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Fig.5. Effect of Ezetimibe on the Transcriptional Regulation of Genes Involved in Fatty Acid Transport, TG Formation and CM
Assembly in the Intestinal Cells in the Postprandial State.

We performed qRT-PCR using total mRNA isolated from intestines, and examined the expression of genes associated with FA transport, TG
formation and CM asscmbly for CD36KO (A) and found that ezetimibe administration significantly inhibited the expression of FATP4,
apoB and apobecl. In WT mice (B) czetimibe decreased the expression of FATP4, FABP2, DGAT1, DGAT?2, SCD1, apoB and ACF signifi-
cantly. There was also the upregulation of FAS and ACAT?2, which could correspond to a compensatory response. In both cases, ezetimibe
decreased the expression of genes involved in FA metabolism and CM production.

genic model of MetS*". We have elucidated the possi-
ble molecular mechanisms responsible for the reduced
production of ApoB-48-containing lipoproteins in
intestinal epithelial cells. Because of the lack of hepatic
NPCILI expression in mice?”, the usage of mice has
an advantage to understanding the physiological
mechanisms of lipid metabolism in the small intes-
tines as a main target of ezetimibe, contrary to human
subjects in which NPC1L1 is believed to be expressed
in both small intestines and the liver. Ezetimibe is a
strong inhibitor of cholesterol absorption via NPCILI,
and thus cholesterol incorporation into the CM syn-
thesized in the small intestines is reduced by ezetimibe
treatment. Therefore, the reduction of cholesterol con-
tent in CM and CM remnants may result in a
decreased cholesterol pool in the liver, leading to the
enhancement of hepatic LDL receptor. Thus, ezeti-
mibe treatment may enhance the catabolism of LDL
via hepatic LDL receptor, resulting in the reduction of
LDL-cholesterol and possibly CM remnants. Further-
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more, reduced cholesterol absorption may lead to the
loss of the substrate for CM formation and thereby to
attenuation of CM synthesis in the small intestines.

We found that, in both groups, WT mice fed a
high fat diet and CD36KO mice fed a chow diet,
ezetimibe did not reduce plasma cholesterol concen-
trations significantly in the fasting state (Fig. 1B);
however, there remained a small, non-significant ten-
dency for the cholesterol content in plasma to fall in
both groups. This might be associated with increased
endogenous production of cholesterol in both the
intestine and liver in both models, possibly through
an increased expression of HMG-CoA synthase,
which should be further considered.

We also found that in WT mice fed a chow diet,
ezetimibe did not decrease postprandial TG levels
(Fig. 1A); however, when WT mice were fed a high-
fat, high-cholesterol diet, ezetimibe reduced the
PHTG to normal levels. This might suggest that ezeti-
mibe could reduce postprandial triglyceride levels in
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conditions of CM overproduction.

In a previous publication, our group found that
CD36KO mice have an increased TG response to
acute fat loads in both plasma and lymph'". In the
current study, we found that CD36KO showed a
higher TG concentration than WT mice even in a
high fat loading state in intestinal lymph (Fig. 3); this
might suggest the hypothesis that CD36KO mice
would have a larger CM than WT mice. However,
since the CM fraction in our HPLC method was
included in the void volume, we could not determine
the specific size of individual particles in this fraction,
which is considered a whole group, and therefore, we
were not able to confirm whether there was really a
difference in particle size between these two groups.

The reduced absorption of long-chain FAs
observed in this study was in part associated with an
inhibitory effect on FATP4 in CD36KO mice as well
as the reduction of both FATP4 and FABP2 intestinal
expression in WT mice. FATP4 is the only FATP
expressed in the intestines?”, is located in the ER of
the intestinal cells and has demonstrated acyl-CoA
synthetase activity, which decreases the intracellular
concentration of FAs, and would indirectly increase
FA uptake when the extracellular concentration is
high enough, as in the postprandial state?. FATP4
has also been associated with obesity and the insulin-
resistant state?”), Labonté ez 4/, reported a reduction
of the FATP4 amount in the intestines of both WT
mice receiving ezetimibe and NPC1L1 knockout mice
compared to WT controls. Although we did not mea-
sure the amount of FATP4 protein by Western blot-
ting, we found a decrease in the mRNA content in
both treated groups, suggesting inhibition of the regu-
lation of FATP4 at the transcriptional level, which
would lead to a decreased amount of FATP4. Taken
together, these findings suggest a close relationship
between the presence of active NPCIL1 and the
uptake, intracellular transport and esterification of
long-chain FAs.

In the current study, we also found that WT
mice fed a western diet under ezetimibe treatment
showed a reduced expression of DGAT1 and DGAT?2,
two %)rov:eins involved in TG synthesis, located in the
ER?), as well as a decreased expression of SCDI,
which is an important lipogenic factor associated with
dietary saturated fat-related obesity®®. SCD1 has been
reported to colocalize and interact with DGAT2%,
suggesting a mechanism of the incorporation of endog-
enously synthesized FAs into TG. Therefore, ezetimibe
might also decrease PHTG in WT mice fed a western
diet by reducing the formation of TG in intestinal
cells.
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Interestingly, in CD36KO mice, ezetimibe
administration inhibited only FATP4 expression in
the steps prior to CM assembly to reduce PHTG, but
not FABP2, nor any of the proteins involved in TG
production, as in WT mice, which might suggest that
FATP4 could play an essential role in FA metabolism
in the CD36KQ model, different from WT mice,
which also supports the idea that intestinal lipid
metabolism in CD36KO mice is different from in
WT mice.

On the other hand, we found that ezetimibe
administration reduced ApoB mRNA in both treated
groups, and moreover, ezetimibe decreased the mRNA
levels of apobecl in CD36KO mice and Apobecl
complementary factor (ACF) in WT mice. Whether
ezetimibe decreased ApoB48 mass in lymph only by
inhibiting the transcription or by enhancing the post-
transcriptional degradation of ApoB is not known yet,
and further examination will be required to gain a bet-
ter understanding of intestinal ApoB metabolism.

Apobecl is the catalytic subunit of the ApoB
editing complex; in the absence of apobecl, there is
no ApoB mRNA edition; apobecl KO mice lack
ApoB48, and the only ApoB found in this model is
ApoB100%®. In our study, ezetimibe decreased apo-
becl mRNA significantly in CD36KO mice; however,
we did not find any traces of ApoB100 in the intesti-
nal lymph collected; therefore, we presume that ApoB
mRNA edition was not so low as to make the entero-
cytes produce ApoB100-containing lipoproteins, but
decreased enough to reduce the production of ApoB48
which, in addition to the presence of low TG as a sub-
strate, led to reduced CM production.

Apobecl complementary factor (ACF), the RNA-
binding subunit of the editing complex, interacts with
both apobecl and ApoB mRNA, positioning the
ApoB mRNA structure in the optimal configuration
to expose the C residue to apobecl, and it has been
proposed to be responsible for the specificity of the
reaction®, and a stabilizer for apobec1®?. It has been
proposed that ACF plays a pivotal role independent of
apobecl, since attempts to generate ACF KO mice
were not successful beyond the blastocyst state, and
siRNA knockdown of ACF in rat and human cells
induced an increase in apoptosis. In heterozygote ACF
KO mice, ACF protein was found to be decreased in
the small intestines; however, intestinal ApoB mRNA
edition was not compromised3”. From this evidence,
we could not draw the conclusion that the lowering
effect of ezetimibe on the expression of ACF would be
actually relevant to ApoB mRNA edition and the pro-
duction of CM in WT mice.

We have summarized in Fig.6 the possible



Ezetimibe Mechanisms in Postprandial Hypertriglyceridemia 923

Liver = LoLr{ == 1pL|

Fatty (Cholesterol pool

Acids reduced)

DG, TG

&

®_ 6 DGAT1
e © Absorption of FFAst ¢ |

@ FABP1 "e_e DCATZ|

FATP4 } . cMm
Remnantsl

FABP2

Ezetimibe

TG l ‘
OQ

MTP Plasma
o+>@®
cm| cm |
Lymph

Fig.6. Possible Mechanisms for the Inhibitory Effect of Ezetimibe on Postprandial Hypertriglyceridemia.

Administration of ezetimibe alone reduces PHTG by inhibiting cholesterol absorption and the expression of
genes involved in the uptake, intracellular trafficking and metabolism of long-chain FAs (FATP4 in both WT
and CD36KO mice and FABP2 in WT mice only), as well as by decreasing the formation of TG (SCD1,
DGAT1 and DGAT?2 in WT mice) and the expression of apoB (both WT and CD36KO mice), necessary for
the production of ApoB48-containing lipoproteins in the small intestine. Furthermore, reduced cholesterol
influx to the liver may lead to the up-regulation of hepatic LDL receptor, resulting in the enhanced catabolism

of LDL and CM remnants.

mechanisms for the inhibitory effect of ezetimibe
treatment on postprandial hypertriglyceridemia. The
administration of ezetimibe alone reduces PHTG by
inhibiting cholesterol absorption and the expression of
genes involved in the uprtake, intracellular trafficking
and the metabolism of long-chain FAs (FATP4 in
both WT and CD36KO mice and FABP2 in WT
mice only), as well as by decreasing the formation of
TG (SCD1, DGAT1 and DGAT?2 in WT mice) and
the expression of ApoB (both WT and CD36KO
mice) necessary for the production of ApoB48-con-
taining lipoproteins in the small intestine. Further-
more, reduced cholesterol influx to the liver may lead
to the up-regulation of hepatic LDL receptor, resulting
in the enhanced catabolism of LDL and CM remnants.

In conclusion, ezetimibe alone reduces PHTG in
mouse models of MetS by inhibiting cholesterol
absorption and uptake, intracellular trafficking and
the metabolism of long-chain FAs, as well as decreas-
ing the formation of TG and the expression of apoB,
necessary for the production of apoB48-containing

lipoproteins in the small intestine. Thus, ezetimibe
strongly attenuates the intestinal production of CM,
resulting in the inhibition of PHTG, which may even-
tually lead to the reduction of atherosclerosis in both
animal models and humans.
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Three mammalian isoforms of heterochromatin protein 1
(HP1), e, B, and 1, play diverse roles in gene regulation. Despite
their structural similarity, the diverse functions of these isoforms
imply that they are additionally regulated by post-translational
modifications. Here, we have identified intermolecular disulfide
bond formation of HP1 cysteines in an isoform-specific manner.
Cysteine 133 in HP1a and cysteine 177 in HP1y were involved in
intermolecular homodimerization. Although both HPla and
HP1y contain reactive cysteine residues, only HP1+vy readily and
reversibly formed disulfide homodimers under oxidative condi-
tions. Oxidatively dimerized HP1y strongly and transiently
interacted with TIF1, a universal transcriptional co-repressor.
Under oxidative conditions, HP1y dimerized and held TIF18 in
achromatin component and inhibited its repression ability. Our
results highlight a novel, isoform-specific role for HP1 as a sen-
sor of the cellular redox state.

Heterochromatin protein 1 (HP1) was originally character-
ized as an abundant protein that binds pericentric heterochro-
matin (1). HP1 acts as a scaffold-like molecule, which is com-
posed of two conserved domains as follows: the chromodomain
(CD)? and the chromoshadow domain (CSD). The variable
hinge region separates these two domains (2). The CD recog-
nizes methylated lysine 9 of histone H3 (H3K9), which recruits
HP1 to specific sites within the genome (3-5). The CSD pro-
motes HP1 homodimer formation and provides a surface for
interaction with a variety of other chromatin proteins (6, 7).
Although genetic experiments previously revealed that HP1
works as a repressor of gene activation by propagation of a
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heterochromatin structure, emerging evidence has elucidated
its diverse functions other than gene silencing (8). Some of
these functions are regulated in an isoform-specific manner (9).

In vertebrates, three isoforms of HP1 exist as follows: a, 3,
and v, all of which share highly conserved domains. Tethering
any HP1 isoform upstream of a promoter equally triggers gene
silencing concomitant with local chromatin condensation and
an increase in H3K9 methylation (10-12), indicating their
common silencing ability. However, nonredundant functions
(13, 14), different binding affinities to other proteins (15-17)
and different localizations in tissues (18, 19), of these three HP1
isoforms imply that «, B, and 7y are functionally diverse. Fur-
thermore, recent evidence clarified apparently opposite func-
tions of HP1 isoforms, e.g. a role in transcriptional activation or
in transcriptional elongation (20, 21). One mechanism that
could account for such functional diversity of HP1 isoforms is
post-translational modification, which could cause conforma-
tional changes in the molecule. In fact, reversible modifications
of HP1 (e.g. phosphorylation) can modulate its function in
response to various stimuli or cellular environments, suggest-
ing an active role for HP1 beyond its known function as a
marker of heterochromatin (17, 22). However, the precise mod-
ulatory mechanism across three HP1 isoforms that leads to
functional differences remains to be elucidated.

Here, we identified isoform-specific disulfide bond forma-
tion as a novel post-translational modification of HP1. We ana-
lyzed the biochemical and functional characteristics of this oxi-
dative modification. These data may offer a new insight into a
novel role for HP1 during the cellular response to oxidative
stress.

EXPERIMENTAL PROCEDURES

Materials—We used the following commercially available
materials for Western blotting: anti-HPla (H2164, Sigma;
19s2, Millipore); anti-HP13 (MAB3448, Chemicon); anti-HP1vy
(42s2, Millipore); anti-FLAG M2-peroxidase antibody (Sigma);
anti-histone H3 (ab1791, Abcam); anti-GAPDH (MAB374,
Chemicon); and anti-TIF1B (4123, Cell Signaling). We also
used anti-FLAG M2 affinity gel for immunoprecipitation. We
used menadione (Sigma), H,0, (Wako), and hydroxytamoxifen
(4-OHT) (Sigma) for cell treatment.

Cell Fractionation—Cells were lysed with hypotonic lysis
buffer (10 mm HEPES, pH 7.9, 1.5 mm MgCl,, and 10 mm KCl)
with 0.5% Nonidet P-40 and centrifuged at 20,000 X g for 5 min.
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The supernatant was collected as the cytosolic fraction. Extrac-
tion buffer (20 mm HEPES, pH 7.9, 1.5 mm MgCl,, 0.42 m NaCl,
0.2 mm EDTA, 25% glycerol) was added to the pellet, and ultra-
sonic agitation was performed (30-s sonication with 30-s interval,
4-6 times at 0°C; Bioruptor, CosmoBio). The suspension was
incubated for 15 min at 4 °C and centrifuged at 20,000 X g for 10
min. The supernatant was collected as the nuclear extract.

Column Chromatography—For anion exchange, whole cells
were lysed with buffer A (20 mm Tris, pH 8.0, 5% acetonitrile)
containing 5 mm EDTA and 1% Nonidet P-40 and incubated at
4°C for 15 min. The lysate was centrifuged at 20,000 X g for 5
min, and the supernatant was filtered and loaded onto an
anion-exchange column (Q-Sepharose High Performance, GE
Healthcare) pre-equilibrated with buffer A. After unbound
samples were washed, protein was eluted with a linear gradient
(0-100%) of buffer B (buffer A with 1.0 m NaCl). For reverse-
phase HPLC, purified protein samples and nuclear extracts
were prepared with 0.3% trifluoroacetic acid (TFA) and 20%
acetonitrile and applied to a phenyl reverse-phase column
(4.6 X 250 mm; Nakalai Tesque). Bound proteins were eluted
by a segmented linear gradient of increasing concentrations of
buffer B (acetonitrile and 0.1% TFA) in buffer A (0.1% TFA) ata
flow rate of 0.5 ml/min. Buffer B was increased at a rate of
1.0%/fraction (fast gradient) or 0.2%/fraction (slow gradient).
Collected fractions were dried by a centrifugal evaporator and
reconstituted with SDS sample buffer with or without 2.5%
2-mercaptoethanol (reducing or nonreducing conditions,
respectively).

Triton Extraction—Triton extraction was carried out as
described previously with modification (23). Cells were lysed
with a hypotonic lysis buffer with 0.5% Nonidet P-40 and cen-
trifuged at 20,000 X g for 5 min (as described above). The pellet
was lysed in extraction buffer with 0.2% Triton X-100, incu-
bated on ice for 30 min, and centrifuged at 20,000 X g for 5 min.
The supernatant was kept as a Triton-soluble fraction. The
remaining pellet was lysed in SDS sample buffer (250 mm Tris,
5% SDS, and 5% glycerol) with or without 2.5% 2-mercaptoeth-
anol (reducing or nonreducing conditions, respectively), and
ultrasonic agitation was performed as described above. After
centrifugation at 20,000 X g for 5 min, the supernatant was kept
as a Triton-insoluble fraction.

RNAi Knockdowns and Generation of HEK293T Stable Cells—
Lentiviral particles derived from the pLKO.1-puro-containing
shRNA sequence were purchased from the Mission shRNA
library (Sigma). The oligonucleotide sequences of the shRNA
were as follows: shRNA-6, CGACGTGTAGTGAATGGG-
AAA; and shRNA-7, GCGTTTCTTAACTCTCAGAAA. Len-
tiviral particles were used to transduce human umbilical vein
endothelial cells (HUVECs) or HEK293T cells in the presence
of 8 ug/ml Polybrene. To generate a HEK293T stable cell line,
the infected cells were selected with 1 ug/ml puromycin. The
stable cells in which HP1y was almost completely depleted
were next transfected with pEF-DEST51 HP1y-FLAG WT or a
C177S mutant (cloned from murine cDNA and resistant to
shRNA), and the stable cells were selected with 5 ug/ml
blasticidin.

GAL4-luciferase Reporter Assay—pC3-ERHBD-GAL4 or
pC3-ERHBD-GAL4-KAP1 (TIF1B) with pGL4.31-PSV40-
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GAL4UAS were transfected using Lipofectamine 2000 into
subconfluent HEK293T stable cells that were passaged 1 day
before transfection. After 24 h, 0.04% ethanol or 4-OHT (500
nMm) was added to the culture medium. Forty eight h after trans-
fection, luciferase activity was measured by a luminometer
(Lumat LB9507). Intranuclear mRNA levels of luciferase were
measured as follows. Twenty four h after transfection, 4-OHT
(500 nm) was added to the culture medium. Forty eight h after
transfection, cells were lysed with a hypotonic lysis buffer with
0.5% Nonidet P-40 and centrifuged at 20,000 X g for 5 min (as
described above). From the nuclear pellet, total RNA was iso-
lated using RNA-Bee (Cosmo Bio). Total RNA was treated with
DNase (Turbo DNA-free, Applied Biosystems) and was
reverse-transcribed using a high capacity cDNA reverse tran-
scription kit (Applied Biosystems). Luciferase mRNA levels
were measured by real time quantitative PCR (SYBR Green ER,
Invitrogen). Firefly luciferase cDNA was amplified using the
following primers: 5-TACCCACTCGAAGACGGGAC-3'
and 5'-ACTCGGCGTAGGTAATGTCCACCTC-3'. Human
18 Sribosomal RNA was measured using the following primers:
5'-GTAACCCGTTGAACCCCATT-3" and 5'-CCATCCAA-
TCGGTAGTAGCG-3'. The relative levels of luciferase mRNA
were normalized to the mRNA levels of 18 S ribosomal RNA.

RESULTS

HPIlo Forms Dimers via Disulfide Bonds through Cysteine
133—During purification of HP1a in our previous work (24),
we found that endogenous HPla separates into two peaks by
fractionation using reverse-phase HPLC. To confirm this find-
ing, we fractionated whole cell lysates from HEK293T cells
using two-step column chromatography (Fig. 1A4). Endogenous
HPla was eluted at a salt concentration ranging from 0.3 to
0.35 M on a Q-Sepharose anion-exchange column (Fig. 1D, top
panel). We applied this single peak to a reverse-phase column.
After elution with a fast gradient, HP1a was still detected as a
single peak (Fig. 1D, 2nd panel). However, when eluted with
a slow gradient, HP1« separated into two peaks representing a
hydrophilic and a hydrophobic form (Fig. 1D, 3rd panel). Two
other HP1a antibodies against different epitopes also detected
both bands (data not shown), suggesting that these were bio-
chemically different forms of HP1a. Even after direct fraction-
ation of the nuclear extract, which includes the bulk of HP1a
protein (Fig. 1B), endogenous HP1a showed a similar bimodal
distribution (Fig. 1D, 4th panel). In other primary cells
(HUVECs, neonatal rat cardiomyocytes, and rat cardiac fibro-
blasts), similar bimodal peaks were observed (supplemental
Fig. S1). In contrast, recombinant HP1a expressed in Esche-
richia coli (Fig. 1C) exhibited only one peak with elution char-
acteristics similar to those of the hydrophilic peak under the
same separating condition used for the endogenous protein
(Fig. 1D, bottom panel). These data suggest that two different
forms of HP1a endogenously exist in multiple cell types and
that the late-eluted hydrophobic species may be a post-transla-
tionally modified form.

To further elucidate the molecular characteristics of these
two forms of HP1e, we used recombinant FLAG-tagged HP1a
(HP1a-FLAG). As with endogenous HPla, HPla-FLAG
existed mainly as a nuclear protein (Fig. 1E) and exhibited the
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FIGURE 1. Endogenous HP1a shows a bimodal distribution after protein purification by reverse-phase HPLC. The late-eluted fraction of HP1a is
oxidatively modified to form a disulfide bond. A, schematic representation of HP1« purification from cell lysates using sequential column chromatog-
raphy. B, equal quantities of cytosolic and nuclear fractions from HEK293T cells were resolved by SDS-PAGE and probed with the indicated antibodies.
C, GST-HP1aexpressedin E. coliwas purified and cleaved by Factor Xa (upper panel) and detected with anti-HP1a antibody (lower panel). D, HEK293T cell
lysate was fractionated by a Q-Sepharose HP anion-exchange column. Eluted fractions were resolved by reducing SDS-PAGE and probed with anti-HP1a
antibody (top panel). The x axis at the upper edge indicates salt concentration. HP1a fractions eluted from the anion-exchange column were next applied
to a phenyl reverse-phase column. The fractions were eluted by a fast gradient (buffer B, 1.0% increase of acetonitrile concentration/fraction, 2nd panel
from the top) or by a slow gradient (buffer B, 0.2%/fraction, 3rd panel from the top). Nuclear extraction from HEK293T cells (4th panel from the top) or HP1a
purified from E. coli (bottom panel) was fractionated with the same slow gradient. The eluted fractions were resolved by reducing SDS-PAGE and probed
with anti-HP1a antibody. £, equal quantities of cytosolic and nuclear fractions from HEK293T cells expressing HP1a-FLAG were resolved by SDS-PAGE
and probed with the indicated antibodies. F, nuclear extract from HEK293T cells expressing HP1a-FLAG was directly applied to a reverse-phase column,
and the eluted fractions were resolved by reducing SDS-PAGE and probed with the indicated antibodies. G, diagrams of the representative deletion
mutant or point mutant of the HP1« protein during stepwise mutation analysis (left column). Nuclear extractions from HEK293T cells expressing each
mutant protein were fractionated by reverse-phase HPLC, resolved by SDS-PAGE, and probed with anti-FLAG antibody (right column). H, endogenous
HP1a was purified from the HEK293T cell lysate as shown in A. The fractions eluted from the reverse-phase column were resolved by SDS-PAGE under
nonreducing conditions and probed with anti-HP1a antibody. /, nuclear extract from HEK293T cells was incubated with 2 mm DTT or 2.5% 2-mercap-
toethanol (ME) for 30 min at 4 °C and then applied to a reverse-phase column. The eluted fractions were resolved by SDS-PAGE and probed with
anti-HP1a antibody. D and F-/, the x axis at the lower edge indicates fraction numbers.
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same bimodal distribution after reverse-phase HPLC (Fig. 1F).
Thus, we concluded that HP1a-FLAG undergoes the same
modification as endogenous HP1e, validating the use of the
tagged protein for further analysis. Initially, we attempted to
detect the specific modification directly by matrix-assisted
laser desorption/ionization and time-of-flight mass spectro-
metry (MALDI-TOF/MS) (supplemental Fig. S2, A-C). Although
we detected peptide masses from both fractions corresponding
to ~75% of the entire HP1a sequence (supplemental Fig. S2B),
we did not detect any distinct features in the mass spectra
under two different digestion conditions (trypsin or Asp-N)
(supplemental Fig. S2C). We next tried to detect a modified
residue by making multiple, stepwise mutations throughout the
entire HPla molecule. We hypothesized that HP1a-FLAG
lacking the modified residue would fractionate into a single
peak by reverse-phase HPLC. First, we thoroughly screened the
CD and hinge region, both of which are reported to be post-
translationally modified (17, 22). However, we could not deter-
mine any specific amino acid residue from the mutational anal-
ysis (supplemental Fig. S2D). Second, we screened the CSD
(supplemental Fig. S2E) and found that a deletion mutant lack-
ing residues 119-150 (A119-150) was eluted as a single peak.
We further narrowed down the deleted sequence 119 -150 and
finally found that a mutant in which cysteine 133 (Cys-133) was
replaced by alanine (C133A) was eluted as a single peak (Fig.
1G). These data suggest that the single cysteine 133 residue is
responsible for the separation of the hydrophobic fraction of
HPla.

Among post-translational modifications of cysteine, oxida-
tion is a common feature. The thiol side chain can be oxidized
to sulfenic acid (-SOH), sulfenyl amide (-SN), a disulfide bond
(=SS-) or an irreversibly oxidized form (25). We examined the
electrophoresis pattern of the two separated fractions of HP1«
under nonreducing conditions and found that the hydrophobic
form of HP1a shifted to a molecular weight twice its size, indi-
cating that this HP1a formed a homodimer (Fig. 1H). In con-
trast, the mobility of the hydrophilic HP1a was unchanged.
Because this dimer was nondissociable both under the strong
acidic conditions of the reverse-phase HPLC and under the
denaturing conditions during SDS-PAGE, it seemed to be
linked by a covalent bond. Pretreatment with reducing agents,
such as 2 mm DTT or 2.5% 2-mercaptoethanol, completely
abolished the hydrophobic fraction (Fig. 1/). Taken together,
these data suggest that endogenous HP1a dimerizes by inter-
molecular disulfide bond formation via Cys-133.

HPIla and HP1vy Both Possess an Isoform-specific Cysteine
Residue for Disulfide Bond Formation—The sequence identity
among the three HP1 isoforms is remarkably high (Fig. 24),
with up to 80% homology in the CSD. However, Cys-133 is
specific to HP1aand is replaced by a serine in HP18 and HP1y
(highlighted in red in Fig. 2A). Therefore, we evaluated whether
this oxidative modification was specific for HP1a. Endogenous
HP1B was fractionated as a single peak by reverse-phase HPLC.
However, endogenous HP1y was isolated as two separate peaks
(Fig. 2B). Both the hydrophilic and the hydrophobic fractions of
HP1y were eluted independently of those of HP1a suggesting
that these two isoforms did not interact with each other during
reverse-phase HPLC fractionation. Similar to HP1a, the hydro-

31340 JOURNAL OF BIOLOGICAL CHEMISTRY

346

phobic form of HP1vy also dimerized (Fig. 2C). HP1 contains
only two cysteines, both of which are conserved among the
isoforms (Cys-59 and Cys-160 of HP1a; highlighted in blue in
Fig. 2A). HP1vy has three cysteines, and one of the cysteines,
Cys-177, is an isoform-specific residue located in the C termi-
nus of the CSD. This residue is replaced by tyrosine in HP1a
and HP1 (highlighted in red in Fig. 24). Mutational analysis of
these cysteine residues revealed that only isoform-specific Cys-
133 of HP1a and Cys-177 of HP17y were involved in dimeriza-
tion (Fig. 2D). Mutating the corresponding residues of HP1,
Ser-129 (matched to Cys-133 of HP1a) or Tyr-173 (matched to
Cys-177 of HP1v), to cysteines created the late-eluted hydro-
phobic form (Fig. 2E). These hydrophobic forms of HP13
dimerized similarly with HP1a and HP1vy (Fig. 2F). The other
two HP1B mutants, S141C and S162C, did not form disulfide
bonds. Together, these data suggest that even though their
overall structures are highly conserved, endogenous HP1a and
HP1vy possess isoform-specific cysteine residues involved in the
intermolecular disulfide bond formation. These two positions
of the disulfide-linked cysteines are structurally sensitive to oxi-
dation within the CSD.

HPI1vy Is More Sensitive to Oxidation than HPIlo in Vitro—
We tested whether the differences in the positions of the mod-
ified cysteine residues between HPla and HP1y influenced
their sensitivity to oxidation iz vitro. Under mild oxidative con-
ditions, only a low level of dimerized HP1a was detected even
after a long exposure to air oxidation (Fig. 34, left panels). In
contrast, under the same conditions, HP1+y was easily oxidized
to form disulfide bonds (Fig. 34, right panels). Treatment with
DTT reversed the disulfide formation of HP1vy. These data indi-
cate that HP1vy is more sensitive to oxidation and more readily
forms a disulfide dimer in vitro.

Using purified and oxidized HP1y-FLAG, the intermolecular
disulfide bond was confirmed by MALDI-TOF/MS analysis.
The late-eluted dimerized fraction of HP1y-FLAG was resolved
by nonreducing SDS-PAGE, and the excised band was divided
into two samples. One sample was reduced, carbamidomethy-
lated with iodoacetamide, and digested by trypsin. The other
sample was directly digested without pretreatment. The ex-
pected digested peptide, including Cys-177, consisted of the C
terminus of HP1y and lysine residue within the linker peptide
(Fig. 3B). The mass spectrum peak of 3084.32, which was
detected only in the nonreduced sample, corresponded to the
estimated mass of the dimeric peptide connected by a disulfide
bond via Cys-177 (3084.35) (Fig. 3C, upper panel). In contrast,
the peak at 1600.68, which was detected only in the reduced
sample, corresponded to the estimated mass of the monomeric
peptide, including carbamidomethylated Cys-177 (1600.71)
(Fig. 3C, lower panel). No other significant mass spectral peaks
from the intermolecular disulfide bond were detected.

HP1v, but Not HP1«, Readily Forms Disulfide Bonds under in
Vivo Oxidative Conditions—We assessed whether this oxida-
tive modification was promoted under in vivo oxidative condi-
tions using a pro-oxidant agent, 2-methyl-1,4-naphthoquinone
(menadione), which caused oxidative stress in cells (Fig. 44)
(26). Menadione treatment caused a dose- and time-dependent
increase in the disulfide bond formation of HP1+y in COS7 cells
(Fig. 4B, left two panels). The disulfide dimerization of HP1y
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FIGURE 2. Both HP1a and HP 1y possess isoform-specific cysteine residues that are oxidatively modified to form disulfide bonds. A, amino acid
sequence alignmentamong mouse HP1 isoforms. Crosswise two-headed arrows indicate the N-terminal CD and C-terminal CSD. The bold blue arrow and
bold white line along the CSD indicate B-sheet and a-helix, respectively. Blue highlights represent the following: two cysteine residues conserved among
the HP1 family (Cys-59 and Cys-160; HP1a). Red highlights represent the following: position of the cysteine residue specific to HP1a (Cys-133) or HP1 v
(Cys-177). The arrowhead indicates the position of the mutated HP1p serine residue (shown in E). B, nuclear extract from HEK293T cells was directly
applied to a reverse-phase column, and the eluted fractions were resolved by SDS-PAGE and probed with anti-HP1a, -, or -y antibodies. The immu-
noblotting procedure was performed by consecutive stripping and reprobing with each antibody of the same membrane. The upper band of fraction 20
in the bottom panel (arrowhead) indicates the residual signal from hydrophilic HP1a. C, hydrophobic fractions of HP1y purified from HEK293T cells (as
shown in Fig. 14) were resolved by SDS-PAGE under reducing or nonreducing conditions and probed with anti-HP1y antibody. D, nuclear extract from
HEK293T cells expressing each HP1a-FLAG (top three panels) or HP1y-FLAG (bottom three panels) with a cysteine-to-serine mutation was fractionated by
reverse-phase HPLC, resolved by SDS-PAGE, and probed with anti-FLAG antibody. £, nuclear extract from HEK293T cells expressing HP1B8-FLAG with
each serine-to-cysteine or tyrosine-to-cysteine mutation was fractionated by reverse-phase HPLC, resolved by SDS-PAGE, and probed with anti-FLAG
antibody. F, late-eluted hydrophobic fraction of the HP18-FLAG mutant (5129C or Y173C) was resolved by reducing or nonreducing SDS-PAGE and
probed with anti-FLAG antibody. B-E, the x axis at the lower edge indicates fraction numbers.
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FIGURE 3. HP1vy is more sensitive to oxidation than HP1a in vitro. MALDI-TOF/MS analysis confirms the disulfide bond formation of HP1+y via Cys-177.
A, HP1a-FLAG or HP1y-FLAG expressed in COS7 cells was purified by an anion-exchange column and further fractionated by reverse-phase HPLC. The HPLC
absorption pattern profiles at 214 nm are shown. Black or white arrowheads indicate the fraction of hydrophilic (monomer) or hydrophobic (dimer) forms of
HP1, respectively. HP1a-FLAG was fractionated by reverse-phase HPLC immediately after anion exchange (left top) or after air oxidation at 4 °C for 48 h or 14
days. HP1y-FLAG was fractionated immediately after anion exchange (right top) or after air oxidation at 4 °C for 48 or 96 h. The HP1y-FLAG oxidized for 6 days
was incubated with 2 mm DTT at 4 °C for 1 h and fractionated by reverse-phase HPLC (right bottom). B, C-terminal structure of HP1y-FLAG. Arrowheads indicate
the trypsin digestion positions. C, mass spectra from MALDI-TOF/MS analysis of nonreduced (upper panel) or reduced, carbamidomethylated (lower panel)
HP1y-FLAG. The expected sequence and estimated mass (m/z) of the digested peptide are shown.

was rapidly formed within minutes and was only formed via
Cys-177 (Fig. 4C). The I165E mutation, which inhibits both
noncovalent a-helix dimer formation and proper nuclear local-
ization (6-7), decreased, but not completely, the amount of
disulfide dimers of HP1vy (supplemental Fig. S3A). These data
suggest that the oxidative dimerization of HP1y requires the
proper localization and formation of constitutive, noncovalent
dimers.

In contrast to HP1v, an increase in dimerized HP1a was not
observed under the same in vivo oxidative conditions (Fig. 4B,
right panel). The dimerized forms of HPla and HP1y under
basal conditions were almost undetectable without using the
large scale purification shown in Fig. 1 because of their rela-
tively low abundance before oxidant treatment. Menadione
treatment promoted HP1vy dimerization in various cells, but
the extent of dimerization varied among cell types (supple-
mental Fig. S3B), suggesting that the reactivity of HP1+y to reac-
tive oxygen species stimulation varied according to cell type.
In each cell, an increase in dimerized HP1a was not observed
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(data not shown). These results demonstrate that there is a
clear difference in oxidation sensitivity among HP1 family
members. Although both HP1a and HP1y have oxidation-
sensitive cysteines in their sequences, HP1vy perceives oxida-
tive conditions and is able to more readily form a disulfide
dimer than HP1a.

In HEK293T cells, the dimerized HP1y was subsequently
reduced to the monomer form after removal of the oxidant (Fig.
4D, upper panel), but HP1y remained dimerized when contin-
uously exposed to the oxidants (Fig. 4D, lower panel), suggest-
ing that this oxidative modification was reversible.

H,0,, known as an endogenous source of reactive oxygen
species, also promoted dimerization of HP1vy (Fig. 4E). This
effect of H,0, was relatively weak in HEK293T cells when com-
pared with the treatment of menadione. However, the same
concentration of H,O, substantially increased the amount of
dimerized HP1y in HUVEC:s (Fig. 4F, lower panel). Therefore,
we further examined the molecular characteristics of the disul-
fide dimerization of HP1+y using HUVECs.
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FIGURE 4. HP1y, but not HP1 ¢, readily forms disulfide bonds under oxidative conditions. A, after treatment with DMSO or 50 um menadione for 15 min,
COS7 cells were stained with 20 um dihydroethidium for 30 min and monitored by fluorescence microscopy. Bar, 100 um. B, COS7 cells treated with DMSO or
menadione under the indicated conditions were lysed, resolved by nonreducing (upper panel) or reducing (lower panel) SDS-PAGE, and probed with anti-HP1y
antibody. The same membrane was reprobed with anti-HP1a antibody (right panel). C, COS7 cells expressing each cysteine-to-serine mutant HP1y-FLAG were
treated with 50 um menadione for 15 min. Lysates were resolved by reducing (left panel) or nonreducing (right panel) SDS-PAGE and probed with anti-FLAG
antibody. D, HEK293T cells were treated with 75 um menadione for 15 min. Subsequently, the culture medium was exchanged for fresh medium (upper panel)
or kept unchanged (lower panel). After incubation for the indicated time, cell lysates were resolved by nonreducing SDS-PAGE and probed with anti-HP1y
antibody. E, HEK293T cells and HUVECs were treated with H,O, under the indicated conditions. Cell lysates were resolved by SDS-PAGE and probed with
anti-HP1vyantibody. B-£, cells were lysed with a buffer (10 mm Tris-HCl, pH 7.2, 150 mm NaCl, 1 mm EDTA, and 1% Nonidet P-40) containing 100 mm maleimide,

a thiol-alkylating agent, to prevent artifactual oxidation.

Under Oxidative Conditions, HP1vy Strongly and Transiently
Interacts with TIF1B3 and Holds It in a Chromatin Component—
The CSD of HP1, which includes Cys-177 at its C terminus,
creates a binding surface for other proteins (27). Therefore,
disulfide modification of HP1y may affect the interactions
between HP1 and HP1-binding proteins. Because many candi-
date effectors that bind to HP1 exist (8), we screened the
interacting proteins of HP1vy under oxidative conditions using
metabolically radiolabeled HUVECs expressing recombinant
HP1y-FLAG transduced with adenovirus. Among the co-im-
munoprecipitated proteins, one protein band was detected
after treatment with H,O, (Fig. 5A, arrowhead). The bound
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protein was purified and analyzed by MALDI-TOF/MS. The
amino acid sequence of the digested peptides corresponded to
TIF1p (also known as TRIM28 or KAP1), which is a universal
co-repressor of gene transcription and is a well known interact-
ing partner of HP1 (28 —31). Co-immunoprecipitation analysis
showed that endogenous HP1y strongly interacted with TIF13
in a dose-dependent manner after H,O, treatment (Fig. 5B).
TIF1B did not interact with HP1ywith a C177S mutation under
oxidative conditions, suggesting that the disulfide bond forma-
tion of HP1y enhanced the interaction of these proteins (Fig.
5C). When the oxidant was removed, TIF1p dissociated again
from HP1v, suggesting that this enhanced endogenous interac-
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FIGURE 5. HP1y strongly interacts with TIF13 and promotes translocation of TIF1p to a chromatin component when dimerized under oxidative
conditions. A, HUVECs expressing HP1y-FLAG (transduced by adenovirus) were metabolically labeled with [**S]cysteine and -methionine for 6 h. Nontrans-
duced cells were also labeled as a negative control. Forty eight h after transduction, the cells were treated with 100 um H,0, or control (water) for 10 min, lysed,
and immunoprecipitated with anti-FLAG M2 affinity gel. Bound samples were resolved by reducing SDS-PAGE and visualized by autoradiography. The arrow
indicates the protein band co-immunoprecipitated with HP1y-FLAG only under the oxidative conditions. B, lysates from HUVECs treated with control (water)
or H,0, for 10 min were immunoprecipitated (/P) with anti-HP1+y antibody. Bound samples were resolved by SDS-PAGE and probed with the indicated
antibodies. C, HUVECs expressing WT or C177S HP1+y-FLAG (transduced by adenovirus) were treated with 100 um H,O, for 10 min. Lysates were immunopre-
cipitated with anti-FLAG M2 affinity gel, and bound samples were resolved by SDS-PAGE and probed with the indicated antibodies. D, HUVECs were transiently
treated with 100 um H,0,. Lysates were immunoprecipitated with anti-HP1y antibody, and bound samples were resolved by SDS-PAGE and probed with
the indicated antibodies. E, structure of HP1 CSD noncovalent homodimer (blue and cyan) and PXVXL motif (yellow) complex (Protein Data Bank code
154z, modified using the WEB tool (43)). The position of Cys-177 in HP1+yis highlighted in red (black arrows). F, HUVECs were transiently treated with 100
M H,0,. Soluble and insoluble nuclear fractions were obtained using Triton extraction. Each sample was resolved by SDS-PAGE and probed with the
indicated antibodies. G, HUVECs were transduced with lentivirus expressing shRNA against HP1+y and adenovirus expressing shRNA-resistant HP1+y-
FLAG WT or C177S mutant. Triton-insoluble fractions from these cells after H,0, treatment were resolved by SDS-PAGE and probed with the indicated
antibodies.

tion was transient (Fig. 5D). Structurally, disulfide dimerization
via Cys-177 is formed at the C terminus of the CSD, just adja-
cent to the binding interface for the PXVXL motif, which is a
well characterized binding sequence in HP1-interacting pro-
teins, including TIF1p (Fig. 5E) (7).

We next examined the localization changes of these proteins
before and after oxidant treatment. No remarkable change in
localization was detected by immunostaining (data not shown).
However, biochemical analysis using Triton extraction verified
the TIF1B translocation. HP1y existed mainly in the Triton-
insoluble chromatin component, whereas TIF1B was distrib-
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uted both in the soluble and the insoluble components (Fig. 5F).
Under oxidative conditions, HP1y dimerized and was main-
tained in the insoluble components. Concomitant with HP1vy
dimerization, the insoluble component of TIF1B transiently
increased. The knockdown of endogenous HP1y combined
with the replacement by a C177S mutant of HP1y inhibited the
translocation of TIF1p, suggesting that HP1+y held TIF18 on
chromatin only when oxidized via Cys-177 (Fig. 5G). These
data suggest that the intracellular redox state is transduced to
the conformational and localization change of the repressor
complex via oxidative modification of HP1Yy.
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FIGURE 6. Dimerized HP1y under oxidative conditions inhibits the repression ability of TIF1. A, lysates from HEK293T cells treated with DMSO, 75 um
menadione, water, or 200 um H,0, for 15 min were immunoprecipitated (/P) with anti-HP1vy antibody. Bound samples were resolved by SDS-PAGE and probed
with the indicated antibodies. B, HEK293T cells stably expressing shRNA for HP1y and shRNA-resistant recombinant FLAG-tagged HP1vy were treated with
DMSO or 75 um menadione for 15 min. Cell lysates were resolved by nonreducing or reducing SDS-PAGE and probed with anti-HP1y antibody. D indicates
DMSO, and M indicates 75 um menadione. G, lysates from HEK293T stable cells transfected with an ERHBD-GAL4 or ERHBD-GAL4-TIF13 fusion protein were
resolved by SDS-PAGE and probed with the indicated antibodies (left panel). HEK293T stable cells were transfected with the plasmids encoding ERHBD-GAL4
or ERHBD-GALA4-TIF1B with the reporter plasmids. Twenty four h after transfection, 4-OHT was added to culture medium (500 nw). Forty eight h after
transfection, luciferase activity was measured (right panel). The relative value was corrected by the value of the cells transfected with ERHBD-GAL4 without
4-OHT induction. Student’s t test; *, **, p < 0.01. D, HEK293T stable cells expressing ERHBD-GAL4-TIF18 were treated with DMSO or 75 uM menadione for 15
min. Lysates were immunoprecipitated with anti-FLAG affinity gel. Bound samples were immunoblotted with anti-GAL4 antibody. D indicates DMSO, and M
indicates 75 um menadione. E, under the same conditions as C, luciferase transcription levels were determined both by protein enzymatic activity and
intranuclear mRNA levels measured by quantitative PCR. Student’s t test; *, **, p < 0.01. F, HEK293T stable cells expressing ERHBD-GAL4-TIF18 with 500 nm
4-OHT induction were treated with DMSO for 60 min or 75 um menadione for the indicated time. Intranuclear luciferase mRNA levels at each time point were
measured by quantitative PCR. The relative value was corrected by the value of the cells treated with DMSO. Two-way repeated measure analysis of variance;
¥, p <0.05. The means * S.D. as indicated by the error bars were determined from three independent experiments.

Dimerized HP1vy under Oxidative Conditions Inhibits the Re-
pression Ability of TIFIB—To clarify whether the repression
ability of TIF1B was promoted or inhibited when trapped by
HP1vy under oxidative conditions, we used a GAL4-based tran-
scriptional reporter assay. In HEK293T cells, menadione treat-
ment promoted the disulfide dimerization of HP1y and the
interaction between HP1+y and TIF1B more prominently than
H,0, treatment (supplemental Fig. S3B and Figs. 4E and 6A4).
Therefore, we used menadione treatment for further analysis in
HEK293T cells. We generated HEK293T cells stably expressing
shRNA for HP1y and shRNA-resistant recombinant FLAG-
tagged HP1y WT or C177S mutant. In these cells, endogenous
HP1+y was almost completely depleted and was replaced by the
dimerizable or undimerizable recombinant proteins (Fig. 6B).
To evaluate the transcriptional repression ability of TIF13, we
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transfected the plasmids encoding ERHBD-GAL4 as a control
or ERHBD-GALA4-TIF1p fusion protein with the reporter plas-
mids in these cells (12, 32). The transcriptional regulatory activ-
ity of the ERHBD fusion protein is post-translationally con-
trolled by the addition of 4-OHT to the culture medium (12).
In our experimental conditions where ERHBD-GAL4 and
ERHBD-GAL4-TIF1B were equally expressed (Fig. 6C, left
panel), only ERHBD-GAL4-TIF18 repressed transcription of
luciferase with 4-OHT (500 nMm) in the HEK293T stable cells
(Fig. 6C, right panel). The extent of repression was similar
between the cells expressing either the HP1y-FLAG WT or the
C177S mutant under nonoxidative conditions. When the cells
were treated with menadione, HP1y-FLAG WT strongly inter-
acted with ERHBD-GAL4-TIF1B as was similarly observed
with endogenous proteins (Fig. 6D). To examine the transcrip-
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tional change of the luciferase gene under oxidative conditions,
we measured the intranuclear mRNA levels of luciferase by
quantitative PCR instead of luciferase protein enzymatic activ-
ity (Fig. 6E). We chose this end point because the oxidation of
HP1vy was too rapid to properly evaluate its effect on luciferase
transcription by measuring luciferase protein enzymatic activ-
ity. Under these conditions, menadione treatment relieved the
levels of luciferase transcription repressed by ERHBD-GAL4-
TIF1B in the cells expressing HP1y-FLAG WT but did not
relieve the levels in the cells expressing the C177S mutant (Fig.
6F). These data suggest that dimerized HP1+y under oxidative
conditions inhibits the repression ability of TIF1p.

It remained unclear whether the intranuclear redox-sensing
mechanism through the oxidative modification of HP1vy plays a
role in the cellular response to extrinsic oxidative stress.
Therefore, we assessed the effect of this modification on cell
survival under oxidative conditions using HEK293T cells stably
expressing shRNA against HP1y (supplemental Fig. S4A).
Depletion of HP1y using shRNA uniformly decreased cell via-
bility under oxidative conditions induced by menadione treat-
ment (supplemental Fig. S4B). For a rescue experiment, these
stable clones were transduced with an adenoviral vector encod-
ing WT HP1y-FLAG or C177S HP1y-FLAG. Both HP1y vec-
tors were cloned from murine cDNA and were resistant to
shRNA against human HP1vy. Transduction of both adenovi-
ral constructs at a multiplicity of infection of 20 resulted in
nearly equal expression of recombinant HP1vy with endoge-
nous HP1vy and yielded a similar disulfide dimerization pat-
tern (supplemental Fig. S4C). Under these conditions, WT
HP1y-FLAG rescued cell viability after menadione treatment
in each stable clone, but the C177S HP1y-FLAG mutant did not
rescue cell viability (supplemental Fig. S4D). These results sug-
gest that HP1vy disulfide dimerization plays a pivotal role in cell
survival under oxidative conditions.

DISCUSSION

In this study, we identified isoform-specific disulfide bond
formation, which is a novel post-translational modification of
HP1, using a unique column chromatography method. Bio-
chemical analysis revealed two isoform-specific reactive cys-
teine residues, cysteine 133 in HP1a and cysteine 177 in HP1y.
In particular, HP1y readily and reversibly formed disulfide
dimers under oxidative conditions. Dimerized HP1y strongly
interacted with TIF18 and held it in a chromatin component.
The GAL4 tethering repression assay revealed that the tight
interaction of the repressor proteins had a reversing effect for
transcriptional repression.

Several post-translational modifications of HP1 have been
reported. Specifically, the linker region between the CSD and
CD is highly amenable to post-translational modifications,
especially phosphorylation that affects silencing activity or
nuclear location of HP1 (17, 33—35). Also in the CD, Thr-51 of
HP1pB has been shown to be phosphorylated in response to
DNA damage (22). More recently, a comprehensive proteomic
analysis revealed that all HP1 isoforms are highly modified by
phosphorylation, acetylation, methylation, and formylation
both in the CD and in the CSD (36). Prior to this study, however,
no oxidative modification of HP1 had been identified. Because
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oxidative modifications at cysteine residues would be easily dis-
rupted under reducing conditions, such modifications may be
detected only by the unique HPLC-based method used in this
study and not by ordinary mass spectrometry analysis.

Both isoform-specific cysteines involved in forming disulfide
bonds reside in a structurally flexible region of the CSD. Cys-
133 of HP1a lies in the long loop between the B1 and 82 sheets,
and Cys-177 of HP1vy lies in the C-terminal region. Introducing
cysteine residues into these flexible sites of HP1p conferred the
ability to form disulfide bonds, suggesting that these sites have
specific structures in the oxidative center. Although both cys-
teines were reactive, a distinct difference of sensitivity to oxida-
tion existed. Each location of reactive cysteines and the sur-
rounding structure might determine the sensitivity of HP1a
and -7y to oxidation. Under both in vitro and in vivo oxidative
conditions, HP1vy readily formed disulfide bonds. In contrast,
only minimal disulfide formation of HPla by oxidation was
observed under our experimental conditions. The reactivity of
HP1la under oxidation might be observed under different con-
ditions. Nonetheless, the isoform specificity and functional
importance of Cys-133 in HP1a has been reported previously
(15).

HP1 has been reported to form dimers via the CSD, but these
dimers are not mediated by disulfide bonds or other covalent
bonds (6, 37, 38). Thus, HP1 dimerizes in at least two ways. The
interface of the noncovalently linked dimer involves a symmet-
rical interaction on helix a2 of the CSD (27) and creates a non-
polar groove structure, which is a binding site for the PXVXL
motif in HP1-interacting proteins, such as TIF1p (Fig. 5E) (7).
Because reactive cysteine 177 in HP1v is located in the C ter-
minus adjacent to the groove structure, disulfide bond forma-
tion at this site likely affects the binding affinity of HP1vy.
Indeed, HP1vy strongly and transiently interacted with TIF1p3
and promoted its translocation to a chromatin component
stringently depending on the oxidative status of cysteine 177.
This rapid reacting mechanism to transduce cellular redox
state to a conformational change like a clear “on-off switch”
suggests that HP1y is a functional redox sensor.

During the cellular response to oxidative stress, an increase
in oxidants can trigger alterations in transcription levels
through direct activation or by promoting a change in the sub-
cellular localization of transcription factors by oxidizing reac-
tive cysteine residues (25). Among these oxidative responses,
the disulfide dimerization of HP1y demonstrated in this study
appears to be one of the most rapid transcriptional regulatory
mechanisms. TIF18 is a universal co-repressor for the Kriippel-
associated box domain containing the zinc finger protein
(KRAB-ZNF) family of transcription factors, and it is the major
protein binding the CSD of HP1 (28 —31). TIF1B also works as a
scaffold for the repressor complex, and its interaction with HP1
is essential for its repression activity (12, 39 —41). Recent find-
ings have revealed that the binding of HP1 to TIF1p is essential
for their coordinated function on the promoter of the endoge-
nous genes (42). Therefore, the reversing effect for the repres-
sive ability of TIF1B caused by HP1y disulfide dimerization
might be required for a short period of adaptation against oxi-
dative stress. Downstream genes regulated by these scaffold
complexes remain to be clarified in the future analysis.
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In conclusion, our study suggests that HP1 potentially acts as
arapid redox sensor, and it may connect the intracellular redox
state with transcriptional regulation under various physiologi-
cal conditions.
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This Review is part of a thematic series on Endoplasmic Reticulum Stress and Cardiac Diseases, which includes the
following articles:
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Biology of Endoplasmic Reticulum Stress in the Heart
Interrelationship Between Cardiac Hypertrophy, Heart Failure, and Chronic Kidney
Disease—Endoplasmic Reticulum

Masafumi Kitakaze, Guest Editor

Endoplasmic Reticulum Stress As a Therapeutic Target in
Cardiovascular Disease

Tetsuo Minamino, Issei Komuro, Masafumi Kitakaze

Abstract: Cardiovascular disease constitutes a major and increasing health burden in developed countries.
Although treatments have progressed, the development of novel treatments for patients with cardiovascular
diseases remains a major research goal. The endoplasmic reticulum (ER) is the cellular organelle in which
protein folding, calcium homeostasis, and lipid biosynthesis occur. Stimuli such as oxidative stress, ischemic
insult, disturbances in calcium homeostasis, and enhanced expression of normal and/or folding-defective proteins
lead to the accumulation of unfolded proteins, a condition referred to as ER stress. ER stress triggers the
unfolded protein response (UPR) to maintain ER homeostasis. The UPR involves a group of signal transduction
pathways that ameliorate the accumulation of unfolded protein by increasing ER-resident chaperones, inhibiting
protein translation and accelerating the degradation of unfolded proteins. The UPR is initially an adaptive
response but, if unresolved, can lead to apoptotic cell death. Thus, the ER is now recognized as an important
organelle in deciding cell life and death. There is compelling evidence that the adaptive and proapoptotic
pathways of UPR play fundamental roles in the development and progression of cardiovascular diseases,
including heart failure, ischemic heart diseases, and atherosclerosis. Thus, therapeutic interventions that target
molecules of the UPR component and reduce ER stress will be promising strategies to treat cardiovascular
diseases. In this review, we summarize the recent progress in understanding UPR signaling in cardiovascular
disease and its related therapeutic potential. Future studies may clarify the most promising molecules to be
investigated as targets for cardiovascular diseases. (Circ Res. 2010;107:1071-1082.)

Key Words: heart failure m ischemic heart diseases m atherosclerosis m ER stress m unfolded protein response

Ithough the clinical management of heart failure has
advanced substantially,! and prevention strategies for
atherosclerosis focused on managing the established risk
factors have progressed markedly,? cardiovascular disease
still constitutes a major and increasing health burden in
developed countries. Thus, the development of novel treat-

ments for patients with cardiovascular diseases remains a
major research priority.

The endoplasmic reticulum (ER) comprises a complex
membranous network found in all eukaryotic cells. It plays a
crucial role in the folding of secretory and membrane pro-
teins, calcium homeostasis, and lipid biosynthesis.>-> ER
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Non-standard Abbreviations and Acronyms
AMPK AMP-activated protein kinase
ASK1 apoptosis signal-regulating kinase 1
ATF activating transcription factor
Bcl-2 B-cell lymphoma 2
CHoP CCAAT/enhancer binding protein (C/EBP) homologous
protein
CREBH cAMP response element-binding protein H
elF2a eukaryotic initiation factor-2«
ER endoplasmic reticulum
ERAD endoplasmic reticulum-associated degradation
ERO1 endoplasmic reticulum oxidoreductin 1
GRP78 glucose-regulated protein 78 kDa
licB inhibitor of xB
I/R ischemia/reperfusion
IRE1 inositol-requiring protein 1
JNK c-Jun N-terminal kinase
KO knockout
MANF mesencephalic astrocyte-derived neurotrophic factor
PARM-1 prostatic androgen repressed message-1
PBA phenylbutyrate
PDI protein disulfide isomerase
PERK protein kinase-like endoplasmic reticulum kinase
PKA protein kinase A
ROS reactive oxygen species
SERCA sarcoplasmic reticulum calcium-transporting ATPase
TNF tumor necrosis factor
TRAF2 tumor necrosis factor receptor—associated factor 2
TRB3 tribbles 3
TLR Toll-like receptor
UPR unfolded protein response
XBP1 X box-binding protein-1

stress that disrupts ER function can occur in response to a
wide variety of cellular stressors that lead to the accumulation
of unfolded and misfolded proteins in the ER. Initially, ER
transmembrane sensors detect the accumulation of unfolded
proteins and activate transcriptional and translational path-
ways that deal with unfolded and misfolded proteins, known
as the unfolded protein response (UPR). However, the failure
to relieve prolonged or severe ER stress causes the cell to
undergo apoptotic cell death. Recently, adaptive and proapo-
ptotic pathways of UPR have been implicated in the patho-
physiology of human diseases, including cardiovascular dis-
eases, neurodegenerative diseases, diabetes mellitus, obesity,
and liver diseases.>-* In this review, we summarize the
molecular mechanisms of UPR in cardiovascular diseases and
possible therapeutic interventions targeting the components
involved in the UPR.

Endoplasmic Reticulum
The ER is the cellular organelle for the synthesis and folding
of secreted and membrane-bound proteins and the first site of
the secretory pathway.>-> Approximately one-third of newly

synthesized proteins are translocated into the ER, where they
fold and assemble with the assistance of ER chaperones and
oxidoreductases. The ER lumen constitutes a specialized
environment for proper protein folding and assembly.>-5 For
instance, the ER contains the millimolar concentrations of
free calcium within the cell. Glucose-regulated protein 78
kDa (GRP78), which is the ER-located member of the family
of heat shock protein 70 molecular chaperones, promotes the
folding of hydrophobic regions in polypeptides to the interior
in a calcium-dependent manner.” The oxidizing environment
in the ER is crucial for the formation of disulfide bonds
mediated by protein disulfide isomerase (PDI) and ER oxi-
doreductin (ERO)1, which serves as the terminal electron
acceptor with oxygen.® Reactive oxygen species (ROS) gen-
erated as a product of disulfide bond formation in the ER
cause oxidative stress and contribute to apoptotic cell death.®
As a consequence of this special environment, the ER is
highly sensitive to stresses that deplete its ATP or calcium
and alter the intraluminal redox status.

Adaptive and Proapoptotic Pathways of UPR
When unfolded proteins accumulate in the ER, 3 ER trans-
membrane sensors detect them to initiate 3 distinct UPR
branches mediated by the following molecules: protein
kinase-like ER kinase (PERK), the inositol requiring kinase
(IRE)1, and the transcription factor-activating transcription
factor (ATF)6 (Figure 1).3-510 These UPR sensors have N
termini in the lumen of the ER and C termini in the cytosol,
thereby connecting the ER and cytosol. All 3 sensors have
luminal domains that bind to the ER chaperone GRP78 under
normal, unstressed conditions.!! However, on ER stress,
GRP78 is released from these sensors, permitting their
oligomerization and thereby initiating the UPR to deal with
accumulated unfolded proteins. However, if the ER stress is
prolonged and/or severe, the ER initiates apoptotic cell death
signaling.!2 ER sensor proteins including PERK and IRE1 are
responsible for both the adaptive and the proapoptotic path-
ways of UPR.12

IREla is the most fundamental ER stress sensor and is
conserved from yeast to humans. On ER stress, the dimer-
ization and autophosphorylation of IRE1 elicit an endoribo-
nuclease activity that specifically cleaves the mRNA encod-
ing the transcription factor X-box binding protein (XBP)1.3-5
This unconventional splicing reaction is required for the
translation of transcriptionally active XBP1. Active (spliced)
XBP1 binds to the ER stress response element in the
promoters of a wide variety of UPR-target genes whose
products help to fold and degrade the proteins.3-5 Qur recent
study demonstrated that spliced XBP1 can regulate the
expression of brain natriuretic peptide (BNP), a non-UPR-
target gene, through a novel AP1/CRE-like element in car-
diomyocytes.!? Interestingly, p85«, the regulatory subunit of
phosphatidylinositol 3-kinase (PI3K), was found to interact
with XBP1 and increase the nuclear translocation of XBP1.14
In ob/ob mice, the interaction between them is lost, resulting
in a severe defect in both the translocation of XBP1 and the
resolution of ER stress.!* These findings suggest that non-
UPR and UPR genes are regulated by spliced XBP1.
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In addition to endoribonuclease activity, IRE1a mediates
cell death and inflammatory signaling (Figure 2). IREla
interacts with the adaptor protein tumor necrosis factor TNF
receptor—associated factor (TRAF) 2, which leads to the
activation of a mitogen-activated protein kinase kinase ki-
nase, apoptosis signal-regulating kinase (ASK)1!516 and
caspase 12.17:18 The ASK1 pathway contributes to the patho-
genesis of heart and neurodegenerative diseases.!®2° Further-
more, IRE1a/TRAF2 can also recruit the inhibitor of B
(IkB) kinase, which mediates the activation of nuclear factor
kB, suggesting that IRE1a might provide a link between ER
stress and inflammation.?!

PERK is another ER stress sensor and a serine threonine
kinase that phosphorylates eukaryotic translation initiation
factor (eIF)2a on ER stress, resulting in the inhibition of most
cap-dependent translation, which requires the interaction of
certain key molecules with a special tag bound to the 5'-end
of mRNA, termed a cap.** One example is the translational
inhibition of IxB, resulting in the activation of nuclear factor
kB.22 However, paradoxically, several mRNAs require the
phosphorylation of eIF2« for their translation. One example
is the mRNA encoding ATF4, a transcriptional factor that
binds to the promoter of the gene encoding GADD34, the
regulatory subunit of the phosphatase that dephosphorylates
elF2a and restores cap-dependent translation.2? CCAAT/
enhancer-binding protein homologous protein (CHOP) is the
proapoptotic basic-leucine zipper transcription factor that is

ER Stress As a Therapeutic Target 1073

Figure 1. UPR pathways. On ER stress,

NE-KB GRP78 dissociates from 3 ER trans-

activation membrane sensors including PERK,
IRE1, and ATF8, allowing their activation.
PERK phosphorylates elF2a, which is
dephosphorylated by GADD34, conse-
ey " quently shutting off protein translation.
:%M However, paradoxically, elF2a phosphor-
.GADD34 ylation induces the selective translation
of a transcriptional factor ATF4 to induce
*Chaperones the UPR-target genes. ATF6 translocates
*XBP1 from ER to Golgi, in which ATF6 cleav-
*CHOP age produces a transcriptionally active
*MANF cytosolic fragment. ATF6 activates a
*Derfin-3 subset of UPR- and non-UPR-target
*VEGF genes, including XBP1. On ER stress,
activation of IRE1 elicits an endoribo-
nuclease activity that specifically cleaves
~Chapercnes the mRNA encoding the transcriptional
:mn factor XBP1. This unconventional splic-
«BNP syt ing reaction is required for translation of
VEGF transcriptionally active XBP1 to induce

UPR- and non-UPR-target genes.

regulated by the ATF4 and ATF6 pathways.3-> The deletion
of the CHOP gene protects against cell death induced by a
pharmacological ER stressor, mechanical stretching and
pathophysiological stimuli, such as ischemia and pressure
overload.?4-28 Although the potential mechanisms by which
CHOP induces cell death are not well identified, one impor-
tant pathway by which CHOP induces cell apoptosis is
regulation of the balance of proapoptotic and antiapoptotic
B-cell lymphoma (Bcl)-2 family proteins. CHOP represses
the expression of antiapoptotic proteins Bcl-2 and Bnip3 in
cardiomyocytes.??® In addition, CHOP mediates the direct
transcriptional induction and translocation to the ER mem-
brane of Bim, a proapoptotic BH3-only protein of the Bcl-2
protein family, in conditions of ER stress.?°

The third ER stress member is ATF6, a transmembrane
basic leucine zipper transcription factor.3-5 ER stress induces
the release of GRP78 from ATF6 and permits ATF6 translo-
cation from the ER to the Golgi, where S1P- and S2P-
mediated proteolytic cleavage produces a transcriptionally
active cytosolic fragment. Cleaved ATF6 binds to the ER
stress response element in the promoters of UPR target genes,
including XBP1. Recently, several ATF6-related proteins
with distinct tissue distributions were identified.3132 Interest-
ingly, lipopolysaccharide and cytokines activate CAMP re-
sponse element-binding protein (CREB)H, which is a hepa-
tocyte-specific ER-anchored transcription factor that
activates a subset of genes associated with inflammation but
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Figure 2. Proapoptotic pathways of
UPR. CHORP is the proapoptotic bZIP
transcription factor that is regulated
mainly by ATF4- and ATF6-dependent
pathways. CHOP represses the expres-
sion of the antiapoptotic proteins Bcl-2
and Bnip3. In addition, CHOP mediates
the direct transcriptional induction and
translocation to the ER membrane of
Bim, a proapoptotic BH3-only protein of

not UPR.3! These findings suggest that CREBH integrates the
UPR with the acute phase response. PARM-1 (prostatic
androgen repressed message 1) was shown to be induced in a
cardiac hypertrophy and subsequent heart failure model.33
PARM-1 expression is induced by ER stress, which plays a
protective role in cardiomyocytes through the regulation of
PERK, ATF6 and CHOP expression. The existence of tissue-
specific UPR components allows for the response to tissue-
specific stress.

Misfolded ER proteins are exported from the ER into the
cytosol by a process termed ER-associated protein degrada-
tion (ERAD) or retrotranslocation.3-3¢ Most ERAD substrates
are ubiquitinated and extracted by a cytosolic ATPase named
p97 before degradation by the proteasome. Defects in ERAD
cause the accumulation of misfolded proteins in the ER and
thus trigger the UPR.35

ER Stress and Cardiovascular Diseases
Experimentally, the ER environment can be perturbed by
substances such as dithiothreitol, thapsigargin, or tunicamy-
cin, which alter the redox status, calcium levels and protein
glycosylation in the ER, respectively.3¢ When cells are treated
with one of these compounds, ER protein folding is impaired,
and the accumulation of unfolded proteins activates the
adaptive and proapoptotic pathways of the UPR.>-5

Pathophysiological stimuli also activate UPR. Hypoxia,
angiotensin II and tumor necrosis factor (TNF)-a activate

the Bcl-2 family, on ER stress. IRE1«a
interacts with the adaptor protein
TRAF2. The IRE1a/TRAF2 complex inter-
acts with ASK1, which subsequently
phosphorylates JNK. Activation of JNK
induces apoptotic cell death through the
phosphorylation of several Bcl-2 family
members. The IRE1a/TRAF2 complex
also interacts with IkB kinase, which
leads to nuclear factor B (NF-«B) acti-
vation. On ER stress, procaspase 12 is
cleaved and activated, which in turn ac-
tivates caspase-9/3, thereby leading to
mitochondria-independent cell death.

adaptive and proapoptotic pathways of the UPR in cultured
cardiomyocytes.>’-3° The cardiac-specific deposition of ag-
gregated B-amyloid*® or polyglutamine preamyloid oli-
gomer*! activated the component of UPR in mouse transgenic
hearts. Cyclic stretching significantly increases CHOP pro-
tein in cultured cardiomyocytes,?® and CHOP expression
increases in pressure-overloaded hearts.3® Metabolic factors
such as cholesterol, homocysteine, glucose, fatty acid, and
palmitate can also trigger ER stress.*>#3 These findings
suggest that activation of UPR by pathophysiological stimuli
is involved in the development of cardiovascular diseases.

Cardiac Hypertrophy and Failure
Electron microscopic analyses have revealed that the prolif-
eration of tubules of the ER is a common finding in
degenerated cardiomyocytes, suggesting that the ER is over-
loaded in this condition.** Oxidative stress, hypoxia, and
enhanced protein synthesis found in failing hearts potentially
enhance ER stress. Indeed, in patients with heart failure, we
and others have shown the existence of spliced XBP1 and
markedly increased GRP78 expression, suggesting that UPR
activation is associated with the pathophysiology of heart
failure in humans.!?-3845 Qur study also showed that mRNA
levels of ATF4 and CHOP are increased in these patients.2’
Furthermore, ubiquitinated proteins are accumulated in hu-
man failing hearts.*547 These findings suggest that protein
quality control is impaired in human failing hearts.
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In Dahl salt-sensitive rats, a high-salt diet leads to hyper-
tension, cardiac hypertrophy, and subsequent heart failure, as
well as significant increases in both GRP78 and CHOP
expression.3 Consistent with these findings, in mice that
received transaortic constriction, GRP78 and CHOP are
upregulated.?® Interestingly, UPR activation has been found
in both hypertrophic and failing hearts, whereas the activation
of ER-initiated apoptosis CHOP, but not c-Jun N-terminal
kinase (JNK) or caspase 12, is found only in failing hearts.3®
These findings suggest that UPR activation is consistently
found in hearts subjected to pressure overload. However,
when the ER stress is prolonged, the ER-initiated apoptosis
signal CHOP is activated in failing mouse hearts induced by
pressure overload. To clarify the role of CHOP in hypertro-
phic and subsequently failing hearts by pressure overload, we
performed transaortic constriction using CHOP knockout
(KO) mice.?” We observed that both cardiac hypertrophy and
dysfunction were attenuated in CHOP KO mice compared
with wild type. In CHOP KO mice, the enhanced phosphor-
ylation of elF2a, which was attributable to the lack of
negative regulation by GADD34, may lead to the global
repression of translation. This may explain the mechanism by
which cardiac hypertrophy is reduced in pressure-overloaded
hearts of CHOP KO mice. Furthermore, microarray analysis
revealed that CHOP positively and negatively regulates
several proapoptotic and antiapoptotic molecules of the Bcl-2
family. These findings suggest that CHOP might be a
promising molecular target for the treatment of cardiac
hypertrophy and failure.

Protein accumulation resulting from the impairment of the
secretory pathway or mutant protein synthesis also causes
heart failure. In transgenic mice systemically expressing a
mutant KDEL (Lys-Asp-Glu-Leu) receptor,*® which is a
retrieval receptor for ER chaperones in the early secretory
pathway, disturbed recycling of misfolded proteins between
the ER and Golgi complex and enhanced expression of
CHOP and apoptosis were observed in the mutant hearts. The
transgenic mice exhibited dilated cardiomyopathy without
obvious findings in other tissues, suggesting that the heart
is sensitive to ER stress. The transgenic expression of
mutant proteins in neural and cardiac tissues is a good
model to test whether intracellular aggregation affects
cardiac function.40:41.49.50

Viruses exploit the translational machinery of the host cell
to synthesize their viral proteins, leading to increased folding
pressure on the ER and chaperone upregulation.>:52 Thus, it
is likely that the adaptive and proapoptotic pathways of UPR
are involved in the pathophysiology of viral myocarditis.
Furthermore, Mao et al demonstrated that ER stress plays an
important role in cardiomyocyte apoptosis and the develop-
ment of dilated cardiomyopathy in rabbits immunized with a
peptide corresponding to the Bl-aderenoceptor.>5* These
findings suggest that the UPR plays an important role in the
pathophysiology of virus and autoimmune heart diseases.

Ischemic Heart Diseases
In a myocardium that has experienced ischemia/reperfusion
(I/R), myocardial death and severe inflammation are induced
because of the depletion of oxygen and nutrients, followed by
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the sudden burden of oxygen free radicals and production of
proinflammatory cytokines.> Either of these stimuli can
potentially induce the adaptive and proapoptotic pathways of
UPR. Indeed, increased expression of UPR-related genes is
reported in cardiomyocytes near myocardial infarction in
mice and humans.56-58

Martindale et al demonstrated the role of ATF6, a compo-
nent of the UPR, in I/R injury using transgenic mice with
cardiac-restricted expression of a novel tamoxifen-activated
form of ATF6.5° The tamoxifen-treated transgenic mouse
hearts exhibit better functional recovery from ex vivo I/R, as
well as significantly reduced necrosis and apoptosis and
increased expression of ER-resident chaperones GRP78 and
-94. Toko et al demonstrated that the treatment of mice with
4-(2-aminoethyl) benzenesulfonyl fluoride, an inhibitor of
ATF6, further reduces cardiac function and increases the
mortality rate after myocardial infarction.5® These findings
suggest that ATF6 exerts cardioprotective effects on I/R
injury. Furthermore, Glembotski and colleagues showed that
ATF6 activation induces numerous genes in cultured cardio-
myocytes, including MANF (mesencephalic astrocyte-
derived neurotrophic factor).5® Knockdown of endogenous
MANF with microRNA increases cell death on simulated I/R,
whereas the addition of recombinant MANF to media pro-
tected the cultured cardiac myocytes from simulated I/R-
mediated death.5® It was also shown that activated ATF6
induces the Derlin-3 gene, which encodes an important
component of the ERAD machinery. Overexpression of
Derlin-3 enhances ERAD and protects cardiomyocytes from
simulated ischemia-induced cell death.6!

In rat neonatal cultured cardiomyocytes, hypoxia increased
XBP1 mRNA splicing and GRP78 protein levels.5¢ Because
infection with a recombinant adenovirus encoding dominant-
negative XBP1 augments hypoxia/reoxygenation-induced ap-
optosis, the XBP1 arm of the UPR may play cardioprotective
roles against hypoxic insult. Vitadello et al demonstrated that
the overexpression of GRP94, the expression of which is
regulated by XBP1 and ATF6, reduces myocyte necrosis
caused by calcium overload or simulated ischemia in cardiac
H9C2 muscle cells.52 In addition, it was reported that ische-
mic preconditioning or postconditioning reduces cardiac
damage associated with UPR activation.5*$* In human heart
samples, Severino et al demonstrated that PDI is upregulated
3-fold in the viable periinfarct myocardial region.ss
Adenoviral-mediated PDI gene transfer to the mouse heart
results in a 2.5-fold smaller infarct size and significantly
reduces cardiomyocyte apoptosis in the periinfarct region and
the smaller left ventricular end-diastolic diameter compared
with treatment with a transgene-null adenoviral vector.

On the other hand, Terai et al demonstrated that hypoxia
induces CHOP expression and the cleavage of caspase 12;
this effect is significantly inhibited by pretreatment with a
pharmacological activator of AMP-activated protein kinase
(AMPK).?” This finding indicates that the proapoptotic path-
ways of the UPR are involved in cell death by hypoxic
stimuli. In addition, Nickson et al demonstrated that ER stress
induces the expression of PUMA, a proapoptotic member of
the BCL-2 family, and that the suppression of PUMA
expression leads to inhibition of cardiomyocyte apoptosis

Downloaded from circres.ahajournals.org at Osaka University on May 19,2011

358



