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Fig. 5. Anti-inflammatory, proliferative, and antiapoptotic effects of rMSCs and rMSC-CM therapies in liver of HFD-diabetic mice. (A) Immuno-
fluorescence staining (red) of TNFo, MCP-1, TLR4, and FABP4 in the liver. Bar, 50 um. Protein levels of (B) JNK1/3, phosphorylation of JNK (p-
JNK), p38-MAPK, phosphorylation of p38-MAPK (p-p38), (C) Erk1/2, p-Erk, Akt, and p-Akt in liver of mice in each group. (D) Photomicrographs
of representative sections of the TUNEL reaction. The apoptotic index is quantified in right panel (mean value of 20 panels per group). (E) Protein
levels of Bax, Bcl2, caspase-3, and cleaved caspase-3 in liver of mice in each group. Relative amounts of protein are normalized to an internal
control, f-actin. Intensity is shown as an arbitrary unit (n =5, each group). Data are expressed as mean = SE values *P < 0.05; **P < 0.01.

MSC and MSC-CM Therapies Suppressed Apopto-
sis of Hepatocytes in HFD-Diabetic Mice and
Enhanced Regeneration of Damaged Hepatocytes in
STZ-Diabetic Mice. MSC and MSC-CM therapies
markedly  decreased  terminal  deoxynucleotidyl
transferase-mediated dUTP  nick end labeling
(TUNEL)-positive cells in liver of HFD-diabetic mice
(Fig. 5D). Mitochondria control cell fate by apoptosis-
related molecules, such as Bax and B-cell lymphoma 2
(Bcl2), and the subsequent activation of caspase-3.

The results showed that expression of Bax and cleaved
caspase-3 was significantly increased in liver of HFD-
vehicle mice. In addition, Bcl2 expression was signifi-
cantly decreased in liver of HFD-vehicle mice. These
alterations were reversed by MSC and MSC-CM
therapies (Fig. 5E). On the other hand, expression of
hepatocyte nuclear factor 4 (HNF-4) was stimulated,
and the transcription factor, CCAAT/enhancer-binding
protein alpha (C/EBPw), which was down-regulated in
STZ-vehicle mice, was notably enhanced or recovered
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Fig. 5. (Continued)

by MSC and MSC-CM therapies (Fig. 6D). Expres-
sion of trophoblast cell-surface antigen 2 (also known
as Trop2), which was remarkably decreased in STZ-
vehicle mice, was recovered by MSC and MSC-CM
therapies (Fig. 6E).

MSC and MSC-CM Therapies Prevented Lipogen-
esis, Fibrosis, Glucogenesis, and IR in Liver of
HFD-Diabetic Mice. In HFD-vehicle mice, a num-
ber of large lipid droplets were precipitated in hepato-
cytes, but were decreased in both size and number in
HFD-MSC and HFD-MSC-CM mice (Fig. 7A, top).
Examination of Azan-stained sections revealed peripor-
tal fibrosis in HFD-vehicle mice (Fig. 7A, middle),
which was suppressed by MSC and MSC-CM thera-
pies. Expression of transforming growth factor beta 1
(TGE-f1), a marker of stellate cells, was increased in
both resident cells and BMDCs in liver of HFD-
vehicle mice, but was recovered by MSC and MSC-
CM therapies (Fig. 7A, bottom).

Phosphorylation of insulin receptor substrate 2 (p-
Irs2) serine and sterol response element-binding pro-
tein lc (SREBP-1c) levels was notably up-regulated in
HFD-vehicle mice (Fig. 7B,C) and was completely
normalized by MSC and MSC-CM therapies. Benefi-
cent transcriptional activity by forkhead box Ol
(FoxO1) was suppressed in liver of HFD-vehicle mice
and normalized by MSC and MSC-CM therapies
(Fig. 7D). On the other hand, neither total cholesterol
nor triglyceride levels were altered by MSC and MSC-
CM therapies (Supporting Fig. 2A).

Resistin was densely stained in liver of HED-vehicle
mice and was reduced by MSC and MSC-CM thera-

pies (Fig. 7E, top). Glucose transporter 2 (GLUT2)
staining in the liver was reduced in liver of HFD-
vehicle mice, but was recovered by MSC and MSC-
CM therapies (Fig. 7E, bottom).

We also examined effects of MSC and MSC-CM
therapies on serum adiponectin, insulin, and homeo-
stasis model. assessment-estimated IR (HOMA-IR) as
major factors of IR. Serum adiponectin level was
decreased in HFD-vehicle mice and normalized by
MSC and MSC-CM therapies (Supporting Fig. 2B).
The HOMA-IR level in the liver was significantly
increased in HFD-vehicle mice and significantly
reduced by MSC and MSC-CM therapies (Supporting
Fig. 2B).

Discussion

We investigated the mechanism of action of MSC
therapy for different pathological conditions in liver of
HFD- and STZ-induced diabetic mice. Because only a
limited number of donor MSCs were observed in the
liver, we considered that the effects of the administered
MSCs on damaged hepatocytes was a result of the
humoral factors released from the MSCs. MSC-CM is
a cocktail of various wophic factor secreted from
MSCs. The present results show that the curative
effects of the MSC and MSC-CM therapies on dam-
aged hepatocytes in diabetic mice were similar: Both
therapies ameliorated liver dysfunction and IR.

In previous studies reporting on effects of MSCs on
hepatocyte damage, blood-glucose levels were recovered
by pancreatic f-cell regeneration,®’ suggesting  that
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Fig. 6. Anti-inflammatory and proliferative effects and regenerative action of rMSCs and rMSC-CM therapies in liver of STZ-diabetic mice. (A)
Immunofluorescence staining (red) of TNFz, MCP-1, TLR4, and receptor for advanced glycation endproducts (RAGE) in the liver. Bar, 50 pm. Pro-
tein levels of (B) JNK1/3, p-JNK, p38, p-p38, (C) Erk1/2, p-Erk, Akt, p-Akt, (D) HNF-4, and C/EBPxin liver of mice in each group. Relative
amounts of protein are normalized to an internal control, f-actin. Intensity is shown as an arbitrary unit (n =5, each group). (E) mRNA expres-
sion of Trop2 in liver of each group (n =25, each group). Relative amounts of mRNA are normalized to an internal control, f-actin. Data are
expressed as mean = SE values. *P < 0.05; **P < 0.01. mRNA, messenger RNA.

amelioration of hyperglycemia improves liver dysfunc-
tion. The present study revealed that even though
hyperglycemia did not recover, diabetes-induced liver
dysfunction was remarkably reversed by the MSC and

MSC-CM therapies. The most interesting point was
that  hepatocyte occurred in  the
STZ-diabetic liver under persistent hyperglycemic
conditions.

regeneration
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Fig. 7. Effects of rMSC
and rMSC-CM therapies on
lipogenesis, fibrosis, gluco-
genesis, and IR of liver in
HFD-diabetic mice. (A) Oil
Red O staining (top), Azan
staining (middle), and TGF-
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The present results showed a significant increase in
BMDC infiltration into liver of HFD- and STZ-
induced diabetic mice, which was completely reversed
by the MSC and MSC-CM therapies. Macrophages
are classified as classically activated macrophages (M1
macrophages) or as alternatively activated macrophages
(M2 macrophages).'® In this study, BMDCs in liver of
diabetic mice displayed a molecular profile similar to
that of proinflammatory M1 macrophages by express-
ing /l-6 and Cdllc; however, they changed into M2
macrophages expressing Fizzl and Mrcl after applica-
tion of the MSC and MSC-CM therapies. Further
changes, including Ccr2 expression, were also demon-
strated in BMDCs in the liver and in mononuclear

cells in the peripheral circulation. Expression of MCP-
1 was stimulated in liver of diabetic mice, but was
remarkably decreased by both therapies, suggesting
that accelerated infiltration of BMDCs into the liver
induced by MCP-1/CCR2 interactions was blocked by
these treatments. ICAM-1 is induced in HSECs by
cytokine or chemokine signals and enhances recruit-
ment of inflammatory cells from vessels."> Here, nota-
ble expression of ICAM-1 in SECs contributed to
excessive infiltration of BMDCs and was also sup-
pressed by the MSC and MSC-CM therapies.

The present findings showed that both the MSC
and MSC-CM therapies ameliorated inflammatory
change and apoptotic reactions in hepatocytes caused
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Fig. 8. Proposed mechanisms for therapeutic effects of MSCs and
MSC-CM for type 2 and 1 diabetic liver damage. Effective mechanisms
contribute to common, distinctive pathogenesis in liver of type 2 and
1 diabetes.

by HFD- and STZ-induced diabetes. Hyperlipidemia
and hyperglycemia cause an increase in circulating
endotoxins, which are ligands of TLR4.'® In addition,
hyperlipidemia and hyperglycemia induce transcription
of proinflammatory cytokines, such as TNFo and
- MCP-1, and adipokines,. such as FABP4, by nuclear
translocation of NF-xB (nuclear factor kappa light-
chain enhancer of activated B cells), which results in
hepatic injury and IR."7>'® FABP4 is known as a major
adipokine that induces IR and is highly expressed in
both adipose tissue and endothelial cells.'”*® The liver
is an important site for the clearance and catabolism of
circulating advanced glycation endproducts.”’ Interac-
ton of advanced glycation endproducts and their
receptor induces NF-kB transcriptional activation and
cytokine production by JNK and p38-MAPK activa-
tion.”” On the other hand, activation of ERK1/2 and
Akt induces hepatocyte proliferation, survival, and
regeneration. These signaling pathways also regulate
apoptosis of parenchymal cells by mitochondrial fac-
tors, such as Bax and Bcl-2, and caspase 3.> Therefore,
in the present study, the inflammatory changes and
apoptotic reactions in hepatocytes might have been the
result of the following dual mechanism induced by the
MSC and MSC-CM therapies: first through reduction
of TLR4 expression and sequential inactivation of the
p38-MAPK and JNK pathways and second through
the direct effect of trophic factors derived from MSCs
enhancing the ERK1/2 and Akt pathways.

Our MSC and MSC-CM therapies stimulated hepa-
tocyte regeneration in STZ-diabetic mice. HNF-4 and

HEPATOLOGY, May 2014

C/EBPa are transcriptional factors that play a crucial
role in the differentiation process of liver stem cells for
fully functional mature hepatic cells.? Trop2 is not
only a novel marker for oval cells, but also a regulator
of cell-cell adhesion and cell-cycle progression through
phosphorylation of ERK1/2.%® The results showed that
the MSC and MSC-CM therapies induced expression
of HNF-4 and recovery of C/EBPa and Trop2 in the
STZ-diabetic liver, which might have activated progen-
itor cells for proliferation and functonal recovery of
hepatocytes. In contrast, none of the above effects
were observed in HFD-diabetic mice, suggesting that
the severe fatty degeneration of hepatocytes surpassed
the regenerative potential (data not shown).

MSC and MSC-CM therapies not only reduced
lipid accumulation in hepatocytes, but also prevented
liver fibrosis. As previously reported, stellate cells in
the liver are associated with liver fibrosis,?® and acti-
vated stellate cells express TGE-$1.”” Expression of
TGF-f1 was up-regulated in HFD-vehicle mice and
reversed by the MSC and MSC-CM therapies. Because
almost 50% of BMDCs expressed TGE-f1, it was
expected that liver fibrosis in HFD mice was induced
by pathological BMDCs that had differentiated into
stellate cells in the liver.

The MSC and MSC-CM therapies reversed hyper-
insulinemia and down-regulated HOMA-IR in. HEFD-
diabetic mice, suggesting that both therapies amelio-
rated insulin resistance. SREBP-1c and FoxO1 are
master transacting factors that mediate lipogenesis, glu-
cogenesis, lipid metabolism, and insulin sensitivity.28’29
Resistin, an adipose-derived hormone, stimulates syn-
thesis and secretion of proinflammatory cytokines,
resulting in enhanced liver gluconeogenesis and inflam-
mation.”® GLUT? is expressed in hepatocytes and reg-
ulates glucose uptake and glucose metabolism.”’
Adiponectin and its receptor are key components in
IR that facilitate the translocation of GLUT2 through
adenosine-monophosphate~activated ~ protein  kinase
activation.>? Here, MSC and MSC-CM therapies ame-
liorated IR by regulating expression of HOMA-IR,
adiponectin, resistin, and proinflammatory cytokines.

Taken together, we demonstrated that MSC and
MSC-CM therapies are powerful tools for repairing
diabetes-induced hepatocyte damage in HFD- and
STZ-diabetic mice and sequential IR in HFD-diabetic
mice (Fig. 8). In STZ-diabetic mice, neither therapy
induced f-cell regeneration immediately after MSC
therapy; instead, they induced hepatocyte regeneration,
despite having been conducted under hyperglycemic
conditions. Effects of MSC cell therapy might be the
result of MSC-derived trophic factors. We speculate
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that the mechanism of hepatocyte damage repair in
diabetes may involve various factors that regulate
immune reaction, lipogenesis, glucogenesis, and regen-
eration of hepatocytes (Fig. 8). MSC therapy with
such a pleiotropic action is an effective treatment for
diabetic liver damage and may open the door for a
novel remedy.
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Nutlin-3a (Nutlin)isan Mdm2 inhibitor and is potent to stabilize p53, which is a tumor-suppressor involved
in various biological processes such as cell cycle regulation, DNA repair, and apoptosis. Here we demon-
strate that Nutlin treatment in mouse fibroblast cell lines reduces the protein levels of poly(ADP-ribose)
polymerasel (Parp1). Parp1 functions in DNA repair, replication, and transcription and has been regarded

Keyvyords: as a target molecule for anti-cancer therapy and protection from ischemia/reperfusion injury. In this study,
Nutlin-3a _ first we found that Nutlin, but not DNA damaging agents such as camptothecin (Cpt), induced a decrease in
ng/ (ADP-ribose) polymerasel the Parp1 protein levels. This reduction was not associated with cell death and not observed in p53 deficient
:/I dm2 cells. Next, because Nutlin treatment did not alter Parp1 mRNA levels, we expected that a protein degrada-
Proteasome tion pathway might contribute to this phenomenon. Predictably, a proteasome inhibitor, MG132, inhibited

the Nutlin-induced decrease in the levels of Parp1 protein. These results show that Nutlin induces the pro-
teasomal degradation of Parp1 in a p53-dependent manner. Thus, this study demonstrates characterization
of a novel regulatory mechanism of Parp1 protein. This novel regulatory mechanism of Parp1 protein level

could contribute to development of inhibitors of the Parp1 signaling pathway.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

p53 is a tumor-suppressor that is mutated or deleted in more
than half of all human tumors. The physiological roles of p53 are ver-
satile, forming a cell cycle checkpoint and functioning in DNA repair,
apoptosis, and energy metabolism [1]. It has been shown that phos-
phorylations at multiple sites and subsequent proteasomal degrada-
tion are important in the regulation of p53 protein levels [2]. p53
ubiquitination required in its degradation is catalyzed by several
ubiquitin ligases such as Mdmz2, Pirh2, and Cop1 [3]. In particular,
the regulatory mechanism of p53 by Mdm?2 has been well-analyzed.
Because the massive stabilization of p53 was able to induce apopto-
sis in p53 proficient tumor cells [4], stabilization of p53 via an
inhibition of MdmZ2 is one of the attractive strategies for cancer ther-
apy. Recently, it has been reported that small molecular compounds
such as Nutlin and MI-219 act as cell-permeable Mdm?2 antagonists
[5,6], and their analogs have progressed to preclinical development
or early phase clinical trials for anti-cancer therapy [7].

Parpl is a major enzyme catalyzing poly(ADP-ribosyl)ation,
which is a post-translational protein modification. It is involved
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E-mail addresses: nokita7@rs.noda.tus.ac.jp (N. Okita), higami@rs.noda.tus.ac.jp
(Y. Higami).
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0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.03.061

in replication, DNA repair, and cell death [8,9]. Parp1 is dramati-
cally activated by DNA breaks and then catalyzes poly(ADP-
ribosyl)ation on substrate proteins in DNA damage regions, which
is required for efficient recruitment of DNA repair factors to the
loci [10,11]. On the other hand, over-activation of Parp1 decreases
cellular NAD" and ATP levels, resulting in necrotic cell death caused
by breakdown of energy metabolism [12,13]. The involvement of
Parp1 in inflammatory responses has also been reported. Ischemia/
reperfusion-induced Parp1 over-activation is mediated by produc-
tion of reactive oxygen species and is involved in NF-kB transacti-
vation [14]. Furthermore, Parp1 has been also characterized as a
useful hallmark of apoptosis because full length Parp-1 is cleaved
by the apoptotic proteases, caspase-3 and -7, into p85 and p25
fragments during apoptosis [15,16]. Therefore, Parp1 is an attrac-
tive target of cancer chemotherapy and protection from ische-
mia/reperfusion injury, and several Parpl inhibitors are being
evaluated in clinical trials [17].

Recently, using Nutlin, we have analyzed p53 functions that are
independent of DNA damage response and incidentally found that
Parp1 proteins disappear in Nutlin-treated cells. In this study, we
show the basic characterization of Nutlin-mediated Parp1 protein
degradation and discuss the use of Nutlin as a Parp1 inhibitor for
protection against ischemia/reperfusion injury and anti-cancer
therapy.
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2. Materials and methods
2.1. Cell culture and drugs

Mouse fibroblast cell line 3T3-L1 and 3T3-F442A were pur-
chased from the RIKEN Bioresource Center (Japan) and the Euro-
pean Collection of Animal Cell Cultures (UK), respectively. p53
deficient mouse-derived fibroblast cell line HW [18] was kindly
provided by Dr. Masayuki Saito (Tenshi University, Japan). The cells
were maintained in Dulbecco’s modified Eagle’s medium (low glu-
cose) (WAKO, Japan) with 10% fetal calf serum and 1% penicillin/
streptomycin (SIGMA). Cpt and MG132 were purchased from
WAKO (Japan). Nutlin was supplied by Cayman (USA).

2.2. p53 overexpression and knockdown

p53 cDNA was amplified from mouse liver cDNA by PCR using
KOD plus (TOYOBO, Japan) and subcloned into EcoRV-digested
pBluescript II SK(+). And then p53 cDNA fragment obtained by
BamHI and Dral digestion of the subcloned vector were cloned into
EcoRV and BamH1-digested pIRES-Neo3 (Clontech, USA). The pro-
duced vector, p53-IRES-Neo3, was transfected with Lipofectamine
LTX (Invitrogen, USA) into 3T3-L1 cells, according to the manufac-
turer’s protocol.

We designed a mouse p53 shRNA expression vector based on
target sequences for effective p53 knockdown, as previously
reported [19]. Two oligonucleotides, 5'-gatccccGTACGTGTGTAGTA
GCTTCttcaagagaGGAGCTATTACACATGTACtttttggaaa-3' and 5'-agc
ttttccaaaaaGTACATGTGTAATAGCTCCtctcttgaaGAAGCTACTACACAC
GTACggg -3’ (upper case letters, target sequences against p53; low-
er case letters, Bglll, HindIIl or loop structure sequences) were
chemically synthesized (Operon Biotechnology, USA). The an-
nealed oligos were directly ligated into a Bglll and HindIII-digested
PSUPER-puro shRNA expression vector gifted from Dr. Shigeo Ohno
(Yokohama City University, Japan) [20]. The produced vector,
termed pSUPER-puro-shmp53, was transfected with Lipofectamine
LTX (Invitrogen, USA) into 3T3-L1 cells, according to the manufac-
turer’s protocol. For stable p53 knockdown cell lines, the transfec-
ted cells were selected with puromycin and resistant clones were
isolated by trypsinization using cloning cylinders.

2.3. Preparation of primary mouse embryonic fibroblasts (MEFs)

p53 heterozygous mice (Accession No. CDB 0001K) [21] were
purchased from RIKEN BRC (Japan). p53 heterozygous males and
females were crossed, and MEFs were prepared from the pregnant
females. Each 13- to 15-day-old embryo was dissected from the
uterus and washed with PBS. After removal of the head, tail, limbs,
and blood-enriched organs, the trimmed embryo was washed with
PBS and minced. After trypsinization at 37 °C for 10 min followed
by inactivation of trypsin by addition of FCS, MEFs were separated
by filtration through a cell-strainer. p53 status was confirmed by
PCR using previously described primers (forward primer for p53
genomic sequence, 5-AATTGACAAGTTATGCATCCAACAGTACA-3';
reverse primer for p53 genomic sequence, 5-ACTCCTCAACATC
CTGGGGCAGCAACAGAT-3', forward primer for neo sequence, 5'-
GAACCTGCGTGCAATCCATCTTGTTCAATG-3") [21] and the estab-
lished MEFs were maintained in DMEM high glucose with 10%
FCS, 2-mercaptoethanol (2-ME), and antibiotics.

2.4. Western blotting

Cells were lyzed by the addition of lysis buffer (50 mM Tris-HCl
pH6.8, 2% SDS, 5% glycerol), boiled for 5 min, and sonicated. Protein
concentrations of the soluble fraction were determined by BCA

protein assay (PIERCE, USA) according to the manufacturer’s proto-
col, and standardized by the addition of lysis buffer. Following this,
the proteins were added to 2-ME and bromophenol blue so as to
obtain final concentrations of 5% and 0.025%, respectively, and
boiled for 5 min. Equal amounts of proteins (5-20 ng) were sub-
jected to SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were blocked with 2.5% skim milk and 0.25%
BSA in TBS (50 mM Tris, pH 7.4, 150 mM NacCl) containing 0.1%
Tween 20 (TTBS) for 1 h at room temperature, and then probed
with appropriate primary antibodies overnight at 4 °C or for 2h
at room temperature. As primary antibodies, anti-Parp1l (clone
C-2-10, WAKO, Japan), anti-p53 (clone Ab-1, Calbiochem, USA),
anti-b actin (clone AC-15, SIGMA, USA), or anti-caspase-3 (clone
1F3, MBL, Japan) antibodies were used. After washes with TTBS,
the membranes were incubated with the appropriate secondary
antibody, horseradish peroxidase-conjugated F(ab’), fragment of
goat anti-mouse IgG or anti-rabbit IgG (Jackson Immunoresearch,
USA), for 1 h at room temperature. After washing the membrane
with TTBS, the membranes were incubated with ImmunoStar LD
reagent (WAKO, Japan). The specific proteins were visualized with
LAS3000 (FUJI FILM, Japan), and the data were analyzed using
MultiGauge software (FUJI FILM, Japan).

2.5. RNA purification and RT-PCR

Cells were lyzed by RNAiso PLUS (TaKaRa, Japan), and then total
RNA was purified using a FastPure RNA kit (TaKaRa, Japan) accord-
ing to manufacturer’s protocol. Purified RNA (1 pg) was subjected
to reverse transcription with PrimeScript Reverse Transcriptase
(TaKaRa, Japan) and random hexamer (TaKaRa, Japan). The PCR
reaction was performed using Platinum Taq DNA Polymerase High
Fidelity (Invitrogen, USA) and Parpl (forward, 5-TGCTCATCTT
CAACCAGCAG-3'; reverse, 5'-TCCTTTGGAGTTACCCATTCC-3') or B-
actin primers (forward, 5-TCTTTGCAGCTCCTTCGTTG-3'; reverse,
5'-GGCCTCGTCACCCACATAG-3’) as follows: initiation step, at
94 °C for 1 min; amplification step, 30 (Parp-1) or 25 (b-actin) cy-
cles of at 94 °C for 1 min, at 52 °C (Parp-1) or 61 °C (B-actin) for
15 s, at 68 °C for 15 s; termination step, 68 °C 15 s. PCR products
were subjected to 1.8% agarose gel electrophoresis, stained with
ethidium bromide, and visualized with LAS3000. The data was ana-
lyzed using MultiGauge software (FUJI FILM, Japan).

3. Results

3.1. Nutlin induces a decrease in parp1 protein levels in mouse
fibroblast cell lines

When analyzing proteins of the Nutlin-treated mouse embry-
onic fibroblasts (MEFs), we observed a significant reduction in
the levels of full length of Parp1 protein without cleavage into
p85 and p25 apoptotic fragments (data not shown). Interestingly,
under this condition, a trypan blue exclusion assay and images of
phase-contrast microscope showed that the cells were viable, sug-
gesting that the reduction of Parp1 protein was independent of cell
death. Furthermore, because MEFs were induced apoptosis by
staurosporine treatment, MEFs were responsive to apoptotic stim-
uli (data not shown). To examine whether p53 stabilization in-
duces the decrease in Parpl protein, 3T3-L1 and 3T3-F442A
mouse fibroblast cells were treated with a DNA damaging agent,
Cpt, or Nutlin. As shown in Fig. 1A and B, in both cell lines, Cpt
treatment did not alter the Parp-1 protein levels, and Nutlin mark-
edly decreased it, although both drugs induced p53 stabilization.
Furthermore, overexpression of p53 protein did not markedly af-
fect Parp1 protein levels (Fig. 1C). Consistent with our previous
observations, no caspase-3 activation, which is a hallmark of apop-
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tosis, was detected in these conditions. Furthermore, trypan blue
staining showed that the Nutlin treatment did not induced cell
death (Supplementary data Fig. 1). The time course analysis
showed that Parpl protein diminished by a treatment with
25 puM Nutlin for 8 h (Fig. 1D). These results suggest that in mouse
fibroblasts Nutlin induces the reduction of Parp1 protein in a cell
death-independent manner.

3.2. p53 Mediates Nutlin-induced decrease in parp1 protein

Since Nutlin stabilizes p53 via inhibition of Mdm2, we exam-
ined whether p53 contributes to the Nutlin-induced Parp-1 reduc-
tion. shRNA-mediated transient knockdown of p53 in 3T3-L1 cells
attenuated the decrease in Parpl by Nutlin treatment (Fig. 2A).
Since p53 knockdown efficiency is not sufficient, we next analyzed
this using two p53 deficient cell lines. 3T3-L1/shp53 cells were
established by stable transfection with the pSUPER-puro-shmp53
plasmid vector followed by clone isolation, and its p53 protein

559

expression levels were very much lower than in the transient
knockdown. HW cells are a fibroblast cell line derived from p53
deficient mice. In these cell lines, the Nutlin-induced decrease in
Parp1 was diminished significantly (Fig. 2B). Furthermore, we con-
firmed p53 dependency in the Nutlin-induced Parp1 reduction by
using MEFs derived from p53+/+ or —/— mice, and obtained similar
results (Fig. 2C). These results show that Nutlin reduces the Parp1
protein levels in a p53-dependent manner.

3.3. Nutlin-3 down-regulates parp-1 protein via proteasome

To examine whether the decrease in Parpl protein by Nutlin
treatment is caused by down-regulation of its mRNA, p53 profi-
cient (3T3-L1 and 3T3-F442A) and deficient (3T3-L1/shp53 and
HW) cell lines were treated with Nutlin, and then the Parp1 mRNA
of each was analyzed by RT-PCR. Parpl mRNA did not markedly
change in either p53 proficient or deficient cell lines, even at doses
of Nutlin where levels of Parpl protein were completely dimin-
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Fig. 1. Nutlin but not Cpt induces decrease in Parp1 protein levels in mammalian cell lines. A and B, mouse fibroblast 3T3-L1 (upper panel) or 3T3-F442A (lower panel) cells
were treated with indicated concentrations of Cpt or Nutlin for 24 h. The cell lysates were analyzed by Western blotting using indicated antibodies (A). LE means long
exposure. Quantitative data from (A) are shown (B). C, 3T3-L1 cells were transfected with mock or p53 expression vector. After transfection for 36 h, the cells were harvested
and were analyzed by western blotting using indicated antibodies. D, 3T3-L1 or 3T3-F442A cells were treated with 25 pM Nutlin for the indicated times. Proteins were
subjected to Western blotting. In the p53 panel, the arrow and asterisk show the p53 and nonspecific bands, respectively. All experiments were performed at least three

times, and representative data are shown.
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Fig. 2. Decrease in Parp1 protein levels induced by Nutlin is p53 status dependent.
shGFP- and shp53- transiently transfected 3T3-L1 (A), HW, a mouse fibroblast cell
line from p53 knockout mice, and 3T3-L1/shp53, a p53 stable knockdown cell line
(B), and p53+/+ (n=2) and p53—/— (n=3) MEFs (C) were treated with indicated
concentrations of Nutlin for 24 h. The cell lysates were analyzed by Western
blotting using indicated antibodies. In the p53 panel, the arrow and asterisk show
the p53 and nonspecific bands, respectively. All experiments were performed at
least two times, and representative data are shown.

ished (Fig. 3A). This result indicates that a decrease in Parpl mRNA
levels is not a main factor of Nutlin-induced Parpl reduction.
Therefore, we speculated that Nutlin-induced Parp1 reduction
might involve proteasomal degradation. Thus, the effects of protea-
some inhibition on Nutlin-induced Parpl reduction were exam-
ined. Treatment with the proteasome inhibitor MG132 alone did
not affect basal Parp1 protein levels, but it clearly inhibited the
Nutlin-induced reduction in Parp1 (Fig. 3B). Taken together, these
results indicate that the Nutlin treatment induced proteasome-
mediated degradation of Parp-1 protein.

4. Discussion

In this study, we demonstrated that the Mdm?2 inhibitor, Nutlin,
induces the reduction of Parp1 protein by a p53-dependent mech-
anism. Interestingly, overexpression of p53 protein did not evoke a
significant reduction in Parp1 protein, although that induced p53
accumulation similar to Nutlin. These results suggest that in the
process of Nutlin-induced Parp1 reduction, p53 expression is re-
quired but is insufficient.

We examined whether the other commercially available Mdm2
inhibitors (NSC66811 [22] and trans-4-lodo, 4'-boranyl-chalcone
[23,24]) induced a reduction in Parp1 protein in 3T3-L1 cells. How-
ever, these Mdm2 inhibitors not only did not induce a reduction in
Parp1 protein but also did not induce even p53 accumulation (data
not shown). To conclude this issue, additional experiments would
be required. We also showed that MG132 blocks the decrease in
Parpl protein. It was reported that Parpl can be ubiquitinated
in vivo, although it is unclear whether the ubiquitination is in-
volved in proteasomal degradation of Parp1 [25]. Taken together
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Fig. 3. Nutlin downregulates Parp-1 protein levels by proteasomal degradation. A,
3T3-L1, 3T3-F442A, 3T3-L1/shp53, and HW cells were treated with the indicated
concentrations of Nutlin for 24 h. Parp1 mRNA was detected by RT-PCR. B-actin was
used as a loading control. B, 3T3-L1 and 3T3-F442A cells were treated with 25 mM
Nutlin in the presence or absence of 5 UM proteasome inhibitor MG132 (MG) for
8 h, and then the cell lysates were subjected to Western blotting using indicated
antibodies. All experiments were performed at least three times, and representative
data are shown.

with our findings, it is likely that the ubiquitin-proteasome path-
way directly regulates the degradation of Parp1 protein.

In comparison to the many Parp1 inhibitors evaluated in ongo-
ing clinical trials [17], the regulatory mechanism of Parp1 protein
that we discovered provides some advantages. The first advantage
is the novel mechanism of action as an inhibitor of the Parp1 sig-
naling pathway. Because most of the Parp1-inhibiting compounds
previously identified block the catalyzing activity of the protein,
the specificity of these drugs in the other Parp family proteins that
possess the highly conserved catalytic domain is a big issue [17].
On the other hand, Nutlin inhibits Parp1 signaling via induction
of Parp1 protein degradation. Therefore, we expect that the inhibi-
tion specificity for Parp1 protein in the Parp family could be high.
In any case, it is important to analyze the effects of Nutlin treat-
ment on the protein levels of the other Parp family proteins. The
second advantage is its cell type selectivity. In this paper, we dem-
onstrated that in mouse fibroblasts Nutlin induces the decrease in
Parp1 protein. On the other hand, it has been reported that Nutlin
induces cleavage of Parp1 into two apoptotic fragments in the hu-
man colon cancer cell line, HCT116, and the human myeloid leuke-
mia cell line, ML-1 [26,27]. In fact, we confirmed that there was no
significant reduction in Parp1 protein other than apoptotic cleav-
age in HCT116 cells treated with various doses of Nutlin (data
not shown). Furthermore, we have already examined responsive-
ness to Nutlin-induced Parp1 decrease in several human cell lines
and have confirmed that human lung cancer cell line A549 were
also responsive to Nutlin (data not shown). Taken together, we be-
lieve that Nutlin-induced Parp1 degradation has cell type selectiv-
ity. Moreover, considering co-treatment with DNA damaging
agents for cancer therapy, Nutlin may reduce side effects caused
by DNA damaging agents. It is well known that alkylating agents
cause Parpl over-activation, resulting in massive inflammation
due to undesirable necrotic cell death caused by NAD" and ATP
depletion [12,13], and that Parp1 is required for NF-xB transactiva-
tion, which is involved in inflammatory responses [14]. Therefore,
co-treatment with Nutlin may also attenuate necrotic cell death
and inflammation induced by Parp1 over-activation.

Thus, this study demonstrates characterization of a novel regu-
latory mechanism of Parp1 protein. The elucidation of the regula-
tory mechanism of Nutlin-induced elimination of Parpl protein
is important for the optimization of compounds inducing this phe-
nomenon, resulting in establishment of selective chemotherapeu-
tic strategies against ischemia/reperfusion injury and cancer.





