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Abstract

p21 has emerged as an important protein involved in cardiovascular diseases, but its role remains controversial.
Recently, p21 has been reported to mediate inflammatory responses. As inflammatory responses are a feature of
sepsis, our study investigated whether p21 has a role in cardiac dysfunction induced by sepsis and analyzed the
mechanisms involved. To establish a mouse sepsis model, p21 global knockout (p21KO) and C57BL/6J wild-type (WT)
male mice were treated with 5 mg/kg LPS intraperitoneally for 6, 24, or 48 h. After LPS stimulation, the level of p21 had
significantly increased in the WT mice and in cardiomyocytes. Cardiac dysfunction induced by LPS was markedly
aggravated in p21KO mice relative to that of WT mice. Downregulation of p21 expression exacerbated the LPS-
mediated inflammatory response, and it increased oxidative stress as well as mitochondrial damage in the heart and in
cardiomyocytes. In contrast, overexpressing p21 attenuated the increase of TNFa and promoted the increase of SOD?2.
Moreover, p21 regulated the LPS-induced autophagy activation; that is, the increase in autophagy was impaired when
p21 expression was decreased, whereas the increase was significant when p21 was overexpressed. The autophagy
inducer rapamycin partially rescued the cardiac deterioration caused by p21 downregulation in the LPS-stimulated

groups. In addition, p21 regulated the autophagy level by interacting with LC3B. These results revealed that p21
controls LPS-induced cardiac dysfunction by modulating inflammatory and oxidative stress, and it is partially
dependent on regulating the autophagy level. This study is the first to show that p21 could interact with LC3B to
promote autophagy for the improvement of cardiac function during sepsis.

Introduction

Sepsis is the most common systemic inflammatory
response in the clinic. It is mainly caused by the release of
large amounts of endotoxins from Gram-negative bacteria
into the blood. The active chemical component of
endotoxin-induced disease is mainly lipopolysaccharides
(LPS)". If not treated promptly, it will proceed to multiple
organ failure, and the heart is one of the main organs
affected during sepsis. Some studies have shown that
sepsis-induced heart dysfunction can be as high as 70%”.
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If there are cardiac complications, the patient’s condition
deteriorates rapidly, and the mortality rate will be as high
as 50-60%.

These data suggest that cardiac damage plays an
important role in septic patients’ death. Echocardiography
has also shown that a dilated left ventricular diameter
(LVD) and decreased left ventricular ejection fraction
(LVEF) occur in some patients with early septic shock,
further suggesting that cardiac dysfunction may be pre-
sent in patients with early septic shock. Until now,
researchers and physician have generally recognized that
cardiac dysfunction is closely related to patients’ prog-
nosis. Therefore, improving cardiac function plays a
crucial role in reducing mortality in patients with sepsis.
However, the treatment for cardiac damage caused by
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Fig. 1 LPS induced the expression of p21. a-c The expression of p21 in the mouse heart. Relative mRNA level of p21 in the indicated WT mouse
heart (a, n = 6). Representative western blot analysis of p21 (b, upper panel) and average fold change (b, lower panel) in the mouse hearts (n = 6).
Representative immunohistochemical analysis of p21 in the indicated groups (¢, n = 6). d—f The expression of p21 in NCRMs. Relative mRNA level of
p21 in the indicated groups (d, n = 8). Representative western blot analysis of p21 (e, upper panel), and average fold change (e, n = 4, lower panel) in
NCRMs before and after LPS stimulation. Representative immunofluorescence analysis of p21 (red fluorescence) and a-actin (green fluorescence) in
the indicated groups (f, n = 6). Data are represented as mean + SEM. *p < 0.05 versus Ctrl group, Ctrl indicates control.

sepsis is not ideal, because the mechanism of myocardial
injury induced by sepsis is not clear.

CDKNI1A is an important member of the cyclin-
dependent kinase (CDK) inhibitor family and belongs to
the Cip/Kip family of CDK inhibitors, hence the name
p21WAFVCIPL (hereinafter referred to as p21)°. It is also an
important downstream target of the tumor-suppressor
p53*. p21 can regulate the cell cycle by inhibiting the
binding of cyclin and CDK. p21 also plays an important
role in cell senescence and apoptosis”. In mammals, p21 is
rarely expressed in the embryonic and neonatal hearts but
is highly expressed in the adult hearts.

A large number of studies have suggested that p21 is
involved in the pathological process of myocardial injury,
but the changes of p21 in cardiovascular disease and its
effects are currently controversial. In different animal
models of cardiac hypertrophy, the expression changes of
p21 are inconsistent, and so are the corresponding effects.
In Angiotensin II-mediated cardiac hypertrophy, p21
expression level is reduced, but in a variety of other car-
diac hypertrophy models, such as spontaneously hyper-
tensive rats and isoproterenol stimulation, p21 expression
is continuously increased®”. The expression of p21 in
doxorubicin-induced cardiotoxicity is similar to that of
cardiac hypertrophy and has its two sides®®. Recently, it
has been reported that p21 plays an important role in
inflammatory diseases independently of cell cycle reg-
ulation, but research on p21 and sepsis-induced cardiac
dysfunction has not been conducted.

In this study, we investigated the role of p21 in LPS-
induced cardiac dysfunction and its molecular mechan-
ism. We found that LPS-mediated autophagy increases
improved inflammation and oxidative stress was partially
dependent on p2l. In addition, the effects of p21 on
autophagy were achieved by the protein—protein inter-
action between p21 and microtubule-associated protein 1
light chain3 (LC3).

Results
p21 deficiency worsened cardiac dysfunction in LPS-
treated mice

To explore whether p21 was involved in the cardiac
stress response after LPS stimulation, we first compared
the mRNA and protein levels of p21. After LPS
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administration, mouse cardiac p21 mRNA and protein
levels were significantly increased at 6, 24, and 48 h (Fig.
1a, b). Immunohistochemistry (IHC) showed that p21 was
mainly expressed in the nucleus of myocardial tissues
under basal condition, and p21 protein was increased in
both the nucleus and cytosol after LPS stimulation (Fig.
1c). In addition, the administration of LPS to cardio-
myocytes (CMs) increased mRNA and protein expression
of p21 as well (Fig. 1d—f). These results suggest p21 may
play a role in heart tissue after LPS stimulation.

We first identified cardiac mRNA and protein expres-
sion of p21 in wild-type (WT) and global knockout
(p21KO) mice (Fig. 2a, b). Next, we investigated the role
of p21 in cardiac dysfunction induced by LPS. The cardiac
function was assessed by echocardiography in WT and
p21KO mice after injection of saline or LPS (Fig. 2c).
There was no significant difference in cardiac function
between WT and p21KO mice under normal physiolo-
gical conditions. After 6h of LPS stimulation, both the
WT and p21KO LPS groups showed significant cardiac
dysfunction, manifesting as an obvious increase in LVDs
and significant decreases in LVEF and fractional short-
ening. Compared with the WT LPS 6 h group, the changes
of LVDs, LVEF, and EF in the p21KO LPS 6 h group were
more pronounced. There were no significant differences
in LVDs, LVEF, or EF between the LPS 6 h group and the
LPS 24 h group in the WT mice, but the results showed a
slight decrease in LVDs and a slight increase in LVEF and
EF. The heart function of the p21KO LPS 24 h group was
worse than that of the WT LPS 24 h group. Moreover, we
found that the cardiac function of the WT LPS 48 h group
did not reach a normal level, but it was significantly
improved compared with the WT LPS 6h group, while
the cardiac function of the p21KO LPS 48h group
remained at a level similar to that of the p21KO LPS 6 h
group. All of the data suggest that the loss of p21
exacerbates LPS-mediated cardiac dysfunction and delays
recovery of cardiac function.

p21 deficiency aggravated the inflammation, oxidative
stress, and mitochondrial injury induced by LPS

The LPS-induced inflammatory response is one of the
major causes of cardiac damage. To determine whether p21
deficiency worsened cardiac dysfunction by regulating
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inflammatory responses, we tested the mRNA levels of
proinflammatory cytokines, including tumor necrosis fac-
tor-a (TNFa), interleukin-6 (IL6), and monocyte chemoat-
tractant protein-1 (MCP1) in p21KO and WT mice under
basal condition and in response to LPS (Fig. 3a). We found
that the expression of these genes had no differences under
basal conditions. LPS treatment increased the mRNA
expression of TNFa, IL6, and MCP1 in both WT and
p21KO mice, but the effect was markedly greater in p21KO
mice. Next, we determined the effects of p21 down-
regulation on the LPS-induced increase of TNFq, IL6, and
MCP1 expression in CMs (Fig. 3d). The results were similar
to those obtained in cardiac tissue, with reduced myocardial
expression of p21 significantly increasing TNFa, IL6, and
MCP1 mRNA expression after LPS stimulation.

In addition to the inflammatory response, oxidative
stress has also been shown to play an important role in
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LPS-induced cardiac dysfunction. Our results showed that
mRNA levels of SOD2 and NOX2 did not differ between
WT and p21KO mice at baseline (Fig. 3b). After LPS
stimulation, the transcriptional levels of SOD2 were sig-
nificantly elevated in WT mice (Fig. 3b). The SOD2
mRNA level was slightly increased in the p21KO LPS
group compared with the WT group, but it was lower
than that of the WT LPS group (Fig. 3b). In addition, the
activity of SOD in the myocardial tissue of p21KO mice
remained at baseline at 6 and 24 h post-LPS stimulation,
while that in WT mice was markedly increased at 6 h after
LPS stimulation, then it returned to the basal level at 24 h
(Fig. 3c). Compared with the WT group, the cardiac
NOX2 mRNA level was increased after LPS stimulation,
and it was further upregulated by p21 deficiency (Fig. 3b).

Malondialdehyde (MDA) assays showed that the MDA
content in the myocardial tissue of p21KO mice was
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Fig. 3 p21 deficiency exacerbated inflammatory and oxidative response caused by LPS. a, b Relative mRNA level of TNFq, IL6, and MCP1 (a)
and SOD2 and NOX2 (b) in WT and p21KO mouse hearts (n = 6). ¢ The activity of SOD (left panel, n = 6) and relative content of MDA (right panel,
n=6) in the indicated hearts of WT and p21KO mice. d Relative mRNA level of TNFq, IL6, and MCP1 in NCRMs (n = 6). e The level of ROS in the
indicated groups of NCRMs (n = 6). *p < 0.05 versus Ctrl group, *p < 0.05 versus corresponding LPS group.
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Fig. 4 p21 deficiency aggravated LPS-induced mitochondrial injury. a Representative transmission electron microscopic images of mitochondria
(left panel) and quantification of the injured mitochondria (right panel) in the indicated heart tissue groups (n = 6). b Representative images of
JC1 staining (upper panel) and quantitative analysis of the shift of mitochondrial red fluorescence to green fluorescence (lower panel) in NRCMs
(n=6). *p < 0.05 versus Ctrl group, *p < 0.05 versus corresponding LPS group.

significantly increased at 6 and 24 h after LPS stimulation
compared to the WT group, while the MDA content in
the myocardial tissue of WT mice stimulated by LPS was
significantly increased at 6 h, and then it decreased to a
normal level at 24 h (Fig. 3c). We also examined the effect
of decreased p21 expression on the LPS-induced reactive
oxygen species (ROS) level in CMs. The data further
confirmed p21 deficiency exacerbated myocardial injury
induced by LPS (Fig. 3e).
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Mitochondria are the main organelles involved in oxi-
dative stress, and it has been reported that LPS induces
mitochondria injury. Therefore, we observed mitochon-
drial changes between the WT and p21KO groups. Elec-
tron microscopy showed that, after LPS stimulation for
24h and 48h, in both the WT and p21KO mice we
observed cardiac mitochondrial swelling and the ridge
structure disappearing (Fig. 4a). Compared with that of
the corresponding stimulated time in WT mice, p21
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deficiency resulted in an increased number of abnormal
structure of mitochondria, and similar results were
obtained in vitro (Fig. 4a, b). In addition to being involved
in oxidative reactions, mitochondria are also important
organs for maintaining the energy supply to the heart. We
therefore compared the transcription levels of energy-
related factors between WT and p21KO mice, but the
results suggested that p21 deficiency did not affect the
expression of these genes (Fig. S1).
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Collectively, these results indicate that a lack of p21
aggravates LPS-induced cardiac inflammation, oxidative
stress, and mitochondria damage.

p21 regulated autophagy level

To explore the molecular mechanism of how p21 reg-
ulates inflammation and oxidative stress, we compared
the proteins involved in the above pathways between WT
and p21KO mice. The results showed that antioxidative
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protein Nrf2, which was increased after LPS administra-
tion, did not differ between WT and p21KO mice (Fig.
5a). In addition, p21 did not affect the protein expression
of cycle regulatory protein CDK2 or apoptotic executive
protein cleaved-caspase3 after injection of saline or LPS
(Fig. 5a). However, we found that the level of p-p65 was
significantly increased in p21KO mice compared to WT
mice after LPS stimulation (Fig. 5a).

The above results showed that p21 deficiency could increase
the number of damaged mitochondria. The increase in
damaged mitochondria may be due to either too much pro-
duction or not enough clearance. It has been proven that
autophagy is one of the main ways to clear damaged mito-
chondria. Therefore, we observed the autophagy level between
WT and p21KO mice at 24h post-LPS stimulation. The
results from electron microscopy showed that LPS caused an
increase of autophagosomes in WT mice, while the increase
was impaired in p21KO mice (Fig. 5b).

Moreover, we also tested the protein levels of LC3 and
p62. In line with the previous results, the cardiac level of
LC3II was reduced and p62 was increased in p21KO mice
compared to WT mice after LPS administration (Fig. 5c,
d), and the same results were obtained in neonatal rat
CMs (NRCMs; Fig. 7b). To verify that p21 deficiency
exacerbates LPS-induced cardiac injury due to impaired
autophagy activation, rapamycin, an autophagy agonist,
was added. We found that rapamycin could significantly
improve the cardiac dysfunction caused by p21 deficiency
in LPS-treated mice (Fig. 6¢). In addition, we found that
the administration of rapamycin could improve an
impaired autophagy flux and attenuate the increase of
TNFa and NOX2 and the decrease of SOD2 caused by
p21 deficiency in CMs, further indicating that increasing
autophagy levels improves cardiac outcomes with p21
deficiency (Fig. 6a, b). We also found that the loss of p21
did not affect the expression of phospho-mammalian
target of rapamycin (p-mTOR) in CMs (Fig. 6b).

Next, we examined whether the overexpression of p21
caused an increase in autophagy in CMs. The results
showed that, compared with the control group, p21
overexpression could increase the level of LC3II in the
basal state, and after LPS stimulation, it could activate an
autophagy flux (Fig. 6d). In addition, we also found that
p21 overexpression reduced the increase of TNFa, and it
promoted the increase of SOD2 caused by LPS (Fig. 6e).

All of these results indicate that p21 could regulate the
level of LC3II and then influence the increased autophagy
level caused by LPS.

p21 modulated LC3Il by interacting with LC3B

The expression level of LC3II is affected by many fac-
tors; thus we studied how p21 regulates LC3II. We first
examined changes in the expression levels of the
upstream kinases associated with LPS-induced autophagy.
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However, the data indicated that there were no differ-
ences in the protein levels of p-AKT, p-AMPK, or p-p38
between WT and p21KO mice (Fig. 7a). Then we tested
Beclinl and Atg7, which directly regulate the formation of
autophagy, and the results showed that p21 deficiency did
not affect these proteins in the absence or presence of LPS
(Fig. 5¢). We also found that p21 deficiency did not affect
the expression of Lampl (Fig. 5c), indicating that the
decrease of LC3II may not be due to the increase in
autophagic lysosomes. Since p21 did not affect the
upstream or downstream regulators of autophagy, we
hypothesized that perhaps p21 directly regulates LC3B.
Then we examined the physical interaction between p21
and LC3B in CMs. Coimmunoprecipitation (CoIP) assays
revealed that endogenous p21 and endogenous LC3B
interact with each other in NRCMs (Fig. 7c). In addition,
reciprocal CoIP experiments in HEK293T cells confirmed
the interaction between p21 and LC3B (Fig. 7d).

Discussion

In this study, we identify that p21 could regulate the
cardiac autophagy level, thus protecting the heart against
LPS-induced inflammatory and oxidative injury (Fig. 8). In
addition, we found that p21 can bind to LC3B and reg-
ulate the formation of LC3IL

It has been reported that the expression level of p21 in
macrophages is significantly increased after LPS stimula-
tion and that p21 is involved in the anti-inflammatory
effect of macrophages'®'". It is well known that macro-
phages are proliferating cells, and the primary biological
function of p21 is to regulate the cell cycle. Interestingly,
p21 is also highly expressed in CMs, which are non-
proliferating cells. This raises the question of whether p21
in CM, one of the target cells of inflammatory responses,
change in response to inflammatory stimulation. Our
experimental results showed that the expression level of
p21 presented dynamic changes during LPS stimulation,
but it was significantly higher than the basal state, which
suggests that p21 might play a role in LPS-mediated
cardiac injury. Moreover, the results of cardiac function
tests further demonstrated that p21 was involved in LPS-
induced cardiac dysfunction.

The toxic effect of LPS is mainly induced by the
inflammatory response. Previous studies and our studies
have confirmed that LPS promotes the inflammatory
response, and the absence of p21 aggravates the produc-
tion of inflammatory factors. In the LPS-mediated
inflammatory model, studies have shown that p21KO
mice are more prone to endotoxin shock after LPS sti-
mulation, because p21 in macrophages inhibits the for-
mation of IL1p through its CDK-binding domain, thereby
inhibiting inflammation and alleviating the deterioration
of endotoxemia'®. In addition, p21 can also regulate
macrophage polarization in an LPS second-stroke mice
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*n <005 versus corresponding LPS group.

Fig. 6 Autophagy activation improved cardiac damage. a-c Autophagy inducer rapamycin attenuated cardiac injury induced by p21

downregulation. Relative mRNA level of TNFa, SOD2, and NOX2 in the indicated groups of NRCMs (a, n = 6). Representative western blot analysis of
p-mTOR, mTOR, LC3B, p62, and GAPDH in NRCMs (b, n = 6). Cardiac EF was measured by echocardiography in the indicated mouse hearts (¢, n = 6).
d, e p21 overexpression activated autophagy flux and attenuated inflammation and oxidative stress induced by LPS. Representative western blot
analysis of p21, LC3, p62, and GAPDH in NRCMs (d, n = 6) and relative mRNA levels of TNFa and SOD2 in NRCMs (e, n = 6). *p < 0.05 versus Ctrl group,

model''. These studies showed that p21 has anti-
inflammatory effects, but they focused on its role in
inflammatory cells, which are proliferating cells. We
found that p21 knockdown promoted the expression of
proinflammatory factors in vivo and in vitro, whereas p21
overexpression relieved their increased mRNA levels in
primary CM treated with LPS, suggesting that p21 reg-
ulates the anti-inflammatory effect of nonproliferating
cells as well. In addition, the activation of p65 may partly
account for the inflammatory-regulation effects of p21,
which is in accordance with previous research.

Increased ROS is another important manifestation of
heart dysfunction induced by LPS. LPS can promote the
formation of ROS, which further aggravates myocardial
injury'>'*, By examining the transcription level of anti-
oxidant enzymes SOD2 and NOX2 in myocardial tissue
and in CM stimulated by LPS, we found that p21 deletion
could promote the expression of NOX2 and inhibit the
transcription of SOD2. In addition, our detection of SOD
activity and MDA content in cardiac tissue, as well as
direct observations of ROS in CM, further supports the
fact that p21 deficiency contributes to ROS production
induced by LPS. However, p21 overexpression promoted
increased SOD2 influenced by LPS, demonstrating that
p21 has the ability to alleviate oxidative stress.

Previous studies have shown that p21 could protect cells
from the toxic effects of various compounds by inhibiting the
production of ROS'™®. It has been reported that, when
fibroblasts and HCT-116 cells suffer oxidative stress injury,
p21 directly binds to Nrf2 and promotes the antioxidant effect
of Nrf2, which suggests that p21 could regulate oxidative stress
injury'”. However, in this study we found that p21 did not
influence Nrf2, implicating that p21 regulate oxidative stress
independently of Nrf2 pathway.

In addition to the direct damage of inflammatory
cytokines and ROS to the heart, an insufficient energy
supply in the heart accounts for an important aspect of
LPS-induced cardiac dysfunction'®'®. LPS inhibits the
expression of CD36° and the expression of lipid oxida-
tion genes>', thereby reducing the formation of ATP and
leading to cardiac dysfunction. In this study, we detected
the transcriptional level of energy-related genes in heart
tissue and found that p21 deletion had no effect on LPS-
induced myocardial energy inhibition, indicating that
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deterioration of cardiac function caused by p21 deletion
may not be related to energy metabolism.

Increasing evidences has suggested that sepsis induces
increased autophagy in multiple organs, including the
heart. Increased autophagy has been reported to play a
protective role in septic cardiac dysfunction®**?, Notably,
p21 also plays an important role in the regulation of
autophagy. The DNA-damaging agent 5-methoxyflavone
can induce apoptosis and autophagy in HCT-116 human
colon cancer cells via a p2l-dependent pathway®*. In
addition, the antimalarial drug quinacrine induces
autophagy and apoptosis of breast cancer cells by reg-
ulating p21, thereby achieving the effect of antitumor cell
proliferation®. All of these results suggest that p21
induces the formation of autophagy and exerts an anti-
tumor effect. Our study found that, after LPS stimulation,
autophagy levels gradually increased with the prolonged
stimulation time in cardiac tissues and CM, but after
reaching the peak, autophagy levels showed a decreasing
trend, and the corresponding cardiac function also dete-
riorated significantly in the early stage but then gradually
improved. After p21 deletion, compared with the normal
group, the level of autophagy in the myocardial tissue and
primary CM was decreased, and mouse cardiac function
was always in a dysfunctional state. These results suggest
that the absence of p21 may lead to insufficient autophagy
in CM, which then cannot timely remove the harmful
stimuli and damaged organelles from within the cells, thus
preventing their recovery of cardiac function. The
increasing autophagy level decreased the cardiac injury
caused by p21 deletion, which further demonstrated that
the effects of p21 on cardiac damage induced by LPS are
partially mediated through regulating the autophagy level.

To clarify the specific mechanism of the impaired
autophagy increase caused by p21 deficiency, we first
examined the expression of related kinases acting
upstream of autophagy. mTOR is currently recognized as
an important molecule in upstream inhibition of autop-
hagy formation®®. Studies have suggested that mTOR
activation may suppress beneficial autophagy activity
during severe stages of sepsis, but activation of autophagy
in early sepsis may be independent of mTOR?, which is
in line with our results in this study. Moreover, mTOR is a
direct target of AMPKa, and AMPKa can promote the
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formation of autophagy by inhibiting the activity of the
mTOR complex”’. Our previous study has proven that
p21 activates autophagy by regulating AKT and AMPKa
in the hypertrophic heart®®. In this study, we found that,
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after LPS stimulation, the levels of AMPKa were sig-
nificantly decreased while the level of autophagy
increased, indicating that the increase in LPS-induced
autophagy was not mediated through the activation of
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protecting the heart.
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Fig. 8 A diagram of the proposed pathway for the cardioprotective of p21. LPS induces the expression of p21. p21 binds to LC3B and regulates
cardiac autophagy level to attenuate the increase expression of TNFa, MCP1, IL6 as well as damaged mitochondria induced by LPS stimulation, thus

Damaged mitochondria

S

Cardiac injury

AMPKa. In addition, our results also pointed out that p21
deletion did not affect the level of p-AMPKa and p-AKT
after LPS stimulation. Recently, a novel mTOR-
independent autophagy pathway has been reported. p38
plays an important role in autophagy regulation through
p38 mitogen-activated protein kinase interacting protein
(p38IP)*. In addition, it has been reported that Toll-like
receptor 4 activation can improve liver injury by inducing
increased autophagy through the p38 signaling pathway™°.
These results indicate that the p38 signaling pathway
directly regulates intracellular autophagy levels. Our study
confirmed that the expression level of p-p38 was sig-
nificantly increased after LPS stimulation, but the
expression level of p-p38 was not significantly changed
after p21 deletion, suggesting that p21 does not regulate
the level of autophagy through p38 pathway.

p21 does not affect autophagy formation by affecting
autophagy upstream kinases, thus we wondered whether
p21 directly affects autophagy-related proteins. It has
been reported that C2-ceramide could reduce the
expression of the autophagy-associated proteins Beclinl
and Atg5 by p21, thereby inhibiting the level of autophagy
in mouse embryonic fibroblasts®'. In this study, we also
detected expression changes of Beclinl and Atg7 in WT
and p21KO mice after LPS stimulation, but there was no
significant difference between the two groups, suggesting
that p21 also does not act by regulating the initiation of
autophagy. The excessive activation of autophagy lyso-
somes may also cause a decrease in autophagy level.
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However, the results of our study showed that p21 dele-
tion resulted in aggregation of autophagy substrate p62
and had no significant effect on the expression of
lysosomal-related protein Lamp], indicating that p21 also
does not affect the degradation of the autophagosome.
In the process of autophagy, the formation and
maturation of autophagosomes are regulated by several
core proteins related to autophagy in a highly controllable
manner. The LC3II level has become one of the gold
standards for the detection of intracellular autophagy®”.
Like other Atg proteins, LC3 is tightly regulated at the
transcriptional, posttranscriptional, or posttranslational
levels. According to some reports, transcription factors
such as ATF4, CHOP, E2F1, FOXO 1/3, GATAI, and
ZKSCAN3 have been found to regulate the LC3 expres-
sion level®. This is the first report to show that p21
directly binds to LC3, and the absence of p21 led to sig-
nificantly impaired increase of LC3II in response to LPS
stimulation, suggesting that p21 may directly regulate the
formation of LC3II by binding to LC3. Notably, we did
not explore how LC3 expression was regulated after p21
bound to LC3, which will be investigated in the future.

Methods
Animals and treatment

p21 <PV WAEL g]bal knockout mice (016565, B6.129S6-
CdknlatmlLed/], p21KO) were purchased from The
Jackson Laboratory (Bar Harbor, USA) and C57BL/6] WT
mice were purchased from Institute of Laboratory Animal
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Science, Chinese Academy of Medical Sciences (Beijing,
China). Male mice aged 8-12 weeks weighing 23-25¢g
were used. All procedures were conducted in accordance
with the Guidelines for the Care and Use of Laboratory
Animals published by the United States National Insti-
tutes of Health (NIH Publication, revised 2011) and were
approved by the Chinese Animal Welfare Committee as
well as Wuhan Renmin Hospital.

To establish a mouse nonlethal septic cardiac dysfunc-
tion model®*, WT and p21KO mice were intraperitoneally
injected with a single dose of 5 mg/kg Escherichia coli LPS
(serotype 0111: B4, Sigma) dissolved in sterile saline, and
control mice received an equal volume of saline. p21 KO
mice or WT mice were divided into four groups, and they
are control group, LPS 6h group, LPS 24 h group, and
LPS 48h group, with at least 20 mice in each group.
Echocardiography was performed at 6, 24, or 48 h after
LPS challenge to assess mouse cardiac function. To
induce autophagy, the autophagy agonist rapamycin
(6 mg/kg, Sigma) was intraperitoneally injected 30 min
before LPS treatment, as previously reported®’. Mice were
sacrificed by cervical dislocation, and their hearts were
rapidly excised, weighed, and collected for later use. All
animal experiments were replicated at least three times.

Adenoviral vector construction

An adenoviral vector carrying Rat p21 small hairpin
RNAs (sh-p21) to knockdown p21 was generated by the
OBIO Technology Corp., Ltd. (Shanghai, China), and
scrambled shRNA (sh-NC) was used as the control.
Adenovirus vector carrying Rat p21 (Ad-p2l) to over-
express p21 and empty carrier control Ad-LacZ were
constructed and amplified by the iBioscience Company
(Jinan, China).

Plasmid construction

For constructing the pcDNA5-FLAG-p21 and pcDNA5-
HA-LC3B recombinant plasmids, the full-length human
p21 and LC3B-coding regions were amplified from the
c¢DNA of HEK293T cells by polymerase chain reaction
(PCR). The pcDNA5-FLAG and pcDNA5-HA plasmids
were digested with BamH I (FD0054, Thermo) and Xho I
(FD0694, Thermo). The PCR products of p21 and LC3B
were ligated to the digested pcDNA5-FLAG and
pcDNA5-HA plasmids, respectively, using the recombi-
nase (C112-01, Vazyme) according to the manufacturer’s
instruction. The primers for amplifying the target gene are
listed below: human-p21-F: TCGGGTTTAAACGGA
TCCATGTCAGAACCGGCTGGGGA, human-p21-R:
GGGCCCTCTAGACTCGAGTTAGGGCTTCCTCTTG
GAGAAGATCAG, human-LC3B-F: TCGGGTTTAA
ACGGATCCATGCCGTCGGAGAAGACCTT, human-
LC3B-R: GGGCCCTCTAGACTCGAGTTACACTGAC
AATTTCATCCCGAACGT.
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Cell culture and treatment

Primary CMs (NRCMs) were isolated from the left
ventricle of neonatal SD rats and cultured as described
previously’>. NRCMs were incubated in serum-free
medium for 12 h before LPS stimulation. Then the med-
ium was replaced with Dulbecco’s modified Eagle’s med-
ium (DMEM)/F-12 (11330, GIBCO) containing 15% fetal
bovine serum (FBS; 10099, GIBCO), penicillin (100 U/
mL), and streptomycin (100 mg/mL) (15140, GIBCO),
and NRCMs were challenged with LPS (10 pg/mL). The
autophagy agonist rapamycin (200 nM, Sigma) was used
2h prior to LPS exposure to induce autophagy®®. All
controls received appropriate vehicles. To knockdown or
overexpress p21, NRCMs were transduced with the cor-
responding adenoviruses at a multiplicity of infection of
100 for 24 h before LPS administration.

HEK293T cells were purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China) and
cultured in DMEM (11885, GIBCO) supplemented with
10% FBS. HEK293T cells were cotransfected with plas-
mids encoding HA-LC3B and/or FLAG-p21 according to
the manufacturer’s instructions. After transfection for
24h, HEK293T cells were harvested for IP. All cell
experiments were repeated at least three times.

Immunoblot analysis

For western blots, hearts and NCRMs were lysed in
RIPA lysis buffer (G2002, Wuhan Google Biological
Technology Co., Ltd, China) containing phenylmethane-
sulfonylfluoride (1 mM, Wuhan Google Biological Tech-
nology Co., Ltd, China) and protease inhibitor pellets
(Roche), and the protein was isolated as previously
described®®. Equal amounts of proteins were separated by
10-12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The antibodies used were: anti-LC3B (1:1000,
CST, 3868), anti-p62 (1:1000, CST, 23214), anti-p21
(1:200, Santa Cruz Biotechnology, sc-6246), anti-p-AKT
(1:1000, CST, 4060), anti-AKT (1:1000, CST, 4691), anti-
p-mTOR (1:1000, CST, 2971), anti-mTOR (1:1000, CST,
2983), anti-p-AMPKa (1:1000, CST, 2535), anti-AMPKa
(1:1000, CST, 2603), anti-p-p38 (1:1000, CST, 4511), anti-
p38 (1:1000, CST, 9212), anti-p-p65 (1:1000, CST, 3033),
anti-p65 (1:1000, CST, 8242), anti-Beclinl (1:1000,
Abcam, ab62557), anti-Atg7 (1:1000, CST, 2613), anti-
Lampl (1:1000, Abcam, ab13523), anti-cleaved-caspase3
(1:1000, CST, 9661), anti-caspase3 (1:1000, CST, 9662),
anti-CDK2 (1:1000, CST, 2546), anti-Nrf2 (1:1000,
Abcam) and anti-GAPDH (1:1000, CST, 2118).

For IP, NRCMs or HEK293T cells were lysed with ice-
cold IP buffer containing Tris HCI (20 mM, pH 8.0), NaCl
(137 mM), NP-40 (0.5%), EDTA (0.5 mM), and a protease
inhibitor cocktail. Then the cell lysate was incubated with
the indicated antibodies overnight at 4 °C. Subsequently,
Protein A/G-agarose beads were added and incubated for
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Table 1 Primers used for real-time RT-PCR.

Gene Species Forward primer (5’ — 3') Reverse primer (5’ — 3’)
TNFa Mouse ACTGAACTTCGGGGTGATCGGT TGGTTTGCTACGACGTGGGCTA
IL6 Mouse AGTTGCCTTCTTGGGACTGA TCCACGATTTCCCAGAGAAC
MCP1 Mouse TGGCTCAGCCAGATGCAGT CCAGCCTACTCATTGGGATCA
NOX2 Mouse TTCCAGTGCGTGTTGCTCGACA TGGCGGTGTGCAGTGCTATCAT
SOD2 Mouse CCGTCCGTGTCGCCGTCCTC GCCGCGTGGTGCTTGCTGTG
GAPDH Mouse ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA
TNFa Rat AGCATGATCCGAGATGTGGAA TAGACAGAAGAGCGTGGTGGC
IL6 Rat GTTGCCTTCTTGGGACTGATG ATACTGGTCTGTTGTGGGTGGT
MCP1 Rat AGTCGGCTGGAGAACTACAAGA CTGAAGTCCTTAGGGTTGATGC
SOD2 Rat AGCCTCCCTGACCTGCCTTA CGCCTCGTGGTACTTCTCCTC
NOX2 Rat TGAATCTCAGGCCAATCACTTT AATGGTCTTGAACTCGTTATCCC
GAPDH Rat GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT

2 h. After IP, the immunocomplexes were washed with
cell lysis buffer five times, then boiled at 100 °C for 5 min
and subjected to immunoblotting.

Real-time PCR analysis

Total RNA was extracted from heart tissues or NRCMs
using Trizol reagent (15596026, Invitrogen), and then
equal amounts of total RNA (2pg) were reverse-
transcribed into cDNA using a Transcriptor First-Strand
c¢DNA Synthesis Kit (04896866001, Roche), according to
the manufacturer’s protocol. LightCycler 480 SYBR Green
I Master Mix (04707516001, Roche) was used to amplify
and quantify the PCR products. Relative mRNA expres-
sion of the target genes was normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Specific primer
sequences used in the experiments are listed in Table 1.

Histological analysis

For IHC, paraffin-embedded heart tissue sections were
incubated with primary antibody against p21 (1:50, Santa
Cruz Biotechnology, sc-6246) overnight at 4 °C. Horse-
radish peroxidase-conjugated secondary antibody (1:200)
was applied to the heart tissue and diaminobenzidine was
used as the substrate.

For immunofluorescence staining, NRCMs were cul-
tured on cover slips. After different treatments, NRCMs
were fixed with 4% paraformaldehyde and permeabilized
with 0.03% Triton®X-100. Then NRCMs were incubated
with specific antibody overnight at 4 °C. After washing
three times, the NRCMs were incubated with a secondary
antibody conjugated to Alexa-488 or -568 (1:200). Finally,
4/,6-diamidino-2-phenylindole was used to stain the
nuclei. The NRCMs were observed under an Olympus
fluorescence microscope.
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Measurement of oxidative stress

The activity of cardiac SOD was measured by a Total
Superoxide Dismutase Assay Kit with WST-8 (Beyotime
Biotechnology, China), and the content of cardiac MDA
was determined by a Lipid Peroxidation MDA Assay Kit
(Beyotime Biotechnology, China) according to the man-
ufacturer’s instructions. ROS in the NRCMs were detec-
ted by a Reactive Oxygen Species Assay Kit (Beyotime
Biotechnology, China). Briefly, NRCMs were incubated
with 10 uM/L 2/,7'-dichlorodihydrofluorescein diacetate
at 37 °C for 20 min. After washing three times, ROS was
observed under an Olympus fluorescence microscope.

Transmission electron microscopy

Transmission electron microscopy was performed as
described previously”®, Images were observed and
acquired using a transmission electron microscope (H-
7650B; Hitachi Limited).

Mitochondrial membrane potential (MMP)

MMP of NRCMs were detected by a JC-1 Fluorescence
Probe Kit (Beyotime Biotechnology, China) according to
the manufacturer’s instruction. Briefly, NRCMs were
incubated with 5pg/mL JC-1 (5,5, 6,6'-tetrachloro-
1,1’,3,3'-tetraethyl-benzimidazole-carbocyanide iodine) at
37°C for 20 min. The fluorescence was observed and
captured using an Olympus fluorescence microscope.

Statistical analysis

Data are presented as mean + SEM. For direct com-
parisons, statistical significance was calculated by
unpaired Student’s ¢ tests. For multigroup comparisons,
analysis of variance followed by post hoc Tukey’s test was
performed. The variances between the groups that are
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being statistically compared were similar. For animal
studies, no randomization and blinding were used. A
value of p <0.05 was considered statistically significant.

Ackn

owledgements

This study was supported by the Fundamental Research Funds for the Central
Universities (No. 2042020kf0052 and 2042017kf0145), National Natural Science

Foun

dation of China (No. 81530012), National Key R&D Program of China

(2018YFC1311300), Development Center for Medical Science and Technology
National Health and Family Planning Commission of the People’s Republic of
China (The prevention and control project of cardiovascular disease, 2016ZX-
008-01).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note

Sprin
publi

ger Nature remains neutral with regard to jurisdictional claims in
shed maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/

10.10

Rece
2020
Publ

38/541419-020-02765-7).

ived: 29 December 2019 Revised: 12 June 2020 Accepted: 15 June

ished online: 21 July 2020

References

1.

2.
3.

Cecconi, M, Evans, L, Levy, M. & Rhodes, A. Sepsis and septic shock. Lancet
392, 75-87 (2018).

Beesley, S. J. et al. Septic cardiomyopathy. Crit. Care Med. 46, 625-634 (2018).
Deng, T. et al. Deubiquitylation and stabilization of p21 by USP11 is critical for
cell-cycle progression and DNA damage responses. Proc. Natl Acad. Sci. USA
115, 4678-4683 (2018).

Keay, S, Nallar, S. C, Gade, P, Zhang, C. O. & Kalvakolanu, D. V. Oncosuppressor
protein p53 and cyclin-dependent kinase inhibitor p21 regulate interstitial
cystitis associated gene expression. Cytokine 110, 110-115 (2018).

Kitadate, A. et al. MicroRNA-16 mediates the regulation of a senescence-
apoptosis switch in cutaneous T-cell and other non-Hodgkin lymphomas.
Oncogene 35, 3692-3704 (2016).

Hauck, L, Grothe, D. & Billia, F. p21(CIP1/WAF1)-dependent inhibition of car-
diac hypertrophy in response to Angiotensin Il involves Akt/Myc and pRb
signaling. Peptides 83, 38-48 (2016).

Tong, Y. F. et al. Cyclin-dependent kinase inhibitor p21WAF1/CIP1 facilitates
the development of cardiac hypertrophy. Cell. Physiol. Biochem. 42, 1645-1656
(2017).

Terrand, J. et al. p21(WAF1/Cip1/5di1) knockout mice respond to doxorubicin
with reduced cardiotoxicity. Toxicol. Appl. Pharmacol. 257, 102-110 (2011).
Wan, Q. et al. miR-499-5p attenuates mitochondrial fission and cell apoptosis
via p21 in doxorubicin cardiotoxicity. Front. Genet. 9, 734 (2018).

Lloberas, J. & Celada, A. p21(waf1/CIP1), a CDK inhibitor and a negative
feedback system that controls macrophage activation. Eur. J. Immunol. 39,
691-694 (2009).

Rackov, G. et al. p21 mediates macrophage reprogramming through regula-
tion of p50-p50 NF-kappaB and IFN-beta. J. Clin. Invest. 126, 3089-3103 (2016).
Scatizzi, J. C. et al. The CDK domain of p21 is a suppressor of IL-1beta-
mediated inflammation in activated macrophages. Eur. J. Immunol. 39,
820-825 (2009).

Chen, L, Liu, P, Feng, X. & Ma, C. Salidroside suppressing LPS-induced myo-
cardial injury by inhibiting ROS-mediated PI3K/Akt/mTOR pathway in vitro and
in vivo. J. Cell. Mol. Med. 21, 3178-3189 (2017).

Official journal of the Cell Death Differentiation Association

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

Page 15 of 15

Zhao, H. et al. Cinnamaldehyde ameliorates LPS-induced cardiac dysfunction
via TLR4-NOX4 pathway: The regulation of autophagy and ROS production. J.
Mol. Cell. Cardiol. 101, 11-24 (2016).

Deng, S. et al. P21(Waf1/Cip1) plays a critical role in furazolidone-induced
apoptosis in HepG2 cells through influencing the caspase-3 activation and
ROS generation. Food Chem. Toxicol. 88, 1-12 (2016).

Li, D. et al. Critical role of p21 on olaquindox-induced mitochondrial apoptosis
and S-phase arrest involves activation of PI3K/AKT and inhibition of Nrf2/HO-
Tpathway. Food Chem. Toxicol. 108, 148-160 (2017).

Chen, W. et al. Direct interaction between Nrf2 and p21(Cip1/WAF1)
upregulates the Nrf2-mediated antioxidant response. Mol. Cell 34, 663-673
(2009).

Drosatos, K. et al. Inhibition of c-Jun-N-terminal kinase increases cardiac per-
oxisome proliferator-activated receptor alpha expression and fatty acid oxi-
dation and prevents lipopolysaccharide-induced heart dysfunction. J. Biol.
Chem. 286, 36331-36339 (2011).

Umbarawan, Y. et al. Robust suppression of cardiac energy catabolism with
marked accumulation of energy substrates during lipopolysaccharide-induced
cardiac dysfunction in mice. Metabolism 77, 47-57 (2017).

Huang, S. H. et al. Isoquercitrin attenuated cardiac dysfunction via AMPKalpha-
dependent pathways in LPS-treated mice. Mol. Nutr. Food Res. 62, 1800955
(2018).

Drosatos, K. et al. Peroxisome proliferator-activated receptor-gamma activation
prevents sepsis-related cardiac dysfunction and mortality in mice. Circulation.
Heart Fail. 6, 550-562 (2013).

Preau, S. et al. Endotoxemia engages the RhoA kinase pathway to impair
cardiac function by altering cytoskeleton, mitochondrial fission, and autop-
hagy. Antioxid. Redox Signal. 24, 529-542 (2016).

Sun, Y. et al. Beclin-1-dependent autophagy protects the heart during sepsis.
Circulation 138, 2247-2262 (2018).

Mohapatra, P. et al. Quinacrine-mediated autophagy and apoptosis in colon
cancer cells is through a p53- and p21-dependent mechanism. Oncol. Res. 20,
81-91 (2012).

Jung, D. et al. Quinacrine upregulates p21/p27 independent of p53 through
autophagy-mediated downregulation of p62-Skp2 axis in ovarian cancer. Sci.
Rep. 8, 2487 (2018).

Kim, Y. C. & Guan, K. L. mTOR: a pharmacologic target for autophagy reg-
ulation. J. Clin. Invest. 125, 25-32 (2015).

Ren, J. et al. Permissive role of AMPK and autophagy in adiponectin
deficiency-accentuated myocardial injury and inflammation in endotoxemia. J.
Mol. Cell. Cardiol. 93, 18-31 (2016).

Xu, M. et al. Oridonin protects against cardiac hypertrophy by promoting P21-
related autophagy. Cell Death Dis. 10, 403 (2019).

Menon, M. B., Dhamija, S., Kotlyarov, A. & Gaestel, M. The problem of
pyridinyl imidazole class inhibitors of MAPK14/p38alpha and
MAPK11/p38beta in autophagy research. Autophagy 11, 1425-1427
(2015).

Chung, K W. et al. The critical role played by endotoxin-induced liver
autophagy in the maintenance of lipid metabolism during sepsis. Autophagy
13, 1113-1129 (2017).

Fujiwara, K et al. Pivotal role of the cyclin-dependent kinase inhibitor
p21WAF1/CIP1 in apoptosis and autophagy. J. Biol. Chem. 283, 388-397
(2008).

Lee, Y. K & Lee, J. A. Role of the mammalian ATG8/LC3 family in autophagy:
differential and compensatory roles in the spatiotemporal regulation of
autophagy. BMB Rep. 49, 424-430 (2016).

Kang, Y. A. et al. Autophagy driven by a master regulator of hematopoiesis.
Mol. Cell. Biol. 32, 226-239 (2012).

Tzanavari, T. et al. Metformin protects against infection-induced myocardial
dysfunction. Metabolism 65, 1447-1458 (2016).

Zhang, X. et al. FNDC5 alleviates oxidative stress and cardiomyocyte apoptosis
in doxorubicin-induced cardiotoxicity via activating AKT. Cell Death Differ.
https.//doi.org/10.1038/541418-019-0372-z (2019).

Su, M. et al. MicroRNA-221 inhibits autophagy and promotes heart failure
by modulating the p27/CDK2/mTOR axis. Cell Death Differ. 22, 986-999
(2015).


https://doi.org/10.1038/s41419-020-02765-7
https://doi.org/10.1038/s41419-020-02765-7
https://doi.org/10.1038/s41418-019-0372-z

	Autophagy is involved in the protective effect of p21 on LPS-induced cardiac dysfunction
	Introduction
	Results
	p21 deficiency worsened cardiac dysfunction in LPS-treated mice
	p21 deficiency aggravated the inflammation, oxidative stress, and mitochondrial injury induced by LPS
	p21 regulated autophagy level
	p21 modulated LC3II by interacting with LC3B

	Discussion
	Methods
	Animals and treatment
	Adenoviral vector construction
	Plasmid construction
	Cell culture and treatment
	Immunoblot analysis
	Real-time PCR analysis
	Histological analysis
	Measurement of oxidative stress
	Transmission electron microscopy
	Mitochondrial membrane potential (MMP)
	Statistical analysis

	Acknowledgements




