extracts were pre-
pared and analyzed by western blotting for the indicated proteins using
their specific antibodies. f, g. All the conditions were the same as in c
except that macrophages were assayed for cholesterol efflux f and
foam cell formation g. The bar graphs represent mean ± SD values of
three experiments. *p < 0.01 versus siControl.

Table 1 Plasma lipid profile of
ApoE−/− mice that were fed
with WD for 10 weeks and
given the i.v. injections of the
indicated siRNA.

Genotype Diet Weight (gm) Cholesterol mg/dl LDL mg/dl Triglycerides mg/dl n

ApoE−/− + siControl WD 36 ± 1 222 ± 49 114 ± 54 126 ± 32 8

ApoE−/− + siCSN3 WD 37 ± 2 355 ± 54* 195 ± 60* 133 ± 48 8

*p < 0.01 versus siControl.
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area in the aortic roots of WD-fed ApoE−/− mice that
received siCSN3 was also increased significantly as com-
pared with ApoE−/− mice that received siControl (Fig. 4b).
Immunofluorescence staining of the aortic root cross-
sections while showing colocalization of CSN3 with

ABCA1 in both macrophages and VSMCs of CD-fed
ApoE−/− mice (Fig. 4c), these molecules were found to
be dissociated from each other in WD-fed ApoE−/− mice
(Fig. 4d). Furthermore, both CSN3 and ABCA1 levels
were found to be substantially decreased in the aortic root
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cross-sections of WD-fed ApoE−/− mice as compared with
CD-fed ApoE−/− mice and this depletion was even more
prominent in WD-fed ApoE−/− mice in which CSN3 levels
were depleted by its siRNA (Fig. 4d).

Role of Par1-Gα12-Pyk2-Gab1-PKCθ signaling axis in
thrombin-induced disruption of ABCA1 and CSN3
complex, inhibition of cholesterol efflux and
increase in foam cell formation

Having found the atheroprotective role of CSN3 in vitro and
in vivo, we next explored the mechanism underlying
thrombin-induced disassociation of CSN3 from ABCA1.
Previously, we have shown that thrombin engages Par1-
mediated Gα12-Pyk2-Gab1-PKCθ signaling axis in the
ubiquitination and degradation of ABCA1 by Cullin3 in
promoting atherogenesis [15]. Therefore, we have examined
whether thrombin-induced dissociation of CSN3 from
ABCA1 was also dependent on Par1-Gα12-Pyk2-Gab1-
PKCθ signaling axis. Indeed, the genetic loss of Par1 or
PKCθ gene or siRNA-mediated depletion of Gα12, Pyk2 or
Gab1 levels suppressed thrombin-induced phosphorylation
of ABCA1 and its dissociation from CSN3, restoring its
stabilization (Fig. 5a). Consistent with these observations,
genetic disruption of Par1 or PKCθ gene or siRNA-
mediated downregulation of Gα12, Pyk2 or Gab1 also
restored cholesterol efflux from inhibition by thrombin and
attenuated foam cell formation (Fig. 5b, c).

Thrombin disrupts CSN3 interaction with ABCA1,
leading to its degradation and a reduction in
cholesterol efflux in smooth muscle cells

Many studies have shown that besides macrophages, vas-
cular smooth muscle cells (VSMCs) also play a role in foam
cell formation and atherogenesis [26, 27]. In order to find
whether thrombin induces ABCA1 depletion, if it does,
whether it was due to disruption of ABCA1/CSN3 complex

in VSMCs, first we studied a time-course effect of thrombin
on ABCA1 levels. Thrombin-induced depletion of ABCA1
levels in a time-dependent manner in mouse VSMCs and it
was correlated with its phosphorylation and dissociation
from CSN3 (Fig. 6a). Consistent with these observations,
thrombin also inhibited cholesterol efflux in VSMCs in a
time-dependent manner (Fig. 6b). In addition, down-
regulation of CSN3 levels using its siRNA enhanced
thrombin-induced ABCA1 depletion and accordingly
inhibited cholesterol efflux (Fig. 6c, d). On the other hand,
overexpression of CSN3 protected ABCA1 from thrombin-
induced depletion and restored cholesterol efflux (Fig. 6e,
f). Furthermore, although siRNA-mediated depletion of
CSN3 levels enhanced thrombin-induced foam cell forma-
tion, CSN3 overexpression substantially reduced this effect
(Fig. 6g, h). To find whether Par1-Gα12-Pyk2-Gab1-PKCθ
signaling has a role in thrombin-induced phosphorylation of
ABCA1 and its dissociation from CSN3 in VSMCs, we
have depleted the levels of these molecules in VSMCs using
their respective siRNAs, treated cells with and without
thrombin (0.5 U/ml) for 4 h, cell extracts were prepared and
analyzed for ABCA1 phosphorylation and its dissociation
from CSN3. Thrombin-induced ABCA1 phosphorylation
and its dissociation from CSN3 and depletion of Par1, Gα12,
Pyk2, Gab1, or PKCθ levels abrogated these effects
(Fig. 7a, b). Consistent with these observations, depletion of
Par1, Gα12, Pyk2, Gab1, or PKCθ levels in VSMCs also
rescued cholesterol efflux from inhibition by thrombin
(Fig. 7c). Similarly, depletion of Par1, Gα12, Pyk2, Gab1, or
PKCθ levels prevented thrombin-induced foam cell for-
mation of VSMCs (Fig. 7d). In addition, proteasomal
inhibitor, MG132, prevented thrombin-induced depletion of
ABCA1 and this effect was associated with decreased
ABCA1 phosphorylation and its increased association with
CSN3 (Fig. 7e). Previously, we have demonstrated that
Cullin3 ubiquitinates and degrades ABCA1 in response to
thrombin [15]. Based on these observations, we asked the
question whether overexpression of CSN3 prevents
thrombin-induced association of Cullin3 with ABCA1,
leading to diminished ABCA1 ubiquitination and degrada-
tion. First, forced expression of CSN3 prevented thrombin-
induced association of Cullin3 with ABCA1 in macro-
phages (Fig. 7f). Second, forced expression of CSN3 also
blocked thrombin-induced phosphorylation of ABCA1
(Fig. 7f). Third, in line with these observations, forced
expression of CSN3 diminished ABCA1 ubiquitination and
its degradation both in macrophages and VSMCs (Fig. 7g).
Besides these observations, in the presence of MG132,
whereas thrombin-induced ABCA1 phosphorylation and
ubiquitination were substantially reduced, CSN3 was found
to be associated with ABCA1 (Fig. 7h). In addition,
thrombin-induced ABCA1 phosphorylation and ubiquiti-
nation were also correlated by its association with Cullin3

Fig. 4 Depletion of CSN3 levels exacerbates WD-induced athero-
sclerotic lesions in ApoE−/− mice. a Representative enface staining of
aortas from 10 weeks of WD-fed ApoE−/− mice that received either
siControl or siCSN3. The bar graph shows % Oil Red O (ORO)-
positive area/aorta. b Representative Oil red O staining of the aortic
root cross-sections of the mice described in a are shown and the bar
graph shows the % ORO-positive area/aortic root. c Aortic root cross-
sections of CD-fed ApoE−/− mice were coimmunostained for SMCα-
actin or Mac3 in combination with CSN3 and ABCA1. d The aortic
root cross-sections of ApoE−/− mice that were fed with either WD and
received intravenously either siControl or siCSN3 or left on CD for
10 weeks were analyzed by double immunofluorescence staining for
CSN3 and ABCA1. The bar graphs represent Mean ± S.D. values of
seven animals. *p < 0.01 versus siControl. Scale bars in b are 200 μm,
c are 50 μm and d far left and far right are 200 μm and 50 μm,
respectively.
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Fig. 5 Role of Par1-Gα12-Pyk2-Gab1-PKCθ signaling in
thrombin-induced disassociation of ABCA1 and CSN3 complex
and inhibition of cholesterol efflux and foam cell formation.
a RAW264.7 cells that were transfected with the indicated siRNAs or
Par1−/− or PKCθ−/− mouse peritoneal macrophages were quiesced,
treated with and without thrombin (0.5 U/ml) for 4 h, cell extracts
prepared, immunoprecipitated with anti-ABCA1 antibody and the
immunocomplexes were analyzed by western blotting for the indicated

proteins (bottom row panels). Top row panels show the efficacy of the
siRNAs on their target and off-target molecules. b, c All the conditions
were the same as in bottom row a except that cells were assayed for
cholesterol efflux b or foam cell formation c. The bar graphs represent
mean ± SD values of three experiments. *p < 0.01 versus vehicle, or
siControl + vehicle; #p < 0.01 versus WT+ Thrombin or siControl +
Thrombin; $p < 0.05 versus siControl + Thrombin.
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(Fig. 7h). To find whether CSN3 protects ABCA1 as part of
CSN holo-complex, we examined for the interaction of
other members of CSN complex, such as CSN1, CSN2, and
CSN4 with ABCA1. First, thrombin time-course

experiment revealed that, consistent with CSN3 levels,
thrombin had no effect on the steady state levels of CSN1,
CSN2, or CSN4 levels (Supplementary Figure 1a). Second,
besides CSN3, CSN1, CSN2, and CSN4 were found to exist
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in complex with ABCA1 in control cells and in response to
thrombin ABCA1 was found to be phosphorylated, dis-
sociated from CSN1, CSN2, and CSN4 and decreased in its
steady state levels and all these effects were prevented in the
presence of proteasomal inhibitor, MG132 (Supplementary
Figure 1b).

Depletion of CSN3 and ABCA1 levels in advanced
atherosclerotic lesions of human coronary artery

To extrapolate the observations of mouse atherosclerotic
model to human atherosclerosis, we examined the interac-
tions between CSN3 and ABCA1 in human non-lesion and
lesion containing coronary artery sections by coimmunos-
taining. It is interesting to note that in arteries with no
lesions or minimal lesions (grade II) both CSN3 and
ABCA1 were found to be colocalized (Fig. 8). On the other
hand, both these molecules were found to be decreased as
well as dissociated from each other in human coronary
arteries with advanced lesions (Fig. 8).

Discussion

ABCA1 has a crucial role in reducing the risk of ather-
ogenesis by mediating cholesterol efflux [4, 5, 28–32].
Although, the role of ABCA1 in promoting cholesterol
efflux is well appreciated [4, 28], the biochemical
mechanisms regulating the steady state ABCA1 levels and
its functions during normal and pathological conditions
were not completely understood. In this study, we attempted
to understand the molecular mechanisms underlying the
regulation of ABCA1 levels during normal and atherogenic
conditions. Our results demonstrate that CSN3, which exists
in complex with ABCA1 in normal condition becomes

dissociated from the transporter, thereby triggering its ubi-
quitination and degradation, inhibiting cholesterol efflux
and promoting foam cell formation both in vitro in mac-
rophages in response to thrombin and in vivo in ApoE−/−

mice in response to WD. Interestingly, CSN5, another
component of COP9 signalosome, was also reported to
protect against atherosclerosis via inhibition of NFκB [18].
In addition, upon forced expression, both CSN2 and CSN5
were shown to modulate deubiquitination of ABCA1 in
HEK293 cells [16]. Previously, we have shown that
thrombin induces Cullin3-mediated ubiquitination and
degradation of ABCA1, leading to inhibition of cholesterol
efflux [15]. Based on our results as well as others, we
believe that CSN3 could protect ABCA1 from ubiquitina-
tion and degradation as the role of CSN in promoting
deubiquitination was well established [16, 22, 33].

Although a previous study showed that CSN2 and CSN5
when overexpressed in HEK293 cells can form a complex
with ABCA1 [16], their role in atherogenesis is mostly
unknown till recently when deletion of CSN5 was reported
to exacerbate atherogenesis [18]. Hence, we assessed the
role of CSN3 in regulating atherogenesis by examining its
impact on cholesterol efflux and foam cell formation in
response to atherogenic stimulants such as thrombin in vitro
and WD feeding in vivo. In this context, overexpression of
CSN3 in macrophages inhibited thrombin-induced ABCA1
degradation, increased cholesterol efflux and decreased
foam cell formation while downregulation of its levels
further enhanced thrombin-induced ABCA1 degradation,
inhibited cholesterol efflux, and heightened foam cell for-
mation than without CSN3 depletion. Furthermore, deple-
tion of CSN3 levels in WD-fed ApoE−/− mice reduced
ABCA1 levels, curtailed cholesterol efflux, and increased
foam cell formation with enhanced atherosclerotic lesion
formation. Interestingly, serum cholesterol levels were
found to be increased in WD-fed ApoE−/− mice in which
CSN3 levels were depleted by its siRNA as compared with
those received control non-targeting siRNA. However,
downregulation of ABCA1 levels would be expected to
lower serum cholesterol levels owing to decreased choles-
terol efflux. Indeed, it was reported that disruption of
ABCA1 gene in ApoE−/− mice leads to decreased serum
cholesterol levels in response to WD [34]. On the other
hand, another study has shown that treatment of cholesterol-
rich diet-fed ApoE−/− mice with hydrogen sulfide donor
NaHS increases ABCA1 levels, leading to decreased serum
cholesterol and LDL levels and reduced lesion severity [35].
Based on these observations as well as our findings, it may
be suggested that depletion of CSN3 levels, besides
downregulating ABCA1 levels, may also influence choles-
terol synthesis or its intestinal absorption, leading to its
increased serum levels, which in turn, may trigger to elevate
LDL levels. Mechanistic studies have revealed that CSN3

Fig. 6 Thrombin induces dissociation of CSN3 from ABCA1,
leading to ABCA1 depletion and inhibition of cholesterol efflux in
MASMCs. a Quiescent MASMCs were treated with and without
thrombin (0.5 U/ml) for the indicated time periods, cell extracts pre-
pared, immunoprecipitated with anti-ABCA1 antibodies and the
immunocomplexes were analyzed by western blotting using anti-
ABCA1, anti-pSer/Thr, or anti-CSN3 antibodies. The input protein
from each sample was immunoprobed for β-actin. b Quiescent
MASMCs were treated with and without thrombin (0.5 U/ml) for
the indicated time periods and assayed for cholesterol efflux.
c–h MASMCs that were transfected with siControl or siCSN3 or
pCMV or pCMV-CSN3 were treated with and without thrombin
(0.5 U/ml) for 4 h and either cell extracts were prepared and analyzed
by western blotting for the indicated proteins using their specific
antibodies c or immunoprecipitated with anti-ABCA1 antibodies and
the immunocomplexes were analyzed by western blotting using anti-
ABCA1, anti-pSer/Thr or anti-CSN3 antibodies e or assayed for
cholesterol efflux d, f or foam cell formation g, h. *p < 0.01 versus
control, siControl + vehicle or pCMV + vehicle, #p < 0.01 versus
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dissociation from ABCA1, decreased cholesterol efflux, and
increased foam cell formation by thrombin were dependent
on activation of Par1-Gα12-Pyk2-Gab1-PKCθ signaling

axis. Previously, we have reported that PKCθ phosphor-
ylates ABCA1 on Ser/Thr residues and its phosphorylation
appears to be involved in its ubiquitination by Cullin3 and
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degradation by proteasome pathway in response to throm-
bin [15]. Similar to macrophages, the mechanistic role of
CSN3 in ABCA1 protection appears to be the same in
VSMCs as thrombin-induced degradation of ABCA1 cor-
related with its phosphorylation and dissociation from
CSN3 in these cells. Besides, although depletion of CSN3
levels enhanced thrombin-induced ABCA1 degradation and
inhibited cholesterol efflux, its overexpression protected
ABCA1 from thrombin-induced degradation and restored
cholesterol efflux. In addition, although downregulation of
CSN3 levels enhanced thrombin-induced foam cell forma-
tion, its overexpression attenuated this effect. Based on all
these findings, it is likely that in resting macrophages,
ABCA1 is nonphosphorylated and remained associated
with CSN3 while in response to thrombin, it is phos-
phorylated by Par1-Gα12-Pyk2-Gab1-PKCθ signaling,
which appears to be required for its dissociation from CSN3
before being ubiquitinated by Cullin3 and degraded. In
view of our previous findings [15] and present observations,

it may be interpreted that phosphorylation of ABCA1 is a
triggering event in its dissociation from CSN3 and asso-
ciation with Cullin3, leading to its ubiquitination and
degradation in response to atherogenic stimulants such as
thrombin or HFD. In fact, the observations that over-
expression of CSN3 inhibits thrombin-induced ABCA1
phosphorylation and its association with Cullin3 suggest
that both CSN3 and Cullin3 interact with ABCA1 and their
interaction was dependent on the phosphorylation state of
ABCA1. In other words, although nonphosphorylated
ABCA1 favors its interaction with CSN3, phosphorylated
ABCA1 exhibits preference to bind with Cullin3. Under
forced expression of CSN3, its cellular levels increase
substantially, which in turn, could sequester ABCA1 from
being phosphorylated by PKCθ and associated with Cul-
lin3. Besides macrophages, thrombin also induced ABCA1
phosphorylation and its dissociation from CSN3, leading to
its degradation in VSMCs and these effects were also
dependent on activation of Par1-Gα12-Pyk2-Gab1-PKCθ
signaling in these cells. Based on these observations, it is
likely that a similar mechanism of ABCA1 phosphorylation,
its dissociation from CSN3 and association with Cullin3,
facilitating its ubiquitination and degradation might be
triggered by atherogenic stimulants in VSMCs as well.
Even more interestingly, although both CSN3 and ABCA1
were found to be colocalized in human non-lesion coronary
artery sections, they both were found to be decreased and
dissociated from each other in lesion containing human
coronary artery sections. In view of all these observations,
CSN3 appears to protect ABCA1 by forming a complex and
apparently atherogenic stimulants disrupt their interactions
rendering ABCA1 vulnerable for ubiquitination and
degradation. It is noteworthy that both in mouse and human
atherosclerotic lesions, CSN3 levels were also decreased.
This indicates that besides Par1 other factors might also
play a role in the disruption of CSN3–ABCA1 complex,
perhaps involving other mechanisms such as depletion of
CSN3 levels and thereby facilitating ABCA1 susceptible for
ubiquitination and degradation. Previously, it was reported
that disruption of CSN5 enhances NFκB activation, leading
to increased expression of cell adhesion molecules and
exacerbating atherogenesis [18]. Besides its role in the
suppression of NFκB activation and cell adhesion mole-
cules expression, CSN5 might also be involved in the sta-
bilization of ABCA1 ensuring cholesterol efflux, which
remains to be investigated. In contrast to these observations,
one other study has demonstrated that depletion of CSN2
levels do not affect ubiquitination and the steady state levels
ABCA1 as well as cholesterol efflux [36]. However, these
observations were contradictory to an earlier report that
showed that CSN3 deubiquitinates and protects ABCA1
from degradation [16]. As our findings reveal that besides
CSN3, CSN1, CSN2, and CSN4 were also found in

Fig. 7 Role of Par1-Gα12-Pyk2-Gab1-PKCθ signaling in
thrombin-induced disassociation of CSN3 from ABCA1 and
inhibition of cholesterol efflux and foam cell formation in
MASMCs. a, b MASMCs were transfected with the indicated siRNA,
quiesced, treated with and without thrombin (0.5 U/ml) for 4 h, cell
extracts prepared and either analyzed by western blotting for the
siRNA on-target and off-target molecules a or immunoprecipitated
with anti-ABCA1 antibody and the immunocomplexes were analyzed
by western blotting with anti-ABCA1, anti-pSer/Thr, or anti-CSN3
antibodies b. c, d All the conditions were the same as in b except that
cells were assayed for cholesterol efflux c or foam cell formation d.
e Quiescent MASMCs were treated with and without thrombin (0.5 U/
ml) in the presence and absence of MG132 (10 μM) for 4 h, cell
extracts prepared, immunoprecipitated with anti-ABCA1 antibody and
the immunocomplexes were analyzed by Western blotting with anti-
ABCA1, anti-pSer/Thr or anti-CSN3 antibodies. The input protein
from these samples was also immunoprobed for ABCA1, CSN3 and
β-actin levels. f MASMCs that were transfected with pCMV or
pCMV-CSN3 vectors were quiesced, treated with and without
thrombin (0.5 U/ml) for 2 h and 4 h, cell extracts prepared, immuno-
precipitated with anti-ABCA1 antibody and the immunocomplexes
were analyzed by western blotting with anti-Cullin3, anti-CSN3, anti-
pSer/Thr, or anti-ABCA1 antibodies. The input protein from these
samples was immunoprobed for Myc-tag and β-actin. g RAW264.7
cells (left panel) and MASMCs (right panel) that were transfected with
pCMV or pCMV-CSN3 vectors were quiesced, treated with and
without thrombin (0.5 U/ml) for 2 h and 4 h, cell extracts prepared,
immunoprecipitated with anti-ubiquitin antibody and the immuno-
complexes were analyzed by western blotting using ABCA1 antibody.
The input protein from the same cell extracts were also immunoprobed
for ABCA1 levels and CSN3 overexpression (Myc-tag). h RAW264.7
cells were treated with and without thrombin (0.5 U/ml) in the pre-
sence and absence of MG132 (10 μM) for 2 h, cell extracts prepared,
immunoprecipitated with anti-ABCA1 antibodies and the immuno-
complexes were immunoblotted sequentially with anti-Ubiquitin, anti-
pSer/Thr, anti-CSN3, anti-Cullin3 and anti-ABCA1 antibodies. The
input protein from the same cell extracts was immunoprobed for
β-actin levels. The bar graphs represent Mean ± SD values of three
experiments. *p < 0.01 versus siControl; #p < 0.01 versus siControl +
Thrombin. Ub-ABCA1, Ubiquitinated ABCA1.
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Fig. 8 Depletion of CSN3 and ABCA1 levels in advanced athero-
sclerotic lesions of human coronary arteries. Human non-lesion and
atherosclerotic lesion containing coronary artery sections were stained
by double immunofluorescence for CSN3 and ABCA1. The images

were captured using a Zeiss AxioCam MRm camera and analyzed by
AxioVision 4.7.2 software (Carl Zeiss Imaging Solutions GmbH). The
bar graph shows the % CSN3 and ABCA1-positive cells for section.
*p < 0.01 versus non-atherosclerotic artery.
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complex with ABCA1 and thrombin disrupted their associa-
tion with ABCA1 in a manner that is prevented by MG132, it
is likely that CSN3 might be involved in ABCA1 stability and
cholesterol efflux as part of CSN holo-complex [37]. Pre-
viously, we have reported that Par1-Gα12-Pyk2-Gab1-PKCθ-
mediated ATF2 activation via induction of CD36 expression
and foam cell formation play a role in diet-induced ather-
ogenesis [38]. In view of our previous findings [15, 38] and
present observations, it appears that Par1-Gα12-Pyk2-Gab1-
PKCθ signaling via CD36 expression and ABCA1 depletion
play a crucial role in atherosclerosis.

In brief, the present study demonstrates for the first time
that CSN3 protects ABCA1 from ubiquitination and degra-
dation and thus ensures cholesterol efflux, thereby reducing
the risk of developing atherosclerosis. On the other hand,
under proatherogenic conditions, ABCA1 gets phosphory-
lated, which in turn, triggers its dissociation from CSN3 and
association with Cullin3 leading to its ubiquitination and
degradation, that affects cholesterol efflux. Decreased cho-
lesterol efflux may increase cellular lipid burden and its oxi-
dation facilitating foam cell formation and lesion formation.

Materials and methods

Reagents

Duolink in situ PLA kit (DUO92101), Thrombin (T8885)
and Oil Red O (O0625) were purchased from Sigma-Aldrich
(St. Louis, MO). MG132 (474790) was bought from Cal-
biochem (San Diego, CA). Anti-ABCA1 (ab18180), anti-
ABCG1 (ab52617), anti-Cullin3 (ab75851), anti-CSN1
(ab194359), anti-CSN2 (ab155920), anti-CSN3 (ab79698),
anti-CSN4 (ab139688), anti-Pyk2 (ab32571), anti-pSer/Thr
(ab17464) and anti-Ubiquitin (ab7780) antibodies, HDL and
LDL/VLDL cholesterol assay kit (ab65390) and triglyceride
quantification assay kit (ab65336) were obtained from
Abcam (Cambridge, MA). Anti-β-Actin (sc47778), anti-
CDK4 (sc23896), anti-CSN3 (sc47961), anti-Gα12 (sc409),
anti-GAB1 (sc6292), anti-Par1 (sc5605) and anti-α-tubulin
(sc23948) antibodies were bought from Santa Cruz Bio-
technology (Santa Cruz, CA). horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (31460) and anti-mouse
IgG (31437), DH5α-competent cells (18258-012), lipo-
fectamine 3000 transfection reagent (L3000-015) and Invi-
vofectamine 3.0 reagent (IVF3001) were obtained from
Invitrogen (Grand Island, NY). Anti-PKCθ antibody
(13643), HRP-conjugated light chain-specific anti-mouse
(58802 S) and anti-rabbit IgGs (93702 S) were procured
from Cell Signaling Technology (Beverly, MA). OxLDL
(BT910) was purchased from Alfa Aesar (Tweksbury, MA).
MycDDK-tagged pCMV-CSN3 plasmid (MR206727) was
bought from Origene (Rockville, MD). Anti-ubiquitin

antibody (P4D1) was purchased from Enzo Life Sciences
(Farmingdale, NY). Thioglycollate medium brewer-
modified (21176) was obtained from BD Biosciences (San
Jose, CA). Control non-targeting siRNA (D-001810-10),
mouse CSN3 siRNA (E-047361-00), mouse Gα12 siRNA
(L-043467-00) and mouse PKCθ siRNA (L-048426-00)
were obtained from Dharmacon RNAi Technologies (Chi-
cago, IL). Mouse Gab1 Silencer Select (ID-S66350), mouse
Par1 Silencer Select (ID-S65790), mouse Pyk2 Silencer
Select (ID-S72406), mouse CSN3 Silencer Select (ID-
S77278, Cat No. 4390771), mouse in vivo negative control
(4457289) and mouse in vivo CSN3 (ID-S77278 Cat No.
4457308) siRNAs were purchased from Ambion (Waltham,
MA). The Vectashield mounting medium (H-1000) was
obtained from Vector Laboratories (Burlingame, CA). [3H]-
Cholesterol (S.A. 53 Ci/mmol) was purchased from Perkin
Elmer (Waltham, MA). ApoA-I (BT927) was obtained from
Biomedical Technologies (Stoughton, MA).

Cell culture

RAW264.7 cells were purchased from American Type Culture
Collection (Manassas, VA). Mouse primary aortic smooth
muscle cells (MASMCs) were bought from CellBiologics, Inc.
(Chicago, IL). RAW264.7 cells and mouse peritoneal mac-
rophages were cultured and maintained in Dulbecco’s Mod-
ified Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 units/ml penicillin and 100 μg/ml strepto-
mycin at 37 °C in 95% CO2 atmosphere. The cells were
quiesced overnight in DMEM without serum and used unless
otherwise indicated. MASMCs were grown in DMEM/F12
medium containing 10% FBS, 100 units/ml penicillin and
100 μg/ml streptomycin in a humidified CO2 incubator at
37 °C and used between three and seven passages.

Animals

ApoE−/− mice (Stock no. 002052), Par1−/− mice (Stock no.
00282) and PKCθ−/− mice (Stock no. 005711) were
obtained from Jackson Laboratory (Bar Harbor, ME).
C57BL/6 mice were obtained from Charles River Labora-
tories (Wilmington, MA). Mice were bred and maintained
according to the guidelines of the Institutional Animal Care
and Use Facility of the University of Tennessee Health
Science Center, Memphis, TN. Both male and female
ApoE−/− mice were fed with CD or WD (TD 88137,
Envigo, Indianapolis, IN) for 10 weeks starting from
8 weeks of age to collect aortas and peritoneal macro-
phages. For other set of experiments, ApoE−/− mice that
were fed with WD were also given intravenously in vivo
siControl or in vivo siCSN3 (40 μg/20 g body weight)
every 7 days for the entire duration of the feeding
(2 months) and used. The Institutional Animal Care and Use
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Committee of the University of Tennessee Health Science
Center, Memphis, TN approved all the experiments invol-
ving animals.

Isolation of peritoneal macrophages

To collect peritoneal macrophages, mice were injected
intraperitoneally with 1 ml of autoclaved 4% thioglycolate.
Four days later, the animals were anaesthetized with keta-
mine and xylazine and the peritoneal lavage was collected
in DMEM. Cells were plated at 3 × 105 cells/cm2 dish in
DMEM containing penicillin (100 units/ml) and strepto-
mycin (100 μg/ml). After 3 h, the floating cells (mostly red
blood cells) were removed by washing with cold phosphate-
buffered saline (PBS) and the adherent cells (macrophages)
were used as needed.

Plasma lipid profiles

Blood was collected into BD Vacutainer Plus plasma tubes
(Cat # 367960, BD Biosciences) by cardiac puncture and
centrifuged at 1300 × g for 10 min at 4 °C to collect the
plasma. Total plasma cholesterol, HDL, LDL, and TG
levels were measured by using kits and following the
manufacturer’s protocols.

Cholesterol efflux assay

RAW264.7 cells and peritoneal macrophages were plated in
12-well plates at a density of 2 × 105 cells/well. Cells were
incubated with oxLDL (20 μg/ml) and [3H]-cholesterol
(1 μCi/ml) for 24 h followed by washings with PBS for
three times. Cells were then equilibrated in serum-free
DMEM containing 0.2% fatty acid free-BSA for 2 h. After
equilibration, medium was replaced with fresh DMEM
containing 0.2% fatty acid free-BSA and 10 μg/ml Apoli-
poprotein A-I (ApoA-I) and incubation was continued in the
presence and absence of thrombin (0.5 U/ml) for 4 h. An
aliquot of the efflux medium (100 μl) was removed for
radioactivity determination. Cells were then rinsed with
PBS, dried and isopropanol was added for overnight
extraction of cholesterol at room temperature. An aliquot of
the extract (100 μl) was collected for radioactivity deter-
mination. Cholesterol efflux was measured as % of total
cellular radioactivity released into the medium.

Transfections

RAW264.7 cells were transfected with non-targeting con-
trol or Silencer Select siRNA or Smartpool siRNA at a final
concentration of 100 nM using Lipofectamine 3000 trans-
fection reagent according to the manufacturer’s instructions.
For plasmids, cells were transfected with plasmid DNAs at

a final concentration of 2.5 μg/well in a 12-well culture plate
or 5 μg/60 mm culture dish using Lipofectamine 3000
transfection reagent according to the manufacturer’s
instructions. After transfections, cells were recovered in
complete medium, growth-arrested for 12 h in serum-free
medium and used as required.

Immunoprecipitation

Cell or tissue extracts were prepared by lysing cells for
30 min on ice or homogenizing tissues for 53 sec with 2753
total round per run (gentleMACS Octo Dissociator with
Heaters, Cat # 130-096-427) in lysis buffer (PBS, 1%
NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 100 μg/ml PMSF, 100 μg/ml aprotinin, 1 μg/
ml leupeptin, and 1 mM sodium orthovanadate) and cleared
by centrifugation at 12,000 rpm for 20 min at 4 °C. Protein
concentration was determined using Micro BCA Protein
Assay Kit (Pierce). The cell or tissue extracts containing an
equal amount of protein from control and the indicated
treatments were incubated with the indicated antibodies
overnight at 4 °C, followed by incubation with protein A/G-
Sepharose CL-4B beads for 2 h with gentle rocking at room
temperature. The beads were collected by centrifugation at
1000 rpm for 1 min at 4 °C and washed four times with lysis
buffer and once with PBS. The immunocomplexes were
released by heating the beads in 40 μl of Laemmli sample
buffer and analyzed by western blotting for the indicated
molecules using their specific antibodies.

Western blot analysis

Cell or tissue extracts consisting of equal amount protein
from control and each treatment were resolved by electro-
phoresis on 0.1% SDS and 8% or 10% polyacrylamide gels.
The proteins were transferred electrophoretically onto a
nitrocellulose membrane. After blocking in 5% (w/v) non-
fat dry milk, the membrane was incubated with the appro-
priate primary antibody (1:1000 dilution) followed by
incubation with horseradish peroxidase-conjugated sec-
ondary antibody (1:5000 dilution). The antigen–antibody
complexes were detected with the enhanced chemilumi-
nescence detection reagent kit (GE Healthcare).

Foam cell formation assay

RAW264.7 cells, mouse peritoneal macrophages or mouse
aortic smooth muscle cells that were treated with and
without thrombin (0.5 U/ml) for the indicated time periods
were incubated with oxLDL (10 μg/ml) for 6 h at 37 °C.
Cells were then fixed with 4% paraformaldehyde for
30 min, stained with Oil red O for 15 min and counter-
stained with hematoxylin. Cell staining was observed under
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a Nikon Eclipse TS100 microscope with ×20/0.4 magnifi-
cation and the images were captured with a Nikon Digital
Slight DSL3 camera. After capturing the images, the Oil red
O stain was eluted by incubating the slides with isopropanol
for 15 min at room temperature and the optical density was
measured at 500 nm in a SpectraMax 190 spectro-
photometer (Molecular Devices).

Preparation of siRNA for injecting into mice

In brief, siRNA was mixed in complexation buffer at 1:1
ratio followed by remixing the diluted siRNA with Invi-
vofectamine 3.0 by 1:1 ratio and then vortexed immediately
to ensure Invivofectamine 3.0-siRNA complexation. Invi-
vofectamine 3.0-siRNA mixture was incubated at 50 °C for
30 min. The Invivofectamine 3.0-siRNA complex was fur-
ther diluted by six times by adding sterile PBS and injected
intravenously into mice.

Proximity ligation assay

The interaction between endogenous CSN3 and ABCA1
was analyzed by using in situ proximity ligation assay kit
(Duolink PLA kit; Sigma) as described previously [39]. In
brief, after appropriate treatments, RAW264.7 cells were
fixed with 3.7% paraformaldehyde for 15 min, permeabi-
lized in 0.3% Triton X100 for 15 min and blocked with 3%
BSA for 1 hr. The cells were then incubated with mouse
anti-ABCA1 (1:100) and rabbit anti-CSN3 (1:100) anti-
bodies for overnight at 4 °C followed by incubation with
goat anti-mouse secondary antibody conjugated with oligo-
nucleotide PLA probe Plus and goat anti-rabbit secondary
antibody conjugated with oligonucleotide PLA probe Minus,
respectively. The cells were then incubated with a ligation
solution for 30 min at 37 °C followed by a rolling-circle
amplification of ligated oligonucleotide probes. A fluores-
cently labeled complementary oligonucleotide detection
probe was used to amplify the oligonucleotides conjugated
to the secondary antibodies. After washing with wash buffer,
the slides were mounted with a mounting media containing
DAPI. PLA signals were examined using a Zeiss inverted
fluorescence microscope (AxioObserver. Z1; ×100/
0.045NA) and the fluorescence images were captured using
Zeiss AxioCam MRm camera and microscope operating
image analysis software ZEN Pro V2.0 software.

Enface staining

Aortas were excised, cleaned from fat tissue, opened long-
itudinally and fixed in 10% formalin overnight followed by
staining with 0.5% Oil red O. The pictures were taken using
Nikon D7100 camera and the percent surface area occupied
by the lesions was measured using the NIH ImageJ.

Aortic root sections

For immunohistochemistry and immunofluorescence stain-
ing, mice were perfused with 4% paraformaldehyde and the
hearts were fixed in OCT. Sequential 10-μm aortic root
sections were cut from the point of appearance of the aortic
valve leaflets with a Leica CM3050S cryostat machine
(Leica Biosystems, Wetzlar, Germany).

Oil Red O staining

The aortic root sections were fixed with 10% formaldehyde
solution, washed with PBS, rinsed with 60% isopropanol
and stained with Oil red O for 15 min followed by coun-
terstaining with Haematoxylin. The sections were observed
under a Nikon Eclipse 50i microscope with ×4/0.1 NA and
the images were captured with a Nikon Digital Sight DS-L1
camera.

Immunofluorescence staining

The collection of human normal and atherosclerotic lesion
containing coronary artery sections and the classification of
the lesion grades were described previously [40]. The stu-
dies on the use of human tissue sections were approved by
IRB of UTHSC, Memphis, TN. The mouse aortic root
cross-sections were fixed with acetone/methanol (1:1),
permeabilized with Triton X100, blocked with 3% BSA
containing 5% goat serum. The human normal and athero-
sclerotic lesion containing coronary artery sections were
deparaffinized with xylene and then treated with antigen-
unmasking solution for 15 min at 95 °C. The sections were
then permeabilized with 0.5% Triton X100 for 15 min, and
blocking in normal goat serum. After blocking, sections
were incubated with mouse anti-human ABCA1 in combi-
nation with rabbit anti-human CSN3 antibodies at 1:100
dilution, followed by incubation with Alexa Fluor 488-
conjugated goat anti-mouse and Alexa Fluor 568-
conjugated goat anti-rabbit secondary antibodies at 1:500
dilution. The sections were washed with PBS, counter-
stained with Hoechst, mounted with a cover slip using
ProLong Gold antifade reagent and observed under a Zeiss
inverted microscope (AxioObserver.Z1; ×10/0.25 NA). The
fluorescence images were captured using Zeiss AxioCam
MRm camera and analyzed by AxioVision 4.7.2 software
(Carl Zeiss Imaging Solutions GmbH).

Statistics

All the in vitro experiments were repeated three times. The
treatment effects were analyzed by student t test for two
group comparisons and one-way analysis of variance
(ANOVA) followed by Bonferroni post hoc test for
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multiple group comparisons. In the case of in vivo experi-
ments, a minimum of seven mice were included in each
group and the normality of the data (by D’Agostino-Pearson
normality test) and the equality of group variance (by F test)
tests were analyzed using GraphPad Prism v 8.00 software.
The normally distributed data with similar variance were
analyzed by one-way ANOVA followed by Fisher’s Least
Significant Difference post hoc test or two-tailed student
t test. The data are presented as Mean ± SD and the p
values < 0.05 are considered statistically significant.
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