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Cyclin G2 promotes the formation of smooth muscle cells derived
foam cells in atherosclerosis via PP2A/NF-kB/LOX-1 pathway
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Background: To investigate the role and underlying mechanism of cyclin G2 (G2-type cyclin) in the
formation of vascular smooth muscle cells (VSMCs) derived foam cells.

Methods: The levels of a-SMA (alpha-SM-actin), p-NF-kB (phosphorylation nuclear transcription
factors kappa B), and LOX-1 (lectin-like oxidized low-density lipoprotein receptor-1) were measured by
immunohistochemistry and western blotting. The mouse aortic root smooth muscle cell line MOVAS was
transfected to over-express cyclin G2, which were then stimulated with 80 pg/mL ox-LDL (oxidized low-
density lipoprotein) to induce foam cell formation. DT-061 an activator of PP2A (protein phosphatase 2A)
agonist was used to verify the role of PP2A in the process.

Results: Knocking out the Ceng2 gene in Apoe” mice alleviated aortic lipid plaque, foam cell formulation,
ameliorative body weight, and LDL-cholesterol. We observed that the number of a-SMA positive cells was
significantly decreased in Apoe” Ceng”™” mice compared to Apoe” mice. Also, the protein levels of p-NF-xB
and LOX-1 were markedly reduced in the aortic root of Apoe” Ceng2” mice. Upon stimulation with ox-LDL,
upregulated cyclin G2 increased the intracellular lipid accumulation in MOVAS cells. Also, it suppressed
the activity of PP2A but up-regulated LOX-1. Additionally, the cell nuclear translocation of p-NF-xB was
increased. Interestingly, DT-061 intervention, re-activating the activity of PP2A, reduced the levels of
nuclear p-NF-«xB and LOX-1. This led to decreased lipid endocytosis reducing the formation of VSMCs-
derived foam cells.

Conclusions: Cyclin G2 increases the nuclear translocation of p-NF-«B by reducing the enzymatic
activity of PP2A and upregulating LOX-1, thereby promotes the formation of VSMCs -derived foam cells in

atherosclerosis.
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Introduction and macrophages into foam cells is an important event of

early atherosclerotic lesions (1-3). Interestingly, in human
Atherosclerosis, due to high morbidity and lethal rate, coronary atherosclerosis, more than 50% of foam cells are
is a huge health and economic burden on society. The of VSMC:s origin (4). Therefore, exploring the mechanism

conversion of vascular smooth muscle cells (VSMCs) of VSMCs-derived foam cell formation and the associated
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regulatory factors can offer novel therapeutic targets for
atherosclerosis.

Cyclin G2, a G-type cyclin, encoded by the Ceng2
gene, inhibits G1/S phase transition of the cell cycle.
It is a potential tumor suppressor that plays a negative
regulatory role in a variety of tumors, such as oral
cancer, gastric cancer, and glioma (5,6). Additionally,
cyclin G2 promotes adipogenic differentiation, inhibits
osteogenic differentiation, and regulates cytoskeleton
(7,8). Obesity and osteoporosis are the major risk factors
for atherosclerosis (9,10). Recently, a microarray study of
coronary artery SMCs revealed that atherogenic oxidized
low-density lipoprotein (ox-LDL) closely correlates with
the cyclin G2 expression (11). Based on this finding, we
speculated that cyclin G2 might also play an important role
in atherosclerosis.

VSMCs get transformed into foam cells by the
phagocytosis of lipids via scavenger receptors on the cell
membrane. The main scavenger receptors include scavenger
receptor-A (SRA), CD36 receptor (CD36), and lectin-like
oxidized low-density lipoprotein receptor-1 (LOX-1). In
hyperlipidemic mice (Apoe”), knockout of SRA or CD36
receptors improved atherosclerotic lesions without affecting
the formation of foam cells (12). Ox-LDL, an activator of
LOX-1, is abundantly expressed in atherosclerotic plaques
and surrounding tissues (13). The upregulation of LOX-1
on VSMCs and macrophage membranes increases
the internalization of ox-LDL promoting foam cell
formation (14). Interestingly, anti-LOX-1 antibodies can
significantly reduce ox-LDL uptake by VSMCs and thereby
inhibit the formation of foam cells (15).

The protein phosphatase 2A (PP2A) is an important
serine/threonine phosphatase that regulates the NF-«xB
signaling pathway (16). It dephosphorylates I-xBa,
an inhibitor of NF-kB. Upon phosphorylation
and ubiquitination of I-xBa, the released NF-«kB is
phosphorylated to promote LOX-1 transcription. Recently,
Chen ez al. showed that AMPK reduces LOX-1 expression
by increasing PP2A activity and inhibiting NF-xB
activation (17). Given this, we hypothesized that cyclin G2
might also affect the expression of LOX-1 via the PP2A/
NF-«B signaling pathway. In the present study, we firstly
investigated the effects of cyclin G2 by comparing the
formation of VSMCs-derived foam cells and atherosclerotic
plaques between the Apoe” Ceng2” mice and Apoe” mice.
Then, we explored the underlying mechanism of the PP2A/
NF-«kB/LOX-1 pathway by carrying out a series of in vivo
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and in vitro experiments.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-6207).

Methods
Establishment of atherosclerosis model and grouping

The animal experiments were approved by the Ethics
Review Committee of China Medical University IACUC
NO. 201903153). All applicable international, national,
and/or institutional guidelines for the care and use of
animals were followed. 8 weeks old male Apoe” mice and
Apoe” Ceng2” mice were selected and divided (10 each) into
control and experimental groups respectively. The double
gene knockout mice were obtained by cross-breeding of
Apoe” mice and Ceng2” mice. Animals were maintained at
room temperature (RT: 20-25 °C) with 12 hours of day and
night cycle, having water ad libitum. The two groups of mice
were fed a high-fat diet (Huafukang Biological Company,
Beijing, China) for 8 weeks to construct the atherosclerosis
model. Before the experiment, mice were deprived of water
for 12 hours. Mice body weight was measured. Mice were
anesthetized using 50 mg/kg pentobarbital sodium. Mice
blood samples were collected from the orbital venous plexus
and after standing for 1 hour, samples were centrifuged
at 3,000 rpm for 10 minutes. The supernatant was stored
at -80 °C. For aorta isolation, a small cut was made in the
left atrial appendage; the apex was punctured and perfused
with PBS. The abdominal aorta and thoracic aorta were
separated from the iliac artery to the heart. The lipids on
the aortic blood vessel’s outer surface were cleaned, and
then the blood vessel was cut to spread. The tissues were
fixed with 4% paraformaldehyde for 24 hours and stored at
4 °C.

Detection of blood lipid index in mice

Total cholesterol (TC), triglycerides (T'G), and low-
density lipoprotein cholesterol (LDL-C) levels in mice

were measured using the AU5400 automatic biochemical
analyzer (OLYMPUS, Tokyo, Japan).

Oil ved O staining

Before the oil red O staining (Sigma, LA, USA, at 37 °C
for 30 minutes), tissues were dehydrated with 100%
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isopropanol for 5 minutes. Post staining, non-specific Oil
red O stain was removed by rinsing with 60% isopropyl
alcohol, and residual isopropyl alcohol was removed.
Finally, stained blood vessels were observed using a digital
camera (Nikon, Tokyo, Japan). In both groups of mice, the
microscopic observation showed that there was no rupture
in the blood vessel plaques. Also, during the experiment,
mice did not suffer from cardiovascular events such as acute
myocardial infarction and sudden death. The MOVAS cells

were stained as described previously (18).

H&E staining

The heart, vertically fixed on a frozen microtome, was
sliced (8 pm thickness) from the aortic root to the apex.
The frozen sections were fixed in 4% paraformaldehyde for
15 minutes and washed with ddH,O for 2 minutes. After
differentiating with 60% isopropanol for 10 seconds, the Oil
Red O dyeing solution (Sigma, LA, USA) was added at RT
for 15 minutes. Over stain was washed using 60% isopropyl
alcohol for 5 seconds. The sections were counterstained
with hematoxylin stain (Solarbio, Beijing, China) for
30 seconds. After washing with tap water for 2 minutes,
the slides were mounted with glycerin and gelatin. Finally,
pictures were obtained using a digital camera (Nikon,

"Tokyo, Japan).

Immunobistochemical staining

The paraffin sections were soaked in xylene, 100% ethanol,
95% ethanol, 90% ethanol, 80% ethanol, and 70% ethanol
in an orderly fashion. The paraffin sections were inactivated
for endogenous peroxidase with 3% H,O, in a wet box for
10 minutes and washed twice with PBS. Then, the tissue
slices were repaired with 0.1 M sodium citrate solution.
After incubating with blocking solution for 30 minutes, the
tissue sections were overnight incubated with proportionally
diluted primary antibodies at 4 °C. Next, secondary antibody
(ZSGB-BIO, Beijing, China) was added and incubated at
37 °C for 30 minutes, followed by washing with PBS for
5 minutes 3 times. Lastly, the sections were stained with
dimethylbenzidine (DAB) at room temperature.

Cell culture and experimental grouping

MOVAS cell line (mouse aortic root vascular smooth

muscle cell line) was obtained from ATCC (MD, USA)
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and cultured in DMEM (GIBCO, LA, USA) containing
10% fetal bovine serum (Sigma, CA, USA). The cells
were transfected with constructs p3xFlag-CMV-Cceng?2
or empty plasmid p3xFlag-CMV-14. These were labeled
as experimental group (FLAG-Ccng2) and control group
(FLAG-Vector) correspondingly. In MOVAS cells,
foaming was induced using 80 pg/mL ox-LDL (Yi-yuan,
Guangzhou, China) for 24 hours. The PP2A activator D'T-
061 (MedChemExpress, CA, USA), at a dose of 20 pM or
equal volume of DMSO (Sigma, CA, USA), was added to
respective groups and these were denoted as FLAG-Vector
+ DMSO, FLAG-Ceng2 + DMSO, FLAG-Ceng2 + D'T-061,
and FLAG-Vector + DT-061 groups respectively.

Plasmid extraction and transfection

The plasmid was extracted according to the manufactures’
instructions (Invitrogen, CA, USA) and stored at 4 °C.
MOVAS cells, with 30-50% density, were seeded on a 6-well
plate. One pg/pL of plasmid was transfected using the
Polyplus solution. Then, the transfected cells were cultured
for 6 hours and the medium was freshly replaced after
18 hours. The cells were cultured in a serum-free medium
and starved for 24 hours.

Detection of intracellular total cholesterol

The cells were scraped on ice and centrifuged at 1,500 rpm
for 5 minutes. Then, these were washed twice with PBS
and again centrifuged to obtain the cell mass. The cell lysis
was performed on ice with 2% TritonX-100 for 30 minutes.
The standard substance, sample, and working solution
were mixed well and incubated at 37 °C for 10 minutes.
The absorbance of lysates was measured at 510 nm. The
lysed liquid was centrifuged at 12,000 rpm for 20 minutes
at 4 °C. The protein concentration of the supernatants was
determined by the BCA method. The following formula
was used: total cholesterol content (mmol/gprot) = (sample
OD value - blank OD value)/(calibration OD value - blank

OD value) x 2.26/protein concentration.

Total RNA extraction and gRT-PCR

Total cell RNA was extracted using Trizol lysis buffer
(Invitrogen, CA, USA) as per the manufacturer’s
instructions. The RNA concentration was measured
and reverse transcription to cDNA was performed using
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the PrimeScript RTreagent Kit (Takara, Tokyo, Japan).
The real-time quantitative PCR analysis was performed
using a 20 pL reaction system (Takara, Tokyo, Japan).
GAPDH was used for normalization. The sequences
of the used primers were as follows: LOX-1 Forward:
GCTGCAAACTTTTCAGGTCCT; LOX-1 Reverse:
GTGGTATGGGAAATTGCTTGTAAG; GAPDH
Forward: GCACACAGTACATCCGTCA; GAPDH
Reverse: TTCTCCGAACGTGTCACGT.

Western blotting

The cells were lysed on ice using the RIPA lysis buffer
(Solarbio, Beijing, China) containing 10% protease
inhibitor (Invitrogen, CA, USA) and 1% phosphatase
inhibitor (Invitrogen, CA, USA). The lysates were
centrifuged at 4 °C, 12,000 rpm for 25 minutes. The
supernatant was subjected to protein quantification using
the BCA protein quantification kit (Invitrogen, CA, USA).
The nuclear protein extraction was performed using Minute
TM Cytoplasmic Nuclear Separation Kit (Invitrogen, CA,
USA) as per the manufacturer’s instructions. The primary
antibodies used for western blotting were as follows:
p-NF-«B (Cell Signaling Technology, CA, USA), NF-xB
(Sabbiotech, LA, USA), LOX-1 (R&D Systems, CA, USA),
a-SMA (Servicebio, Wuhan, China), CD68 (Servicebio,
Wauhan, China), GAPDH (Santa Cruz, LA, USA), PCNA (
Wangleibio, Shenyang, China).

Dil-oxLDL uptake assay

After 24 hours of starvation, MOVAS cells were incubated
with 20 pg/mL Dil-oxLLDL (Yi-yuan, Guangzhou, China)
for 6 hours. Then, the cells were washed with PBS and fixed
with 4% paraformaldehyde at RT for 30 minutes. The cell
membrane was made permeable after treating with 0.03%
TritonX-100 for 20 minutes. The nuclei were stained with
DAPI for 5 minutes. For each sample, 5 distinct fields of
view were selected and pictures were obtained using an
inverted fluorescence microscope (Nikon, Tokyo, Japan).

Immunofluorescence staining

The cells were fixed with 4% paraformaldehyde at RT
for 30 minutes and washed with PBS. Like earlier, 0.03%
TritonX-100 was used to increase the cell membrane
permeability. Then, the cells were incubated with donkey
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serum and blocking was performed for 1 hour. Next,
overnight incubation with the p-NF-«B primary antibodies
(Abcam, CA, USA) was carried out at 4 °C in the dark.
This was followed by incubation with the corresponding
secondary antibodies for 1 hour. Finally, the nuclei were
stained with DAPI for 5 minutes and 5 distinct fields of
view for each sample were selected for analysis. Pictures
were obtained with an inverted fluorescence microscope

(Nikon, Tokyo, Japan).

PP2A activity test

The cells were harvested by centrifugation at 12,000 rpm
for 20 minutes and the cell lysates were prepared. The
protein concentration was measured using the BCA method.
Then, 10 pL cold phosphatase storage buffer was added and
samples were centrifuged at 4 °C 600 rpm for 5 minutes. The
spin-column was put into a 50 mL centrifuge tube, 250 pLL
cell lysate was added and centrifuged at 4 °C 600 rpm for
5 minutes. The PP2A reaction buffer, phosphate standard,
substrate peptide, and the protein sample were mixed to the
96-well plate and reacted at 37 °C for 30 minutes. Finally,
50 pL molybdate dye was added to stop the reaction for
30 minutes at RT and the absorbance was measured at
630 nm. The relative activity was calculated using a standard
concentration curve.

Statistical analysis

Image-Pro Plus 6.0 and Graphpad Prism 7.0 programs were
used for image processing. All data were analyzed using
SPSS 22.0 statistical software and are presented as mean
+ SD. The comparison within the group was performed
by the one-way analysis of variance, and the comparison
between the two groups was performed by the student’s
t-test. P<0.05 was considered statistically significant. All
experiments were carried out three times.

Results

Ccng2 knockout attenuated atherosclerotic plaques in
Apoe” mice

Apoe” mice and Apoe” Ceng2” mice were fed with a high-
fat diet for 8 weeks to establish the atherosclerosis model.
Notably, compared to Apoe”” mice, Apoe” Ceng2” mice
had lower body weight (Figure 14). Also, knocking out of
the Ceng2 gene in Apoe” mice resulted in lower levels of
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serum total cholesterol (T'C) and low-density lipoprotein
cholesterol (LDL-C), while the triglyceride (I'G) level of the
two groups showed no significant difference (Figure 1B,C).
Results from the Oil red O staining showed that the
plaque area of Apoe” Ceng2” mice was significantly reduced
compared to Apoe”” mice, indicating that Ceng2 knockout
alleviated atherosclerosis in Apoe” mice (Figure 1D,E).
The atherosclerotic plaque area and aortic root lumen
cross-sectional area were used to assess the degree of
atherosclerosis in two groups. The results showed that
Apoe” Ceng2” mice had reduced atherosclerotic plaque area
compared to Apoe” mice (Figure 1EG). The results from
H&E staining were consistent with the Oil Red O staining
(Figure 1H,I).

Ccng2 knockout reduced VSMCs-derived foam cell
formation and expression of p-NF-KB/LOX-I in Apoe™”

mice

To further analyze the mechanism of the Ccng2 gene
associated attenuation of atherosclerosis and foam
cell formation; we performed immunohistochemistry
experiments and examined the expressions of VSMCs
marker a-SMA and macrophage marker CD68 in the
aortic plaques. We found that Apoe” Ceng2” mice exhibited
decreased expression of a-SMA in aortic plaques compared
to the Apoe” mice, while the CD68 expression did not
change (Figure 2A4,B,C,D). This indicates that the effect
of Ceng2 knockout on form cells was mainly derived from
VSMCs. The immunohistochemical analysis revealed that
Apoe” Ceng2” mice, having reduced atherosclerotic plaque
area compared to Apoe”” mice (Figure I), also had decreased
levels of p-NF-«xB and LOX-1 (Figure 2E,F,G,H). This
suggests that Ceng2 knockdown inhibited the activation
of NF-«xB and downregulated LOX-1 attenuating the
formation of atherosclerotic plaques.

Over-expression of cyclin G2 promoted uptake and
accumulation of lipids in MOVAS cells

Previous studies demonstrated that stimulation with
80 pg/mL ox-LDL for 24 hours leads to foam cell
formation of MOVAS cells. Accordingly, as shown in
Figure 34,B, MOVAS cells transfected with FLAG-Ccng2
plasmid, over-expressing cyclin G2, showed increased
intracellular lipid droplet content compared to the control
FLAG-Vector group. This indicated that cyclin G2 indeed
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promotes the lipid accumulation in VSMCs to induce foam
cell formation. Moreover, MOVAS cells overexpressing
cyclin G2 also showed significantly enhanced uptake of
fluorescently labeled Dil-oxLDL (Figure 3C,D). Using
the enzymatic method for cellular T'C analysis, we found
that in the absence of the ox-LDL, TC content between
the FLAG-Vector and FLAG-Ceng2 groups was similar.
However, upon ox-LDL intervention, the TC content in
both the FLAG-Vector + oxLDL and FLAG-Ceng2+oxLDL
groups increased significantly. Interestingly, between the
two groups, the T'C content in the FLAG-Ceng2+oxLDL
group was relatively higher than that of the FLAG-Vector +
oxLDL group (Figure 3E). This again indicates that cyclin
G2 up-regulated the cholesterol content in VSMCs-derived

foam cells.

Over-expression of cyclin G2 up-regulated the expressions
of LOX-1 and nuclear p-NF—KB in MOVAS cells

Upon ox-LDL induced stimulation of foam cell formation
in the FLAG-Ceng2 and FLAG-Vector groups of cells, the
nuclear protein fraction from both the groups was extracted
to analyze p-NF-kB expression. We found that p-NF-«xB
expression in the FLAG-Ceng2 group was higher than the
FLAG-Vector group (Figure 4), while the total NF-xB
expression between the two groups showed no significant
difference (Figure 4C,D). These results were further verified
by immunofluorescence staining. Notably, the fluorescence
intensity in the FLAG-Ceng2 group was higher, suggesting
enhanced expression of p-NF-«B in the nucleus (Figure
4F). The quantitative statistical analysis also showed that
the percentage of p-NF-kB positive cells in the FLAG-
Ceng2 group was higher (Figure 4@Q), indicating that
cyclin G2 promoted NF-kB phosphorylation and nuclear
translocation. Additionally, LOX-1, both at mRNA and
protein levels, was markedly upregulated in the FLAG-
Ceng?2 group than the FLAG-Vector group (Figure 4C,D,E).
Overall, these results demonstrated that cyclin G2
promoted the expression of p-NF-xB and LOX-1 during
oxLDL-induced foaming of VSMCs.

Cyclin G2 regulated the uptake and accumulation of lipids
in MIOVAS cells via inbibiting the enzymatic activity of
PP24

We found that after activation of PP2A, the intracellular
lipid accumulation was markedly reduced in both the
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Figure 1 Ceng2 knockout attenuated atherosclerotic plaques in Apoe” mice. Apoe” mice and Apoe” Ceng2” mice were fed with a high-
fat diet for 8 weeks to establish the atherosclerosis model. (A) Body weight; (B) blood lipid index; (C) quantitative analysis of blood lipid
index between the two groups (N/,W'/':IO, N /,[,M'/'Cmgz'/' =10); (D) the Oil red O staining of gross specimens of mouse aorta; (E) Quantitative
analysis of aortic atherosclerotic plaque area (N APW'/':S , N AW'/'CWZ'/':S); (F) the Oil red O staining of frozen sections of mouse aortic root.
Arrows point to atherosclerotic plaques positive for Oil Red O staining, the scale bar =100 pm; (G) quantitative analysis of the plaque area
ratio (plaque area/aortic lumen cross-sectional area) (N AW’/’=5 , N pr’/’Cr,,gz’/’ =5); (H) the H&E staining of frozen sections of mouse aortic
root. Arrows point to atherosclerotic plaques, the scale bar =100 pm; (I) quantitative analysis of the plaque area ratio (plaque area/aortic
lumen cross-sectional area) (N AW’/’=5 , N Aﬁge’/’&,,gz’/ES). Data are shown as (mean = SD). Student’s z-test, comparing to Apoe” group, *P<0.05,
**P<0.01.
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Figure 2 Ccng2 knockout reduced VSMCs-derived foam cell formation and expression of p-NF-«kB/LOX-1 in Apoe-/- mice. (A) The
immunohistochemistry of CD68 in mouse aortic root with SP staining method, the scale bar =50 pm; (B) quantitative analysis of the
CD68 positive area in two groups (NAW'/':S , N APW-/-CU"gZ-/-
staining method, the scale bar =50 pm; (D) quantitative analysis of the a-SMA positive area in two groups (IN AW’/’=5 , N AP,,{/’CW’/ES);
(E) the immunohistochemistry of LOX-1 in mouse aortic root with SP staining method, the scale bar =100 pm; (F) quantitative analysis of
the LOX-1 positive area in the two groups (N, AM’/’=5 , N AP”’/’Cng’/ES); (G) the immunohistochemistry of p-NF-kB in mouse aortic root with
SP staining method, the scale bar =100 pm; (H) quantitative analysis of the p-NF-«B positive area in two groups (N A[W’/’=5 , N Ap”e’/’cﬁlgz’/’=5).
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=5); (C) the immunohistochemistry of a-SMA in mouse aortic root with SP
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Figure 3 Over-expression of cyclin G2 promoted uptake and accumulation of lipids in MOVAS cells. MOVAS cells were stimulated with

80 pg/mL ox-LDL for 24 hours to induces foam cell formation. Cells transfected with FLAG-Ceng2 plasmid over-expressed cyclin G2 while

cells transfected with FLAG-Vector plasmid were used as a control. (A) The accumulation of lipid droplets in cells was observed by oil red O

staining, scale bar =25 pm; (B) quantitative analysis of the average oil red O staining area (oil red O staining positive area/number of cells); (C)

after adding Dil-oxLLDL, a picture showing the cellular red fluorescence in both groups. Cells stimulated with excess ox-LDL (200 pg/mL)

were used as a control, scale bar =25 pm; (D) quantitative analysis of relative red fluorescence intensity (red fluorescence intensity/number

of cells); (E) quantitative analysis of the cellular TC content in each group. Data are shown as (mean + SD). Student’s 7-test, **P<0.01. TC,

total cholesterol; ox-LDL, oxidized low-density lipoprotein.
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Figure 4 Over-expression of cyclin G2 up-regulated LOX-1 and nuclear p-NF-«kB in MOVAS cells. MOVAS cells were transfected with
FLAG-Vector/FLAG-Ceng?2 plasmid and stimulated with 80 pg/ml ox-LDL for 24 hours. (A) The nuclear protein of the two groups was
extracted to detect the level of p-NF-«xB by western blot. PCNA and GAPDH were used as control of nuclear protein and total cellular
protein respectively; (B) quantitative analysis of p-NF-kB/PCNA level; (C) protein levels of NF-kB and LOX-1 analyzed by western blot
(D) quantitative analysis of LOX-1/GAPDH level; (E) the relative LOX-1 mRNA level detected by qRT-PCR; (F) the positive expression
of p-NF-«B in the nucleus was evaluated by indirect immunofluorescence staining method with the use of p-NF-«B primary antibody and
anti-IgG secondary antibody conjugated to Alexa Fluor® 594. Arrows indicate examples of positive p-NF-kB expression in the nucleus. Scale
bar =25 pm; (G) quantitative analysis of p-NF-kB expression. Data are shown as (mean = SD). Student’s #-test, comparing to FLAG-Vector
group, *P<0.05, **P<0.01,
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Figure 5 Cyclin G2 regulated the uptake and accumulation of lipids in MOVAS cells via inhibiting the enzymatic activity of PP2A. MOVAS
cells were transfected with FLAG-Vector/FLAG-Ceng2 plasmid and treated with the PP2A agonist DT-061. (A) The accumulation of lipid
droplets in cells was observed by oil red O staining, scale bar =25 pum; (B) quantitative analysis of the average oil red O staining area (oil red
O staining positive area/number of cells); (C) after adding Dil-oxLLDL, cellular red fluorescence was observed in the four indicated groups.
Dil is used as a fluorescent label that excites red fluorescence, scale bar =25 pm; (D) quantitative analysis of relative red fluorescence intensity

(red fluorescence intensity/number of cells). Data are shown as (mean + SD). Student’s #-test, *P<0.05, **P<0.01.

FLAG-Vector group and FLAG-Ccng2 group. This uptake of fluorescently labeled Dil-oxLLDL in both groups
indicated that the effect of cyclin G2 on lipid intake was (Figure 5C,D). These results indicated that lipid endocytosis
through regulating the activity of PP2A (Figure 5A,B). promoting effects of cyclin G2 could be eliminated using
Moreover, DT-061 intervention significantly reduced the PP2A agonists.
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Activation of PP2A reversed the effects of cyclin G2 on

foam cell formation via suppressing the p-NF-xB/LOX-1
pathway

As shown in Figure 6 the nuclear expression of p-NF-xB
was markedly enhanced by over-expression of cyclin G2,
while DT-061 intervention suppressed p-NF-«B levels.
Furthermore, the immunofluorescence study showed that
DT-061 intervention significantly lowered the percentage
of p-NF-«kB positive cells in the FLAG-Ccng2 group
(Figure 6C). This indicated that cyclin G2 promoted
NF-kB phosphorylation and nuclear translocation by
inhibiting PP2A. Also, D'T-061 intervention could reverse
the cyclin G2 mediated upregulation of LOX-1 (Figure 6B,
E,F). Furthermore, results presented that demonstrated the
the PP2A activity was decreased by the over-expression of
cyclin G2, which was abrogated by DT-061 (Figure 6G).
Opverall, these results suggested that cyclin G2 promotes the
formation of foam cells in atherosclerosis via the PP2A/NF-
KB/LOX-1 pathway.

Discussion

Knowing the cell type involved in the development of
atherosclerosis is vital information in elucidating the
mechanism of the disease (19). Previously, it was believed
that foam cells in atherosclerotic plaques were mainly
derived from macrophages. However, based on lineage
tracing technology, several recent studies suggest that
foam cells derived from VSMCs play a critical role in
atherosclerotic plaques formation (20,21). Under normal
physiological conditions, differentiated VSMCs express
contractile proteins such as a-SMA and smooth muscle
myosin heavy chain (SMMHC). Both of these are known
markers of mature and differentiated VSMCs. In an event
of vascular endothelial injury, inflammation is activated
and these markers are inhibited. This triggers a synthetic
phenotype in VSMCs and transforms them into foam cells
(22,23). Interestingly, the cellular expression of macrophage
marker CD68 also gets upregulated during the event (24,25).

Cyclin G2, a member of the cyclin G family, is a
potential tumor suppressor (26). Interestingly, cyclin G2
also functions as a co-activator of PPARy to promote
differentiation and maturation of preadipocytes (7). Recently
it was reported that upregulation of DNA methyltransferase
3a (Dnmt3al), which inhibits fat formation during the
early adipocyte differentiation, significantly up-regulated
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cyclin G2 but downregulated PPAR-y (27). Moreover, the
bodyweight of the Dnmt3al overexpressing mice, also on
a high-fat diet, did not change. However, the inflammatory
response was markedly increased which could be due
to the overexpression of cyclin G2 in these mice (28).
Since the inflammatory response is closely associated
with atherosclerosis (29), cyclin G2 could also affect the
progression of atherosclerosis. However, the role of cyclin
2 in atherosclerosis is not clear. Therefore, to investigate
the role of cyclin G2 in the development of atherosclerotic
lesions, we first constructed Apoe” Ceng2” mice and
successfully established the atherosclerosis mice model.
We found that Apoe” Ceng2”™ mice had fewer lipid plaques
than Apoe”” mice. Moreover, using immunohistochemistry
experiments, we found that the expression of VCMCs
marker a-SMA was higher in Apoe” mice than that of
Apoe” Ceng2”” mice. This indicated that foam cells were
mainly derived from VSMCs, which is otherwise inhibited
by cyclin G2.

Other than SRA and CD36, LOX-1 is the key scavenger
receptor that is expressed on VSMCs. It is known to play
an important role in the progression of atherosclerosis (30).
The soluble LOX-1 (sLOX-1) can be detected in peripheral
blood and therefore used as a diagnostic marker in brain
and heart vascular diseases (31). Several studies found that
LOX-1 levels get elevated in patients with hypertension,
diabetes, metabolic syndrome, and coronary heart
disease (32). The ox-LDL along with LOX-1 activates NF-
kB upregulating cytokines such as vascular cell adhesion
molecule-1 (VCAM-1) and monocyte chemokine protein 1
(MCP-1) (33). These pro-inflammatory molecules further
increase LOX-1 expression in endothelial cells, leading
to a vicious cycle of inflammatory response mediated by
ox-LDL, LOX-1, and NF-«B (34). Additionally, other
proinflammatory and atherosclerotic factors such as
interleukin-1 (IL-1), interleukin-6 (IL-6), and TNF-a
upregulate LOX-1 in VSMCs (35). Furthermore, activation
of LOX-1 exacerbates oxidative stress, leading to the
formation of more ox-LDL which additionally intensifies
the overall effect (36).

In our animal experiments, we found that Ceng2 knockout
mice had reduced atherosclerotic plaque, indicating that
cyclin G2 promoted atherosclerosis. Subsequent in vitro
experiments suggested that cyclin G2 promoted VSMCs
foaming by up-regulating scavenger receptor LOX-1, and
NF-«B signaling pathway. Interestingly, PP2A, a ubiquitous
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Figure 6 Activation of PP2A reversed the effects of cyclin G2 on foam cell formation via suppressing the p-NF-kB/LOX-1 pathway in
MOVAS cells. MOVAS cells were transfected with FLAG-Vector/FLAG-Ccng2 plasmid and treated with the PP2A agonist DT-061.
(A) The nuclear protein of the four indicated groups was extracted to detect the p-NF-«B level by western blot; (B) protein levels of NF-«xB
and LOX-1 measured by western blot; (C) the positive expression of p-NF-«B in the nucleus was evaluated by indirect immunofluorescence
staining method with the use of p-NF-kB primary antibody and anti- IgG secondary antibody conjugated to Alexa Fluor® 594. Arrows
indicate examples of positive p-NF-kB expression in the nucleus. Scale bar =25 pm; (D) quantitative analysis of p-NF-kB level; (E) the
mRNA expression of LOX-1 was determined using qRT-PCR; (F) quantitative analysis of LOX-1 and NF-«kB level. Data are shown as (mean
+ SD). One-way ANOVA, *P<0.05, **P<0.01; (G) the PP2A activity of the indicated groups (free phosphate concentration/reaction time/

protein concentration).

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(6):446 | http://dx.doi.org/10.21037/atm-20-6207



Annals of Translational Medicine, Vol 9, No 6 March 2021

phosphatase, plays an important role in the regulating NF-
kB signaling pathway (37). Also, PP2A itself is regulated
by cyclin G2 (38). Therefore, we speculated that cyclin G2
might regulate the NF«B signaling pathway via inhibition
of PP2A activity. To verify this, we used an activator of
PP2A to determine the effects. We found that with the
PP2A activator, VSMCs foaming was relieved. Also, the
nuclear translocation of p-NF-«kB and LOX-1 levels were
reduced. Therefore, in brief, we propose that cyclin G2
promotes the formation of VSMCs-derived foam cells by
inhibiting the PP2A phosphatase activity, thereby activating
the NF-kB signaling pathway and up-regulating the level of
LOX-1. We believe that this novel information can help in
developing effective treatment against atherosclerosis.
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