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ABSTRACT

Impairment of autophagy induces p53 aggregation-mediated

apoptosis in cadmium-exposed mouse kidney cells

Ju young Kim

Department of Biomedical Science
Graduate School of Chosun University
Advisor : Prof. Seon-Hee Oh, Ph.D.

Chosun University School of Medicine

Upon genotoxic stress, cells can induce p53-dependent autophagy. Here we
show that cytoplasmic p53 plays a critical role in cadmium (Cd) induced
apoptosis in kidney messangial cells (MES13E), which was regulated by
p62-mediated autophagy. Cd exposure to MES13E cells induced apoptosis
through caspase-dependent PARP-1 cleavage and endoplasmic reticulum (ER)
stress-mediated CHOP induction. In Cd-exposed ME13 cells, p53 protein

detected as monomeric p53 and poly-ubiquitinated (PolyUb)-p53 forms.

Vi
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Monomeric p53 decreased concentration- and exposure time-dependent
manner, and PolyUb-p53 transiently accumulated and revealed aggregated in
the cytosol compartment, which was independent of proteasome. After Cd
exposure, p62/sequestosome-1 (SQSTML1), an autophagy substrate, interacted
with ubiquitin (Ub) as demonstrated by immunoprecipitation analysis. p62
accumulated in monomeric and polyubiquitinated (polyUb) forms, and their
accumulation patterns were similar as those of p53. Immunoprecipitation
analysis revealed that p53 interacted with Ub and p62, respectively.
Knockdown of p62 suppressed polyUb-p53, upregulating monomeric p53,
and increasing nuclear localized p53. Autophagy inhibition by knockdown of
autophagy related 5 (Atg5) suppressed Cd-induced polyUb-p62 and polyUb-
p53, upregulating monomeric p53, and increasing nuclear p53, indicating that
p53 protein level and subcellular localization were regulated by p62-mediated
autophagy. IP analysis for LC3B revealed that LC3B interacted with p53 as
well as p62. Overall, our findings show that polyUb-p62 targeted p53 to
autophagosomes, playing a crucial role in Cd-induced cell death and kidney

damage.
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Collection @ chosun



ABBREVIATIONS

Cd, cadmium

MTT, (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)
CHOP, C/EBP homologous protein

ER, endoplasmic reticulum

GFP, green fluorescent protein

LC3, microtubule-associated proteins 1A/1B light chain 3B
p62, sequestosome-1/SQSTM1

BaF1, bafilomycin Al

IF, immunofluorescence

IP, immunoprecipitation

PolyUb, poly-ubiquitnated

Ub, ubiquitin

SiRNA, small interfering RNA

ROS, reactive oxygen species

NAC, N-acetyl-L-cysteine
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1. INTRODUCTION

The kidneys are essential for maintaining homeostasis in the body by filtering
blood and removing waste as urine (Guyton, 1991) These vital organs are damaged by
various stressors that affect their function that can result in severe diseases. A number
of acute and chronic insults, including those caused by drugs, toxins, metabolism, and
inflammation, can damage the kidneys (Kimura et al., 2017; Lee. 2018; Satarug et al.,
2004)

Cadmium (Cd) is a toxic environmental pollutant toxic heavy metal (ATSDR,
1999) and has known to be detrimental effects on human. In addition to a variety of
acute toxicity to liver and lung, the kidney is also a major target organ for chronic Cd
exposure (Jarup et al., 1998). Due to its long biological half life (10~30 years) (IPCS
1992; Satarug et al., 2004; Hartwig, 2013), chronic Cd exposure leads to accumulation
in the human body and caused age-related diseases including nephrotoxicity,
osteotoxicity, and immunotoxicity (Friberg et al., 1984; ATSDR, 1999; Liu et al.,
2007). By IACR, Cd is also classified as a human carcinogen causing tumors of the
lung and other tissues (Waalkes, 2003). Humans are continuously exposed to Cd, a
toxic heavy metal, from contaminated foods, industrial sources, and cigarette smoke
(Jarup, 2003). Cd accumulates in various tissues and organs; however, the kidney is
very sensitive to Cd exposure, (Jarup et la.,, 1998; Goering and Klaassen, 1983;
Klaassen et al., 2009). Cd enters the body through inhalation and ingestion
contaminated air, water, and foods. Once absorbed, Cd transported to the liver and
bound to metallothionein (Cd-MT), which transported to the kidney via blood

(Klaassen et al., 1999). Cd-MT is filtered through the glomeruli and reabsorbed by
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proximal tubular cells, where it is degraded and released free Cd (Cd*"), which causes
tubular damage. The distribution of Cd in the body is MT-dependent, thus, liver and
kidney show a high Cd level (Liu et al., 2001; Klaassen et al., 2009). For this reason,
most of researches on kidney toxicity by Cd focused on proximal tubular cells.
However, kidney damage involves both tubular and glomerular dysfunction.
Especially, chronic exposure with low level of Cd is related with chronic kidney
disease (CKD), resulting in proteinuria and reduced glomerular filtration rate, as well
as is associated with developing hypertention (Oliver-Williams et al., 2018; Grau-
Perez et al., 2017; Ferraro et al., 2010; Satarug et al., 2018).

Cd-induced kidney toxicity has been extensively studied at the molecular level.
Several studies have now demonstrated that Cd exposure is a main cause of renal
toxicity , and one of the main mechanisms implicated in renal toxicity is apoptotic cell
death, including ER stress-mediated apoptosis, caspase-dependent and -independent
apoptosis, and p53-dependent apoptosis (Gobe and Crane, 2010). In porcine renal
proximal tubular epithelial cells (LLC-PK1), Cd exposure induced ER stress-mediated
apoptosis by inducing ER stress response proteins such as PERK, ATF6, IRE1, and
CHOP (Yokouchi et al., 2008). In mouse mesangial cells, Cd exposure triggered
mitochondria- and ER stress-mediated apoptosis by inducing caspase-9, caspase-3, and
CHOP activation (Liu and Templeton, 2008). Furthermore, Cd induced caspase-
dependent and -independent apoptosis in an immortalized kidney proximal tubule cell
line (WKPT-0293 ClI.2) by releasing cytochrome c, an apoptosis-inducing factor (Lee
et al., 2008). In our previous studies, we found that exposure of NRK52E cells to Cd

resulted in phospho-p53 accumulation due to DNA damage. Consistently, Cd exposure

Collection @ chosun



also resulted in the accumulation of phospho- y-H2AX, a DNA damage marker, and
activation of caspase-7 and -3, and PARP-1 cleavage.

The tumor suppressor p53 is responsible for the activation of numerous cellular
processes in response to a variety of cellular stresses, and leads to cell cycle arrest,
apoptosis, and senescence (Levine, 1997). Under unstressed normal condition, cellular
p53 protein maintains at very low level. However, p53 protein stabilized by various
stresses, including DNA damage. Depending on the extend of the stress, cells lead to
different biological responses involved in cell cycle arrest, genome stability, DNA
repair, and apoptosis. Therefore, p53 protein level is a critical factor for its function.
p53 is stabilized by many post-transloational modification, including ubiquitylation,
acetylation, metylation, and sumolyation. The best well-known negative mechanism
for p53 protein is MDM2-mediated ubiquitin degradation pathway, wherein MDM2,
an E3 ligase, interacts with p53 and promotes ubiquitin-dependent degradation by
nuclear and cytoplasmic proteasome (Momand et al., 1992; Haupt et al., 1997; Marki
et al., 1996). Therefore, p53 stabilization can be occurred through blocking MDM2
interaction with p53 (Eischen and Lozano, 2014). Additionally, autophagy also
involves in p53 degradation, which contributed in promoting cancer (Guo et al., 2013;
White 2015; White, 2016). Despite the known roles of autophagy in p53 degradation,
its role of p53-autophagy signaling in Cd-induced tocixity remains unclear.

Autophagy helps maintain cellular health by inducing lysosomal degradation of
proteins and damaged organelles. Autophagy is induced in response to various stresses,
such as starvation (Kroemer, 2010), and plays an essential role in cell survival against
metabolic stresses and immunological responses (Kimura, 2017; Liang, 2010). In

contrast, hyper-active autophagy signaling can result in severe pathogenic conditions
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caused by excessive cell death (Luo, 2016). Many studies have shown that autophagy
is associated with Cd-induced kidney damage; however, this is still controversial. Cd-
induced autophagy is associated with kidney damage in mouse and mesangial cells
(Wang, 2009). In contrast, autophagy is protective against Cd-induced apoptotic and
necrotic cell death in rat kidney mesangial cells and proximal tubular cells (Fujishiro
et al., 2018). Previously, we found that autophagy is protective against Cd-induced
apoptosis in NRK52E rat kidney epithelial cells (So et al., 2016) suggesting that Cd-
induced autophagy may be species-specific. Since autophagy can be involved in both
cell death and cell survival depending on stress conditions, further studies are needed
to clarify functions of autophagy under pathophysiological conditions.

In this study, we aimed to elucidate the role of autophagy-mediated p53 in Cd-induced
kidney damage and the underlying molecular mechanisms related to autophagy. We
found that Cd-induced apoptosis was regulated by autophagy-mediated nuclear p53
aggregation. Therefore, deficient of p62/sequestosome-1 (SQSTM1) (referred to as
p62) and autophagy-related gene ATG5 inhibitted p53 degradation and then apoptosis.
Collectively, our results suggested that aggregated p53 protein may be a biomarker for
Cd-induced kidney toxicity, and that polyubiquitinated (polyUb)-p62/p53 signaling

may be a potential therapeutic target in Cd-induced kidney damage.
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2. MATERIALS AND METHODS

2.1. Reagents and antibodies

Cadmium acetate (289159), bafilomycin Al (B1793), MG132 (M8699), Hoechst
33342 (B2261), and anti-p-actin antibody (ab-8226) were obtained from Sigma-
Aldrich. Ubiquitin (sc-8017), p21 (sc-6246), FITC-conjugated goat anti-mouse (sc-
2010), and rhodamine-conjugated goat anti-rabbit (sc-2091) antibodies were purchased
from Santa Cruz Biotechnology. LC3B (2775, 3868), Sirt6 (12486), PARP-1 (9532),
procaspase-3 (9662), cleaved caspase-3 (9661), caspase-8 (4790), cleaved caspase-8
(9749), phospho-p53 (9284), CHOP (2895), and phospho-y- H2AX (S139, 2577)
antibodies were purchased from Cell Signaling Technology. SQSTM1/p62
(H00008878-M01) and APG3L (AP1807a) antibodies were obtained from Abnova
and Abgent, respectively. HDAC1 (GTX-100513) antibody was purchased from

GenTex.

2.2. Cell culture

Mouse messangial cells (MES13E) were maintained in DMEM (Gibco BRL,
Grand Island, NY) supplemented with heat-inactivated 10% fetal bovine serum, 50 pg
/ ml penicillin, and 50 pg / ml streptomycin at 37°C in a 5% CO,-95% air-humidified
incubator. Bafilomycin A1, chloroquine, proteinase inhibitor cocktail, MG132, and
MTT [3-(4,5-dimetylthiazole-2-yl)-2,5-diphenyltetrazolium bromide] were obtained
from Sigma-Aldrich (Munich, Germany). Ethylene glycol-bis (B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA), were purchased from Calbiochem (Darmstadt,

Germany). Hoechst33342 was purchased from Molecular Probes (Invitrogen, Carlsbad,
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CA, USA). The other chemicals used were of the purest grade available from Sigma

(St. Louis, MO).

2.3. MTT assay

MES13E cells were suspended in complete media, at a concentration of 1 x 10°
cells / ml, and samples (200 ul) of the cell suspensions were seeded onto 48-well
plates and cultured overnight. Cells were then exposed to chemicals for 24 h. After 4 h
of incubation with MTT (0.5 mg / ml), and the formazan crystals were dissolved with
DMSO. Absorbances were measured at 540 nm using an ELISA microplate reader

(Perkin-Elmer).

2.4. Western blot analysis

Proteins were extracted from the collected pellet using lysis buffer (1 % Triton X-
100, 150 nM NaCl, 5 mM EDTA and protease inhibitors), quantified using BCA
Protein Assay Kit (USA) and the concentration was measured at 595 nm using a
Microplate reader. 20-50 ug of protein was electrophoresed using 10-12 % SDS-PAGE
gel and transferred to PVDF membrane. In order to inhibit the binding of nonspecific
proteins, membranes of 5 % skim milk made in TBS (20 mmol / L Tris, 137 mmol / L
NaCl, pH7.6). Primary antibodies were reacted overnight at 4°C. The membrane was
washed three times with TBST solution containing 0.05 %. The secondary antibody
was reacted at room temperature for 2 h. Finally, the membrane was identified as a
Super HR-A (Fuji film, Japan) component of the Fuji Medical X-RAY membrane

using a Millipore immobilon Western chemiluminescent HRP substrate.
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2.5. Transfection of sSiRNAs

MESI13E cells were washed with OPTI-MEM medium (Gibco BRL, Grand
Island, NY), and transfected with control siRNA and Atg5 and p62 siRNAs by using
lipofectamine™ RNAIMAX (Invitrogen, Carlshad, CA) in 6-well plates according to
the manufacturer’s protocol. After 4 h of incubation, the medium was exchanged to a
complete medium containing 10 % serum and antibiotics. Cells were incubated for an

additional 24 h and treated as indicated in the figure legends.

2.6. Immunoprecipitation (IP)

Cells were lysed in lysis buffer (50 mM Tris-HCI, pH 7.4, 250 mM NaCl, 0.25%
Triton X-100, 10% glycerol) with protease inhibitors. Proteins (600 pg) were
precleared with 50% protein G Plus-agarose beads (Santa Cruz Biotechnology, sc-
2002) for 20 min and centrifuged at 12,000 x g at 4°C for 10 min. The supernatants
were incubated with the indicated primary antibodies or mouse IgG (Sigma-Aldrich,
12-371) or rabbit IgG (Sigma-Aldrich, 12-370) overnight at 4°C on a rocker. The
antibody complexes were then captured on protein G Plus-agarose beads and analyzed
using SDS-PAGE. Semi-quantification of protein levels was performed using Image J
software (National Institutes of Health, Bethesda, USA). The relative amount of each
protein was normalized as the ratio between the quantified levels of protein, and the

quantified levels of the respective loading control.

Collection @ chosun



2.7. Immunofluorescence (IF)

Cells were cultured on a cover slip (Marienfeld, D111580) and then fixed in 10%
neutral-buffered formalin (Sigma-Aldrich, HT501128) for 10 min on ice, and then
washed with PBS. Cells were then permeabilized with 0.05% Triton X-100 (Sigma-
Aldrich, T8787) for 10 min, washed with PBS, and blocked with 2% bovine serum
albumin (Bioshop, ALB001.100). The cells were incubated with primary antibodies
and fluorescent conjugated secondary antibodies. Nuclei were stained with Hoechst

33342 (1 pg/ml) and imaged using a fluorescence microscope (Nikon Eclipse TE300).

2.8. Statistical analysis

All experiments were repeated at least three times, and values are expressed as
means * standard deviation (SD). Statistical analysis was performed using Student’s t-

test, or one-way ANOVA.). A value of p < 0.05 was considered statistically significant.
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3. RESULTS

3.1. Cd induces apoptosis in MES13 cells

To examine the sensitivity of mouse kidney epithelial cells (SV40 MES13 cells)
to Cd, cells were exposed to increasing concentrations of Cd for 24 h and then
subjected to MTT assays (Fig. 1A). The half-maximal inhibitory concentration (1Csp)
of Cd was approximately 24 pM. Cd exposure caused morphological changes, such as
rounding up and floating in the medium (Fig. 1B). To determine whether Cd sensitivity
was associated with apoptosis in MES13E cells, we first investigated the expression
levels of proteins related to apoptosis. The cleavage of caspase-8, caspase-3, and
PARP-1 occurred in a concentration-dependent manner. Consistent with these findings,
Cd exposure induced phosphorylated (phospho)-yH,AX (a marker for double-strand
DNA breaks), phospho-p53, and p21 (Fig. 1C, D), implying that Cd caused DNA
damage-induced apoptosis. These data indicated that Cd-induced cytotoxicity in
MES13 cells was caused by apoptosis through the caspase -dependent signaling

pathways.
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Figure 1A
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Effects of Cd on the viability in MES13E cells. Cells were seeded onto 48-well plate 1
X 10° and treated with the indicated concentrations of Cd for 24 h. Cell viability was
determined by an MTT assay. Data were expressed as the mean = SD of fold-increase
compared to the untreated control from three independent experiments performed in

triplicate.

10

Collection @ chosun



Figure 1B

Effects of Cd on cell death in MES13E cells. Cells were exposed to Cd ( 24 uM ),

and .captured images at different times.
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Figure 1C-D
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Cd induces apoptosis via caspase activation and PARP-1 cleavage in MES13E cells.
Cells were treated with an increasing concentrations of Cd for 18h, or with 1C50
concentrations (24 uM) for up to 24h, harvested, lysed, and expressions of indicated
proteins were assessed by Western blot analysis. GAPDH was used as the loading

control. Data shown are representative of at least three independent experiments.
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3.2. Cd induced endoplasmic reticulum (ER) stress-mediated apoptosis
in Cd-exposed MES13 cells

Cd toxicity is related to ER stress (10, 19, 20) thus, we examined whether ER
stress is involved in the Cd-exposed MES13 cells. In Cd-exposed MES13 cells, ER
stress sensor proteins, including IRE1, p-PERK, and p-elF2a, were decreased in a
concentration- and time-dependent manner. By contrast, one of the components of the
ER stress-mediated apoptosis pathway is C/EBP homologous protein (CHOP) induced
in a concentration- and time-dependent manner. Furthermore, polyUb-proteins levels
increased in a concentration- and time-dependent manner, indicating that ER-
associated degradation (ERAD) pathway induced in a coordinated manner with the
ubiquitin—proteasome system (UPS) (Fig. 2). These results suggest that the unfolded
protein response (UPR) and the sustained stress caused apoptotic cell death through

CHORP induction.

13
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Figure 2A and B
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Cd induces ER stress in MES13E cells. Cells were treated with an increasing
concentrations of Cd for 18h (A), or with 1C50 concentrations (24 uM) for up to 24h
(B), harvested, lysed, and expressions of indicated proteins were assessed by Western

blot analysis. GAPDH was used as the loading control. Data shown are representative

of at least three independent experiments.
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3.3. Cd induced p62-independent autophagy in MES13 cells

Previous studies have shown that autophagy has critical roles in the kidney
(Wang et al., 2009; Fujishiro et al., 2018; Luo et al., 2017; Chargui et al., 2017). We
observed autophagy induction via LC3B conversion using western blotting in Cd-
exposed MES13 cells. LC3-IlI, an autophagy marker, was induced even in the presence
of low Cd concentrations but did not cause morphological changes related to apoptosis.
Despite increased LC3-Il expression, the autophagy substrate p62 was detected as
monomeric and high-molecular-weight multibands that accumulated in a
concentration-dependent manner. In a time-course experiment using Cd at the 1Cx,
LC3-Il was induced as early as 1 h after treatment. Monomeric and high-molecular-
weight forms of p62 accumulated and peaked at 24 h (Fig. 3A). However, long
exposure of films showed a few multibands below 55 kDa and a marked single band
smaller than 25 kDa (Supplementary Fig. S1), These results indicated that Cd could
cause impairment of p62-mediated autophagic degradation or low levels of autophagic
flux.

Because LC3-11 accumulation can be caused by blockage of autophagic flux or
autophagic activation, we examined autophagic flux using bafilomycin Al (BaF1), an
inhibitor of fusion between autophagosomes and lysosomes. Pretreatment with BaF1
before Cd exposure for 12 h upregulated LC3-I1 compared with that in Cd-treated cells
without BaF1 pretreatment. Moreover, BaF1 pretreatment slightly increased, but not
significant, monomeric p62 and high-molecular-weight p62 expression, indicating that
Cd resulted in impairment of p62-mediated selective autophagic degradation (Fig. 3B,
C). These results were further confirmed by gene silencing of atg5. Cells were

transiently transfected with atg5 small-interfering RNA (siRNA) and nonspecific

15
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control (NC) siRNA, and transfection efficiency was analyzed by immunoblotting for
Atg5 protein levels at 24 h after transfection (Fig. 3D). Knockdown (KD) of atg5
inhibited autophagy, as demonstrated by decreased LC3-11 levels. These modifications
resulted in decreased levels of monomeric p62, high-molecular-weight p62, and
PolyUb-proteins, indicating that autophagy may be associated with PolyUb-p62
accumulation (Fig. 3E, F). Collectively, these findings demonstrated that Cd exposure

in MES13 cells could impair p62-mediated selective autophagy, at least, transiently.

16
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Cd exposure accumulated p62 and polyUb-p62. Cells were treated with an increasing

concentrations of Cd for 18h, or with IC50 concentrations (24 uM) for up to 24h,

harvested, lysed, and expressions of indicated proteins were assessed by Western blot

analysis. GAPDH was used a0s the loading control. Data shown are representative of at

least three independent experiments.
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Figure 3B and C
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The effects of autophagy inhibitor on Cd-induced polyUb-p62 in MES13E cells. Cells
were pretreated with BaF1 (20 nM) for 2h, and then continuously exposed with Cd (24
uM). After 12h, cells were harvested, lysed, and expressions of indicated proteins were
assessed by western blot analysis. GAPDH was used as the loading control. Data shown

are representative of at least three independent experiments.
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Figure 3D-F
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The effect of autophagy inhibition on Cd-induced polyUb-p62 in MES13E cells. (D)
After 24 h, knockdown (KD) efficiency using Atg5-specific SiRNA was evaluated by
immunoblotting for Atg5. NC, negative control. (E) Cells transfected with NC and
ATG5 siRNA were exposed to 24 uM Cd for 12 h. Cells were harvested, lysed, and
expression of indicated proteins was assessed by Western blot analysis, GAPDH was
used as the loading control. (F) p62 levels determined by immunoblotting were

normalized to fB-actin.
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3.4. P62 interacts with ubiquitin (Ub) in Cd-exposed MES13 cells

To examine whether high-molecular-weight multibands detected by anti-p62
antibody were PolyUb-p62, immunoprecipitation (IP) for ubiquitin (Ub) and mouse
IgG was performed in cells treated with Cd for 6 or 12 h, followed by immunoblotting
with anti-p62 antibody (Fig. 4A, B). Inversely, IP analysis for p62 was performed
using the same protein lysates, followed by immunoblotting with anti-Ub antibody (Fig.
4C, D). Both results revealed that p62 interacted with Ub. These results indicated that

the high-molecular-weight multibands were PolyUb-p62.
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Figure 4A-B
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p62 interacted with Ub. (A, B) Cells were treated with 24 uM Cd for 6 h or 12 h.
Immunoblotting was performed for p62 (input), where immunoprecipitation (IP) was

performed with 600 pg of the remaining protein with Ub antibody, followed by

immunoblotting for p62.
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Figure 4C-D
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P62 interacted with Ub. (C, D) Cells were treated with 24 uM Cd for 6 h or 12 h.
Immunoblotting was performed for Ub (input), where IP was performed with 600 pg

of the remaining protein with p62 antibody, followed by immunoblotting for Ub.
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3.5. Response of p53 in Cd-exposed Mes13 cells

Previously we found that Cd-exposed MES13 cells induced apoptosis via
caspase-dependent PARP-1 cleavage. To determine the response of p53 during Cd-
induced apoptosis, MES13 cells were exposed to increasing concentrations of Cd for
18 h and also exposed with half-maximal inhibitory concentration (ICsp) of Cd
( approximately 24 pM) for different times. To determine whether Cd sensitivity was
associated with p53 protein level, we first investigated p53 expression level by
immunoblotting. Interestingly, p53 was detected as monomeric and high-molecular-
weight forms. Monomeric p53 protein level decreased in a concentration- and
exposure time-dependent manner. By contrast, high-molecular-weight forms increased
with Cd concentrations- and exposure times. Because p53 protein level is regulated by
post-transcriptional ~ modifications, acetylated (Lys379)-p53 (p53Ac) and
phosphorylated (Serl5)-p-p53 were evaluated by immunoblotting by using specific
antibodies. The p53Ac protein level decreased in parelle with p53 protein level, but p-
p53 increased, indicating that Cd caused DNA damage. DNA damage results in cell
cycle arrest or apoptotic cell death, we thus examined the expression level of proteins
associated with cell cycle arrest and apoptosis. We first examined the cell cycle-
regulatory proteins p21 and p27. p21 protein increased in dose- and time-dependent
manner. In contrast, p27 expression reduced in line with p53 expression, indicating
that Cd-exposed MES13 cells induced G1 cell cycle arrest via p21 expression resulting
from DNA damage. Next, we examined the expression of MDM2, a target of p53, and
it did not show any changes under Cd-exposed conditions (Fig. 5A). Next, we
examined the p53 subcellular localization by immunofluorescence staining. In

unstimulated control cells, p53 stainined with rodamin showed diffuse staining pattern
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in the nucleus. However, Cd exposure caused p53 aggregation in the nucleus. At 6
hours of Cd exposure, p53 began to aggregate at pheripery of the nuclear membrane
(arrows), which was further enhanced at 12 hr, accompanied by nuclear condensation
(arrow heads) (Fig.5B). Collectively, p53 activation may be related with high

molecular weight forms of p53.
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Figure 5A
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Effects of Cd on p53 and cell cycle-related proteins in MES13 cells. Cells were treated
with increasing Cd concentrations for 18 h or with 24 uM for up to 24 h. Lysates were

analyzed by immunoblotting for the indicated proteins.
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Figure 5B
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The effects of Cd on subcellular localization of p53. Cells cultured on coverslips were
treated with 24 uM Cd, fixed, and then incubated with p53 antibody, and subsequently
with rhodamine-conjugated secondary antibodies. Nuclei were counterstained with
Hoechst 33342 (blue) and images were acquired with a fluorescence microscope.

Scale bar, 25 um.
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3.6. P53 interacts with ubiquitin in Cd-exposed MES13 cells

To examine whether high-molecular-weight bands detected by anti-p53 antibody
were related with poly-ubiquitination (PolyUb), immunoprecipitation (IP) for p53 and
mouse 1gG was performed in cells treated with Cd for 6 h or 12 h, followed by
immunoblotting with anti-Ub antibody (Fig. 6A, B). IP analysis was also performed
for Ub using the same protein lysates, followed by immunoblotting with anti-p53
antibody (Fig. 6C, D). Both results revealed that p53 interacted with Ub These results
suggested that p53 protein level may be dependent on ubiquitin-proteasome
degradation pathway. To elucidate this, cells were exposed to different concentrations
of MG132 with or without Cd. MG132 treatment accumulated Cd-induced polyUb-
p62 in Cd-exposed cells and was more effective by lower concentration of MG132.
p53 protein accumulated accumulated in MG132 only cells and did not in Cd-exposed
cells (Fig. 6F), indicating that p53 protein level was independent on ubiquitin-
proteasome pathway. In fact, MDM2 protein level did not show any change by Cd
exposure. However, proteasome blocking enhanced Cd-induced apoptosis through

caspase-3 and PARP-1 cleavage.
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Figure 6A - B
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p53 interacted with Ub. p53 interacted with Ub. (A, B) Cells were treated with 24 pM
Cd for 6 h or 12 h. Immunoblotting was performed for Ub (input), where IP was
performed with 600 pg of the remaining protein with p53 antibody, followed by

immunoblotting for Ub.
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Figure 6C-D

C D
Input IP: Ub  19G
() 0 6 12 (hr) 0 6 12 12
kDa
PolyUb - 170 PolyUb .
-p53 - 130 -pS3 -
70
- 55
53 —| w———-— 19G — .
p " oG | (.
PR

P53 interacted with Ub. (C, D) Cells were treated with 24 uM Cd for 6 h or 12 h.
Immunoblotting was performed for p53 (input), where IP was performed with 600 g

of the remaining protein with Ub antibody, followed by immunoblotting for p53.
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3.7. Regulation of p53 protein level is related with autophagy in Cd-
exposed cells

Both p53 function and stability are tightly controlled by Mdm2, which binds to
the p53 N-terminus and targets p53 to proteasome for proteolysis (Kubbutat et al.,
1997; Haupt et al., 1997). We found downregulation of p53 protein without changing
in MDM2 protein level in Cd exposed cells (Fig. 6A). Cd exposure to MES13 cells
induced autophagy with increasing monomeric- and polyUb-conjugated p62 forms
(Fig. 3A). In this context, we examined the involvement of autophagy in p53 protein
regulation in Cd-exposed MES13 cells. Autophagy degrades autophagosome contents
via lysosomal-dependent pathway, we thus examined whether p62 targets p53 into
autophagosome. p62 knockdown markedly decreased Cd-induced p62 monomer and
polyUb p62 level, and p53 level was recovered (Fig. 7A). Next, to elucidate whether
p62-targetted p53 recruited into the autophagosome, autophagic flux inhibited by
using bafilomycin Al (BaF1), an inhibitor of autophagosomal and lysosomal fusion.
Pretreatment with BaFl before Cd exposure for 18 h upregulated polyUb-p62,
polyUb-p53 and monomeric p53 (Fig.7B). By contrast, inhibition of autophagosome
formation by knockdown of atg5 gene downregulated p62 monomer and polyUb-p62,
upregulating p53. These data indicated that p53 protein was regulated by p62-

mediated autophagy in Cd-exposed MES13 cells.
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Figure 7A - B
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The effects of p62 knockdown on Cd-induced p53 protein. (A) After 24 h, knockdown

(KD) efficiency using p62 specific SIRNA was evaluated by immunoblotting for p62.

NC, negative control. (B) Cells transfected with NC and p62 siRNA were exposed to

24 UM Cd for 12 h. Cells were harvested, lysed, and expression of indicated proteins.
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Figure 7C-D
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(C) Cells were exposed to 24 uM Cd for 12 h with or without pretreatment with 20 nM
BaF1 for 2 h. p62 and p53 levels determined by immunoblotting. GAPDH was used as
the loading control. (D) Cells cultured on coverslips were treated with 24 pM Cd,
fixed, and then incubated with p53 and p62 antibodies, and subsequently with
rhodamine- and FITC-conjugated secondary antibodies. Nuclei were counterstained

with Hoechst 33342 (blue) and images were acquired with a fluorescence microscope.
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Figure 7E
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The effects of autophagy on the Cd-induced p62 and p53 expression. Cells transfected
with NC and ATG5 siRNA were exposed to 24 pM Cd for 12 h. p53 and p62 levels

determined by immunoblotting. GAPDH was used as the loading control.
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Figure 8A-B
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LC3 interacted with polyUb-p62 and polyUb-p53. Immunoprecipitation was
performed with 600 g of remaining protein with LC3B antibody or rabbit IgG, and
then immunoblotting was performed with p62 or p53 antibodies, respectively.

GAPDH was used as the loading control.
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DISCUSSION

About 50% Cd in the body accumulates in the Kkidney (Thevenod, 2003;
Nordberg et al., 1975). Thus, kidney is a primary main target of Cd toxicity (Cherian,
1983). Renal accumulation of Cd leads to reduced GFR, polyuria, and tubular
dysfunction (Nordberg, 1992; Nordberg, 1975; Felley-Bosco and Diezi, 1987). Cd
reabsorbed into proximal tubular cells (Johri et al., 2010) and accumulated, therefore,
most of studies for kidney toxicity by Cd focused on proximal tubular cells. However,
glomerular damage may lead to reducing tubular reabsorbtion, molecular mechanisms
for Cd —induced glomerular damage remains unclear.

Several studies have now demonstrated that Cd exposure is a main cause of
renal toxicity , and one of the main mechanisms implicated in renal toxicity is
apoptotic cell death, including ER stress-mediated apoptosis, caspase-dependent and -
independent apoptosis, and p53-dependent apoptosis (Gobe and Crane, 2010; Shu et
al., 201 ). In porcine renal proximal tubular epithelial cells (LLC-PK1), Cd exposure
induced ER stress-mediated apoptosis by inducing ER stress response proteins such as
PERK, ATF6, IRE1, and CHOP (Yokouchi et al., 2008). In mouse mesangial cells, Cd
exposure triggered mitochondria- and ER stress-mediated apoptosis by inducing
caspase-9, caspase-3, and CHOP activation (Liu and Templeton, 2008). Furthermore,
Cd induced caspase-dependent and -independent apoptosis in an immortalized kidney
proximal tubule cell line (WKPT-0293 CI.2) by releasing cytochrome c, an apoptosis-
inducing factor (Lee et al., 2008). In the present study, we found that exposure of
MES13 cells to Cd resulted in phospho-p53 accumulation due to DNA damage, and
activation of caspase-7 and -3, as shown by western blot using antibodies for their

cleaved forms. Caspase activation also led to apoptotic PARP-1 cleavage. CHOP, a
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key protein in the induction of ER stress-mediated apoptosis, is involved in cell death
through the promotion of protein synthesis and enhancement of oxidative stress in the
ER (Marciniak et al., 2004). Furthermore, elF2a can act as a regulator of either cell
death or survival by activating Akt during oxidative stress (Rajesh et al., 2015). In the
present study, we found inactivation of elF2a. IRE1, and p-PERK, which could result
in oxidative stress through increased protein synthesis, and ultimately to apoptosis
through the induction of CHOP and PARP-1 cleavage. Thus, serious ER stress after
Cd exposure promoted apoptosis through inactivation of ER stress sensor with CHOP
induction in MES13 cells.

Previous studies have been reported that Cd toxicity is associated with p53-
mediated apoptosis in diverse tissues and cells (Fernandez et al., 2003; Aimola et al.,
2012; Luevano & Damodaran 2014; Tokumoto et al., 2011; Lee et al., 2016).
(Tokumoto et al., 2011) reported that p53-mediated apoptosis by Cd in mouse kidney
and rat NRK52E cells was associated with down-regulation of ubiquitin-conjugating
enzyme Ube2d family, indicating that Cd interrupts Ub-proteasome pathway. However,
Cd concentration used might resultin different results in the status of p53 protein; low
concentrations of Cd that did not affect on cell viability impaired p53 activity by
inhibiting its DNA binding. Therefore, exposure time and p53 concentration used can
play a critical role in p53 activity in Cd-exposed cells. In the present study, p53 protein
detected as monomeric — and polyUb-conjugated form in Cd-exposed MES13 cells,
which was dependent on Cd concentrations and exposure times. Decreasing of
monomeric p53 was corresponded by polyUb-p53, indicating that decreasing
monomeric p53 may due to poly-ubiquitination of p53. IF staining for p53 revealed

that p53 aggregated in the nucleus and cytosol, indicating that nuclear aggregated p53
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translocate into the cytosol for degradation. There are both kinds of protein quality
control systems in the cells, Ub-proteasome and autophagy. To address the fate of
cytoplasmic p53, when we used MG132, proteasome blocker, Cd-induced p53 protein
level was not changed, indicating that Cd-induced p53 protein status was not regulated
by proteasome activity. In fact, MG132 treatment without Cd upregulated p53 and p27,
but did not affect on the Cd-induced cells. In contrast, MG132 upregulated p21 with
and without Cd conditions. These results suggested that MG132 blocked proteasome,
and p53 and p27 was not under proteasome control.

p62 is a multifunctional protein that contains various protein—protein
interaction domains, including N-terminal Phox/Beml1p (PB1), a nuclear localization
signal (NLS), a nuclear export signal (NES), an LC3-interacting region (LIR), and a
C-terminal Ub-associated (UBA) domain. The most well-characterized function of p62
is a key role in intracellular quality control via selective autophagy, wherein p62
interacts with ubiquitinated cargo through the UBA domain and recruits them into the
autophagosome through its interaction with the LIR motif. p62 also facilitates
shuttling of substrates to the proteasome. Furthermore, p62 is involved in nuclear
quality control by shuttling between the nucleus and cytoplasm via the NLS and NES
(Moscat and Diaz-Meco, 2009; Liu et al., 2016). In fact, autophagy is involved in
kidney toxicity (Wang et al., 2017; Fujishiro et al., 2018; Luo et al., 2018; Chargui et
al., 2011). In our study, despite induction of LC3-Il after Cd exposure, p62 levels
increased and was polyubiquitinated. In this study, we did not elucidate how p62-
mediated autophagic degradation was selectively and transiently impaired, and the
underlying molecular mechanisms remain to be determined. Notably, p62 plays

critical roles in the formation of ubiquitinated protein aggregates, which act as a
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signaling hub for cell death and survival (Moscat and Diaz-Meco, 2009). We
hypothesized that polyUb-p62 accumulation after Cd exposure may be associated with
Cd-induced cytotoxicity in MES13 cells. We confirmed that p62 KD suppressed Cd-
induced apoptosis.

In the present study, polyUb-p53 expression was similar pattern with polyUb-
p62 expression. To address whether Cd-induced p53 protein level is regulated by p62,
when p62 was knockdowned by using p62 siRNA, polyUb-p53 decreased and
upregulated monomeric p53 level, indicating that p53 protein level was regulated by
p62. And we found that p53 interacted with p62 via IP analysis. Furthermore, IF
staining. revealed that cytosolic p53 colocalized with p62. These results suggested a
possibility that p62 might targets p53. Because p62 targets polyUb-proteins to
autophagosomes, we examined whether p53 was recruited into the autophagosome by
autophagy inhibition.

In this study, Cd exposure induced p53 translocation with p62 into the cytosol,
resulting in transient aggregation. Therefore, we investigated how the p53/p62
complex transiently avoided autophagic degradation. Since p62 is an autophagy
adaptor protein, p53 can be recruited to the autophagosome by p62. We observed that
LC3B interacted with p53, and that autophagy impairment via Atg5 KD inhibited
cytosolic translocation of p53, thereby promoting nuclear accumulation. Furthermore,
treatment with BaF1, a late-stage autophagy inhibitor, enhanced Cd-induced p53 and
polyUb-p62 aggregation in the cytosol. Therefore, transient accumulation of p53 after
Cd exposure could be caused by impaired autophagic degradation. To date, most in
vivo and in vitro studies have evaluated cellular disease mechanisms involved with Cd

toxicity. These studies have focused on Cd-induced apoptotic cell death, which is
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caused by oxidative stress (Fujiwara et al., 2012; Ravindran et al., 2016). Therefore,
we tested whether polyubiquitination of p62 was associated with Cd-dependent
reactive oxygen species (ROS) production. We found that treatment with N-acetyl
cysteine completely suppressed Cd-induced polyubiquitination of p62 and upregulated
monomeric p53 expression. Thus, Cd-induced oxidative stress may be critical in
regulating p62 polyubiquitination and subsequent p53 translocation. However, further
studies are required to confirm these results.

In conclusion, we demonstrated that p62-mediated p53 accumulation and
translocation was critical in Cd toxicity in mouse kidneys, where nuclear p53 was
targeted by polyUb-p62 to the autophagosome. Therefore, p53-p62 signaling pathway

may serve as a therapeutic target for treating kidney diseases.

40

Collection @ chosun



4. REFERENCES

1. Guyton AC. Blood pressure control--special role of the kidneys and body fluids.
Science. 252:1813-18136, 1991.

2. Kimura T, Isaka Y, Yoshimori T. Autophagy and kidney inflammation.
Autophagy. 13: 997-1003, 2017.

3. Lee SA, Cozzi M, Bush EL and Rabb H. Distant Organ Dysfunction in Acute
Kidney Injury: A Review. Am J Kidney Dis. 72:846-856, 2018.

4. Satarug S, Moore MR. Adverse health effects of chronic exposure to low-level
cadmium in foodstuffs and cigarette smoke. Environ Health Perspect.; 112:1099-
103, 2004.

5. Jarup L, Berglund M, Elinder CG, Nordberg G and Vahter M. Health effects of
cadmium exposure--a review of the literature and a risk estimate. Scandinavian
journal of work, environment & health. 24 Suppl 1:1-51, 1998

6. Hartwig A. Cadmium and cancer. Metal ions in life sciences. 11:491-507, 2013.

7. Friberg L. Cadmium and the kidney. Environmental health perspectives. 54:1-11,
1984.

8. Faroon O, Ashizawa A, Wright S, Tucker P, Jenkins K, Ingerman L and Rudisill
C. Agency for Toxic Substances and Disease Registry (ATSDR) Toxicological
Profiles, in Toxicological Profile for Cadmium. Atlanta (GA), Agency for Toxic
Substances and Disease Registry (US), 2012.

9. Kim DW, Kim KY, Choi BS, Youn P, Ryu DY, Klassen CD and Park JD.

41

Collection @ chosun



10.

11.

12.

13.

14.

15.

16.

Regulation of metal transporters by dietary iron, and the relationship between
body iron levels and cadmium uptake. Archives of toxicology. 81:327-334, 2007.
Waalkes MP. Cadmium carcinogenesis. Mutation research. 533:107-120, 2003.
Goering PL,Klaassen CD. Altered subcellular distribution of cadmium following
cadmium pretreatment: possible mechanism of tolerance to cadmium-induced
lethality. Toxicology and applied pharmacology. 70:195-203, 1983.

Klaassen CD, Liu J,Diwan BA. Metallothionein protection of cadmium toxicity.
Toxicology and applied pharmacology. 238:215-220, 20009.

Klaassen CD, Liu J,Diwan BA. Metallothionein protection of cadmium toxicity.
Toxicology and applied pharmacology. 238:215-220, 20009.

Liu Y, Liu J, Klaassen CD. Metallothionein-null and wild-type mice show similar
cadmium absorption and tissue distribution following oral cadmium administ
ration. Toxicol Appl Pharmacol. 175:253-259, 2001.

Oliver-Williams C, Howard AG, Navas-Acien A, Howard BV, Tellez-Plaza M and
Franceschini N. Cadmium body burden, hypertension, and changes in blood
pressure over time: results from a prospective cohort study in American Indians.
Journal of the American Society of Hypertension : JASH. 12:426-437.e429, 2018.
Grau-Perez M, Pichler G, Galan-Chilet I, Briongos-Figuero LS, Rentero-Garrido P,
Lopez-lzquierdo R, Navas-Acien A, Weacer V, Garcia-Barrera T, Gomez-Ariza JL,
Martin-Escudero JC, Chaves FJ, Redon J and Tellez-Plaza M. Urine cadmium
levels and albuminuria in a general population from Spain: A gene-environment

interaction analysis. Environment international. 106:27-36, 2017.

42

Collection @ chosun



17.

18.

19.

20.

21.

22.

23.

Ferraro PM, Costanzi S, Naticchia A, Sturniolo A and Gambaro G. Low level
exposure to cadmium increases the risk of chronic kidney disease: analysis of the
NHANES 1999-2006. BMC public health. 10:304, 2010.

Satarug S, Boonprasert K, Gobe GC, Ruenweerayut R, Johnson DW, Na-
Bangchang K and Vesey DA. Chronic exposure to cadmium is associated with a
marked reduction in glomerular filtration rate. Clinical kidney journal. 12:468-475,
2019.

Gobe G, Crane D. Mitochondria, reactive oxygen species and cadmium toxicity in
the kidney. Toxicology letters. 198:49-55, 2010.

Yokouchi M, Hiramatsu N, Hayakawa K, Okamura M, Du S, Kasai A, Takano Y,
Shitamura A , Shimada T and Kitamura M. Involvement of selective reactive
oxygen species upstream of proapoptotic branches of unfolded protein response.
The Journal of biological chemistry. 283:4252-4260, 2008.

Liu Y, Templeton DM. Initiation of caspase-independent death in mouse
mesangial cells by Cd2+: involvement of p38 kinase and CaMK-I1I. Journal of
cellular physiology. 217:307-318, 2008.

Kim HP, Wang X, Chen ZH, Lee SJ, Huang MH, Wang Y, Ryter SW and Choi
AM. Autophagic proteins regulate cigarette smoke-induced apoptosis: protective
role of heme oxygenase-1. Autophagy. 4:887-895, 2008.

Momand J, Zambetti GP, Olson DC, Georage D and Levine AJ. The mdm-2
oncogene product forms a complex with the p53 protein and inhibits p53-mediated

transactivation. Cell. 69:1237-1245, 1992.

43

Collection @ chosun



24.

25.

26.

27.

28.

29.

30.

31.

32.

Haupt Y, Maya R, Kazaz A and Oren M. Mdm2 promotes the rapiddegradation of
p53. Nature. 387:296-9, 1997.

Guo JY, Xia B,White E. Autophagy-mediated tumor promotion. Cell. 155:1216-
1219, 2013.

White E. The role for autophagy in cancer. The Journal of clinical investigation.
125:42-46, 2015.

Kroemer G, Marifio G and Levine B. Autophagy and the integrated stress response.
Mol Cell. 40:280-293, 2010.

Kimura T, Isaka Y and Yoshimori T. Autophagy and kidney inflammation.
Autophagy. 13:997-1003, 2017.

Liang C, Jung JU. Autophagy genes as tumor suppressors. Curr Opin Cell Biol.
22:226-233, 2010.

Levine B, Yuan J. Autophagy in cell death: an innocent convict? J Clin Invest.
115:2679-2688, 2005.

Luo B, Lin Y, Jiang S, Huang L, Yao H, Zhuang Q, Zhao R, Liu H, He C and Lin
Z. Endoplasmic reticulum stress elF2alpha-ATF4 pathway-mediated cy
clooxygenase-2 induction regulates cadmium-induced autophagy in kidney. Cell
death & disease. 7:2251, 2016.

Wang SH, Shih YL, Kuo TC, Ko WC and Shih CM. Cadmium toxicity toward
autophagy through ROS-activated GSK-3beta in mesangial cells. Toxicol Sci.

108:124-131, 20009.

44

Collection @ chosun



33.

34.

35.

36.

37.

38.

39.

Fujishiro H, Liu Y, Ahmadi B and Templeton DM. Protective effect of cadmium-
induced autophagy in rat renal mesangial cells. Arch Toxicol . 92:619-631, 2018.
Luo T, Yuan Y, Yu Q, Liu G, Long M, Zhang K, Bian J, Gu J, Zou H, Wang Y,
Zhu J and Liu Z.PARP-1 overexpression contributes to Cadmium-induced death
in rat proximal tubular cells via parthanatos and the MAPK signalling pathway.
Sci Rep. 7:4331-4343, 2017.

Chargui A, Zekri S, Jacquillet G, Rubera I, Ilie M, Belaid A, Duranton C, Tauc M,
Hofman P, Poujeol P, EI May MV and Mograbi B. Cadmium-induced autophagy
in rat kidney: an early biomarker of subtoxic exposure. Toxicol Sci. 121:31-42,
2011.

So KY, Oh SH. Cadmium-induced heme-oxygenase-1 expression plays dual roles
in autophagy and apoptosis and is regulated by both PKC-6 and PKB/Akt
activation in NRK52E kidney cells. Toxicology. 370:49-59, 2016.

Kubbutat MH, Jones SN and Vousden KH. Regulation of p53 stability by Mdm2.
Nature. 387:299-303, 1997.

Johri N, Jacquillet G and Unwin R. Heavy metal poisoning: the effects of
cadmium on the kidney. Biometals. 23:783-792, 2010.

Marciniak SJ, Yun CY, Oyadomari S, Novoa I, Zhang Y, Jungreis R, Nagata K,
Harding HP and Ron D. CHOP induces death by promoting protein synthesis and
oxidation in the stressed endoplasmic reticulum. Genes & development. 18:3066-

3077, 2004.

45

Collection @ chosun



40.

41.

42.

43.

44,

45.

46.

Rajesh K, Krishnamoorthy J, Kazimierczak U, Tenkerian C, Papadakis Al, Wang
S, Huang S and Koromilas AE. Phosphorylation of the translation initiation factor
elF2alpha at serine 51 determines the cell fate decisions of Akt in response to
oxidative stress. Cell death & disease. 6:¢1591, 2015

Park CH, Lee BH, Ahn SG, Yoon JH and Oh SH. Serine 9 and tyrosine 216
phosphorylation of GSK-3beta differentially regulates autophagy in acquired
cadmium resistance. Toxicological sciences : an official journal of the Society of
Toxicology. 135:380-389, 2013.

Moscat J, Diaz-Meco MT. p62 at the crossroads of autophagy, apoptosis, and
cancer. Cell. 137:1001-1004, 20009.

Liu WJ, Ye L, Huang WF, Guo LJ, Xu ZG, Wu HL, Yang C and Liu HF. p62 links
the autophagy pathway and the ubiqutin-proteasome system upon ubiquitinated
protein degradation. Cell Mol Biol Lett. 21:29-42, 2016.

Liu M, Liang K, Zhen J, Zhou M, Wang X, Wang Z, Wei X, Zhang Y, Sun Y, Zhou
Z, Su H, Zhang C, Li N, Gao C, Peng J and Yi F. Sirt6 deficiency exacerbates
podocyte injury and proteinuria through targeting Notch signaling. Nat Commun.
8:413-427, 2017.

Fujiwara Y, Lee JY, Tokumoto M and Satoh M. Cadmium renal toxicity via
apoptotic pathways. Biol Pharm Bull. 35:1892-1897, 2012.

Ravindran G, Chakrabarty D and Sarkar A.Cell specific stress responses of

cadmium-induced cytotoxicity. Anim Cells Syst (Seoul). 21:23-30, 2016.

46

Collection @ chosun



=
—

Of O|=& 2 Ho|gt

AlZHO] RILtA = A5 L e

&0l o zd

mel 7|

e

i

ofnu

ol

of Sofet M K=

2

He et

CEu[as

& 9X

Kl

ChHEfoF

2
=

o A

A a-go| @S0

2

Of7FE A bt 2t

Ak
=

0
31
Kini

M7k ofZA

Zt2"0l AA7|0f

El=

20|

E| AL

|

fol
x

<

a4
)
T0

ki

AFEZ L C.

I

47

Collection @ chosun



oju
ot

od

H

ol

o0

IsdMg &=

SHAF
S o

HEIEO0IMA E7E7H7] e Ag R

Lo
T

= & Ol &

SiFEM 2

| &
=

o

b FOoA A

=L

F

ol

St0f 78| #=0t =X 1

m__m

oul
olo

HOIR & &

4|

IH AH
(=X

opx|ato 2

el

I

ol

oF

B

Ufru

23| 7=

b A|FH=A|D

0|

HI7b 2Lt

b= ot op

e

=

kP
©°

od

g

N

=
KF
jny
100
uj

oll

i

—_

d

il

<o

F

[m]
=]

+ 4

0| SO[7HA| H

of
=

ofnu

i

ol
oill
<

ol
or

H A ZSLUh

ol
PN

gL

sy
=

Z M =220 § 7[tixl2a 7t

48

Collection @ chosun



	1. INTRODUCTION 
	2. MATERIALS AND METHODS 
	2.1.  Reagents and antibodies 
	2.2.  Cell culture 
	2.3.  MTT assay 
	2.4.  Western blot analysis 
	2.5.  Transfection of siRNAs
	2.6.  Immunoprecipitation (IP)
	2.7.  Immunofluorescence (IF)
	2.8.  Statistical analysis

	3. RESILTS 
	3.1.  Cd induces apoptosis in MES13 cells 
	3.2.  Cd induced endoplasmic reticulum (ER) stress-mediated apoptosis in Cd-exposed MES13 cell 
	3.3.  Cd induced P62-independent autophagy in MES13 cells 
	3.4.  P62 interacts with ubiquitin (Ub) in Cd-exposed MES 13 Cells 
	3.5.  Reponse of p53 in Cd-exposed Mes13 cells 
	3.6.  P53 interacts with ubiquitin in Cd-exposed MES13 cells
	3.7.  Regulation of p53 protein level is related with autophagy In Cd-exposed cells

	4. DISCUSSION 
	5. REFERENCES
	감사의 말씀 


<startpage>14
1. INTRODUCTION  1
2. MATERIALS AND METHODS  5
 2.1.  Reagents and antibodies  5
 2.2.  Cell culture  5
 2.3.  MTT assay  6
 2.4.  Western blot analysis  6
 2.5.  Transfection of siRNAs 7
 2.6.  Immunoprecipitation (IP) 7
 2.7.  Immunofluorescence (IF) 8
 2.8.  Statistical analysis 8
3. RESILTS  9
 3.1.  Cd induces apoptosis in MES13 cells  9
 3.2.  Cd induced endoplasmic reticulum (ER) stress-mediated apoptosis in Cd-exposed MES13 cell  13
 3.3.  Cd induced P62-independent autophagy in MES13 cells  15
 3.4.  P62 interacts with ubiquitin (Ub) in Cd-exposed MES 13 Cells  20
 3.5.  Reponse of p53 in Cd-exposed Mes13 cells  23
 3.6.  P53 interacts with ubiquitin in Cd-exposed MES13 cells 27
 3.7.  Regulation of p53 protein level is related with autophagy In Cd-exposed cells 31
4. DISCUSSION  36
5. REFERENCES 41
감사의 말씀  47
</body>

