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Abstract

Mitochondria play an important role in the life aghelath of cells. They
have their own DNAs which encode subunits of mitoatrial electron
transport chain complexes. Mitochondrial DNA muiat are associated
with a large number of neurological and musculaedses. Myoclonus
Epilepsy with Ragged Red Fibers (MERRF) is a matenheritance
mitochondrial disease. The most common mutatiddiERRF disease,
A8344G, is associated with severe defects in maondhal protein
synthesis, which impairs electron transport chaseably and
respiratory chain activity. We have previously shawat a decreased
level of heat shock protein 27 (HSP27) in lymphsetnal cells derived
from a MERRF patient and in cybrids harboring MERAS344G
mutation. Over-expressed wild type HSP27 in mutatdxutids resulted in
a significant decrease of activated caspase 3 wsta@rosporine (STS)
treatment, suggesting a protective function of H&PZells harboring
MERRF mutation. In the present study, we reportddaanatic decreased
level of phospho-HSP27 in the mutant cybrids. BEemugh the

steady-state level of p-HSP27 was reduced in matgids, normal



phosphorylation and dephosphorylation responses algserved upon
stresses, indicating normal kinase and phosphatdasaties. \We next
examined the protective function of p-HSP27 indisease cellular
model. To explore the roles that p-HSP27 may playsfection
experiments with HSP27 mutants, in which three ifipeserine residues
were substituted with alanines or aspartic acidswed that the
phosphomimicking-HSP27 desensitized mutant cyliadgoptotic
stress induced by STS. After heat shock stressSP2H entered the
nucleus immediately after heat shock. With prolahgecovery intervals
after heat shock, p-HSP27 returned to the cytoplasmrmal cybrids
but not in mutant cybrids and this translocatiooasrelated to cell
viability, as evidenced by the increased apoptits after p-HSP27
returning to the cytoplasm. In summary, our restdéisionstrate that
p-HSP27 provides significant protective functiortsew cells are under
different stresses in the MERRF disease cellulastehd herapeutic
strategies against anomalous HSP27 phosphorylatigint be a potential

treatment for the disease.



I ntroduction

Mitochondria are important intracellular organeliegukaryotic cells,
harboring their own genetic materials called mitoadirial DNA
(mtDNA). The main role of mitochondria is to synsime ATP, which
provides the universal energy source for cells.aBese of different cell
types, the numbers of mitochondria differ from huaus$ to thousands per
cell. Various mtDNA mutations lead to mitochondudgsfunctions and
cause human neuromuscular diseases. However, finetide
mitochondrial function is represented only whehrashold of mtDNA
mutation rate in the cells is reached (Hammang ,1303; Chinnery et
al., 1997; Rossignol et al., 2003). mtDNA encodapdlypeptides which
are the subunits of respiration complexes. Howawest of the proteins
assembled into functional complexes are encodediblear DNA
(nDNA). Therefore, the nDNA mutation may also affée normal
functions of mitochondria. Mitochondrial diseases eassified as
different syndromes, according to the clinical syonps. Myoclonus
Epilepsy associated with Ragged-Red Fibers digd4E&RF), chronic

progressive external ophthalmoplegia syndrome (QOREQ



mitochondrial encephalomyopathy, lactic acidosis stnokelike episodes
(MELAS) are commonly caused by pointed mutationkuge- scale

deletions of mtDNA (Schon et al., 1997).

Myoclonus Epilepsy associated with Ragged-Red Bildesease
(MERRF)

MERRF syndrome caused by mtDNA mutations is a matenheritance
encephalomyopathy. The pathogenesis of MERRF igapeint
mutations inmt-tRNA™® gene at A8344G, T8356C or G8363A. These
mutations lead to translational dysfunction andlfynaffect
mitochondrial activity (Antonicka et al., 1999).dmost common
mutation site is an Ato G transition at nucleoi®324 (A8344G) in the
tRNA™. In the mutated cells, both the oxygen consumpioglectron
transport chain (ETC) and the respiratory chaiiviigtare decreased
(Yoneda et al., 1994). The nt 8344 mutation has lassociated with
severe defects in protein synthesis, which leadsgeneral decrease in
respiration rate and oxygen consumption in celtsteasue mitochondria
(Arpa et al., 1997; James et al., 1996; Larss@h.£1992; Yoneda et al.,

1994). Previous studies have reported that theigctf cytochromec



oxidase (cox) in MERRF patient’s fibroblasts with28 mutant mtDNA
was decreased to 20% of the control level, the atnoiUATP synthesis
was decreased to 50 % and the mitochondrial meralpatential
retained only 20 % compared with the control c@isulet et al., 1992).
In addition, it is known that the large amount @dictive oxygen species
(ROS) is detected in mutant cells which lead tenareased oxidative
stress. (Boulet et al., 1992; Larsson et al., 19¢;et al., 1996;

Antonicka et al., 1999)

When cells are under stress conditions, includeef hoxidative stress,
iIschemia or bacterial endotoxins, rapid productibthe important
protein family called heat shock protein (HSPsy&dl documented (Arya
et al., 2007; Concannon et al., 2003). HSPs arewpf stress
responsible proteins in cells (Welch, 1993). StetssulatedHSP gene
activation is mediated by the interaction of héwtck element (HSE) and
heat shock factor (HSF) (Pirkkala et al., 2001; &ar and Thiele, 1999).
The heat shock protein family members are divigeao two subgroups:
the high molecular weight heat shock proteins &edsmall heat shock

proteins. All the HSPs are known to function asenalar chaperones



that help other proteins to adopt a functional oomgtion. The high
molecular weight heat shock proteins, such as HGR4$P90, HSP70
are ATP-dependent and the small heat shock protaieh as HSP32,
HSP27 aB-crystallin are ATP-independent (Jakob et al.,3t@Bhosh et
al., 2011). The ATP-independent chaperone profaiegent the
mis-folded proteins from aggregation and maintaairtsolubility until
other ATP-dependent chaperones to help them rebfad#t to the correct

conformation (Ehrnsperger et al., 1997; MacRae0200

HSP27 is a member of SHSP family which share sempieomologies
and biochemical properties such as phosphorylanaholigomerization
(Arrigo et al., 1994). It is known that HSP27 funas as a molecular
chaperone and also a negative regulator of apepidien cells are
under stresses, HSP27 performs its chaperoneyabilgreserve the
solubility of the denatured proteins or the misdtad proteins by
integration with them directly (Concannon et al02). Moreover,
HSP27 protects against apoptotic cell death treggyéry stimuli including
hyperthermia, oxidative, Fas ligand, straurosporamel cytotoxic drugs

(Arya et al., 2007; Concannon et al., 2003). Aptptcell death can be



mediated by two major pathways, either involving thitochondria
(intrinsic) or the Fas protein (extrinsic). In timinsic apoptotic pathway,
HSP27 blocks the activation of apoptosis initiatiactors (AlFs) through
inhibiting Bax activation or directly interacts witytochromeC to

inhibit the caspase cascade and down regulategpth@osis activation
(Garrido et al., 1999; Bruey et al., 2000; Pandegl.e2000). In the
extrinsic apoptotic pathway, HSP27 interacts withX{X to reduce cell
death upon apoptosis stresses (Charette et a0).2Zl0@ere are three main
domains in the structure of HSP27, which are WD&Main,a-crystallin
domain and flexible domain. The WDPF domain is usedmall
aggregate formation, thecrystallin domain is for large polymer
formation and the flexible domain helps retairsi¢ubility. There are
many pieces of evidence that phosphorylation ongésa in the
supermolecular organization modulate the activittiP27 (Kosten

and Moens, 2009). The phosphorylatable serineuesidppear to be the
key elements affecting HSP27 structural organipaéiod the interaction
with other cytoskeletal elements (Hickey et al8@;9 oktionova and
Kabakov, 2001).

HSP27 contains three major phosphorylation sitesuding Ser-15,



Ser-78 and Ser-82 respectively. It is known thaPRBare
phosphorylated by MAPKAP kinase 2/3 and dephospatag by Protein
phosphatase 2 (PP2A) which is ubiquitously expikssa
serine/threonine phosphatase (Cairns et al., 1®&dpu and Bryckaert,
2009). HSP27 formed large polymers but phosphagl&tSP27
(p-HSP27) showed a tendency to form dimers orretra (Kosten

and Moens, 2009). It has been demonstrated thhtesuapid induction of
p-HSP27 stabilizes the cytoskeleton through bintindpe F-actin when
cells are under oxidative stress (Tak et al., 20@i7addition, the transient
up-regulation of p-HSP27 not only enhances thentbegsistance but
also provides a protective function under oxidasitress (Geum et al.,
2002; Storz and Stoker, 2003). A recent study skiawat p-HSP27,
through stabilizing the serine/threonine-specift@n kinase (Akt or
PKB), up-regulates the phosphorylated p21 to irsgdhe cell viability

in the normal growth condition. On the other hamtjer UV irradiation,
p-HSP27 interacts with p53, facilitates its degteaand finally inhibits
cell apoptosis (Kanagasabai et al., 2010). Moreavkas been suggested
that the translocation of p-HSP27 from the cytoplas the nucleus may
function to protect nuclear DNA breakdown (Geuralet2002). Other

10



studies also indicated that p-HSP27 inhibited tedios through binding
eukaryotic translation initiation factor 4 gamm#é~&G) (Cuesta et al.,
2000). Moreover, it was demonstrated that p-HSP2&re the nucleus
and blocks the MAPK/ERK kinase (MEKgktracellular-signal-regulated
kinases (ERK) pathway, which results in the dowgutation of cyclin
D1 and cell cycle arrest under tumor necrosis factdTNFa) treatment
(Matsushima et al., 2008). Our previous resultehdemonstrated that
the protein expression levels of HSP27 and p-HSR&2@ markedly
decreased in cells harboring MERRF A8344G mutai@imen et al.,
2011). In the present study, we further examinedtiér the
over-expressed HSP27 in MERRF cybrids offers aggtite function on
cell viability under stress conditions. In additiohe roles of p-HSP27

may play in the disease cellular model were algestgated.
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Material and method

Cell culture

MERRF cybrids were kindly provided by Dr. Wei YHYing-Ming
University. C5 cybrids harbor almost 100 % A8344Gtation mtDNA.
D5-1 cybrids contain almost 100 % wild type mtDNFese two cybrids
are with the same genetic background. C5-C5 andr€éhe wild type
HSP27 expression stable cell lines with C5 backgioChen et al.,
2011). Cells were sub-cultured in 25T flask andspged 2 to 3 times per
week. Cells were maintained in Dulbecco’s modigadjle’s medium
(DMEM) containing pyruvate and uridine ( Dulbeccaiedified eagle’s
medium: 1 % non-essential amino acid, 1 % pemnmegtreptomycin, 1 %
L-glutamine~ 10 % fetal bovine serum, 100 ug/ml pyruvate and d/nl
uridine, represent as P+U+ DMEM) at 37°C in an afph@re of 5% CO
and 95 % air. For the following experiment, cellsrerseeded in DMEM
without pyruvate and uridine (represent as P-U- DI Eor 48hr before

further treatment.
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Heat-shock treatment

Cybrid cells were seeded at 3 X 1@lls in 3 cm tissue culture dishes and
incubated for 48 h in P-U- DMEM at 37°C, 5% €i®cubator; heat
shocked by incubating in a water bath for 30 miA3t ; and allowed to
recover for 0, 10, 20, 30 and 60 min atG37or the maximum

production of p-HSP27, cells were heat shocke®@fér 30 min and
recovered for 1, 3, 5, 7 and 9 hr before assayiagellular distribution

of p-HSP27 and cell viability.

STStreatment

To induce cells to undergo apoptosis, we seeddslateB x 10 cells in 3
cm tissue culture plates and incubated for 48w+ DMEM at 37°C,
5% CQ incubator to obtain monolayer cultures. After egllarells were
treated with 300 nM STS for 3 h, cells on covessliyere fixed with 4%
paraformaldehyde and mounted in phosphate buftsatlide with 0.1 %
Tween 20 (PBST) with propidium iodide (P1) (R6/ml) to allow

visualization of the nuclear morphology.

13



Oxidative stress

Cells were seeded at 3 x*1®lls in 3 cm tissue culture plates and
incubated for 48 h in P-U- DMEM at 37°C, 5% gCi@cubator to obtain
monolayer cultures. After cybrid cells were treateth 901 M H,0, for
60 min, cells on coverslips were fixed with 4% paramaldehyde and
mounted in phosphate buffered saline with 0.1 %edw20 (PBST) with
propidium iodide (PI) (2@ug/ml) and rabbit-anti-pHSP27 (1:200) allow

visualization the cellular distributation.

Cell lysatesfor SDS-PAGE

Cells were washed three times with phosphate ledfealine (PBS, pH
7.2), resuspended in 5@0of lysis buffer (5% glycerol, 1X PBS, 0.5 %
triton X-100, 1X protease inhibitor, 1 mM sodium EB, 1 mM sodium
EGTA, 1 mM dithiothreitol), for phosphorylated peats the 1 mM
PMSF, 1 mM NaVOy,, 1ug/ml Aprotintin and gg/ml Leupeptin added
additionally then incubated on ice for 15 min. Afseratching the
resultant cell lysate was centrifuged at 13200 fpnd5 min at 4C.
Supernatant was collected, and Bio-Rad proteinyagsegent was used to
determine the protein concentrations.
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DNA fragmentation assay

Cells were seeded at 3 x*1lls in 3 cm tissue culture plates and incubated
for 48 h in P-U- DMEM at 37°C, 5% GOncubator to obtain monolayer
cultures. After cybrid cells were treated with®® H,0O, for 60 min, cells
were harvested and centrifuged at 4000rpm for 10min

The cells were pelleted and resuspended in 100 tiedysis buffer (1%
NP-40, 20 mM EDTA, 50 mM Tris-HCI, pH 7.5). Aftancubation at 4°C for
20 s, cells were centrifuged at 9009 for 5 min°&.4r'he supernatant was
added with RNase A (final concentration of 5 pg/ahyl SDS (final
concentration of 1%), and the mixture was incub&be@ h at 56°C.
Proteinase K was added to the supernatant (fimadesdration of

2.5 ug/pL) and incubated for 4 h at 37°C. Afteriad®.5 volumes of
ethanol and 1/10 volume of 3 M sodium acetatesttetion was stored

at —20°C for more than 8 h to precipitate DNA. DiNAs collected by
centrifugation at 9,000g for 30 min at 4°C, and leakby 70% cool ethanol
and air-dried. The DNA pellet then was dissolvedistilled H20 and

subjected to electrophoresis on a 2% agarose gel.
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Western blotting

In brief, cell lysates containing 3@ of protein were loaded onto 10 or
12% sodium dodecyl sulfate (SDS)-polyacrylamides gelesolved
proteins were electrophoretically transferred dhioyum PVDF
membranes. After blocking the membrane with 5% avbmiilk in TTBS
buffer for 1 h at room temperature (or 5% BSA fopgphorylated
protein), the antibody-binding reactions were pemied in the same
buffer supplemented with 5% nonfat milk (or 5% BfA
phosphorylated protein) at@overnight or at room temperature for 1 h in
order for secondary antibodies to couple to hodisingperoxides
(HRP)-conjugated anti-goat IgG. Prestained higheawhlr weight
markers were included in this study. Signals wesaalized with the
enhanced chemiluminescence. Protein bands werditgied by
densitometry, and protein loading was normalizeith B4actin or
a-tubulin. For quantitation of proteins levels, #ti@ount of protein
loaded on the gel was optimized, and multiple expeswere performed

to ensure that the signals were within the lineaponse range.
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Transient transfection

Transient-transfection was performed in expondgtgrowing cells that
were plated one day before transfection in 3 crhatig&10°cells/well).
1ug of plasmid DNA (pcDNA3-HA-HSP27-S3A,
PCDNA3-HA-HSP27-S3D, pcDNA3.1- HSP27 -myc-His, pcA1
-myc-His were transfected according to experimeeded) with ul of
Lipofectamine and @l of Plus reagent (Invitrogen-Life Technologies)
which were preincubated for 30 minutes and thereddd the cells. After
4 hours, the Optimum DNA mixture was replaced wibimplete growth
medium, and 24 hours later cells were harvested akperiment

treatment.

I mmuno-fluorescence staining

Cybrid cells were seeded on the cover slides<a@3cells/well in 3 cm
tissue culture dishes and incubated for 48 h innPMEM at 37°C, 5%
CGO, incubator. Then cells were washed three times WihPBS, and
fixed with 4 % paraformaldehyde / 1x PBS (PH = 7d2)30 minutes in
room temperature. After washing with PBST (0.2%diriX- 100 in 1X
PBS), cells were blocked with 10 % fetal bovinauseand incubated

17



with primary antibodies for 16 hr to 18 hr at 4%allowing incubation,
cells were washed three times with 1X PBST and thembated with the
corresponding secondary antibodies for 2 h at rsanperature.
Coverslides were washed three times, incubatedmtpidium iodide
(P1) for 10 min, washed three times, and mountedlgerol.

The images were captured by Olympus laser-scarmainfpcal
microscope. 1Ab final concentration (containing RNAseA@&§ml):
mouse-anti-cMyc (1: 200), goat-anti- HSP27 (1.208bbit-anti-pHSP27
(1:200), mouse-anti-HA (1:200). 2b final concentration:
Donkey-anti-mouse-FITC (1:200), Goat-anti-rabbit-

dylight 649 (1:200).

JC-1 staining

Cybrid cells were seeded on the cover slides at@® xells/well in 3 cm
tissue culture dishes and incubated for 48 h innPMEM at 37°C, 5%
CGO, incubator.

Then cells were washed three times with 1X PB$etiawith 1 g/ml
JC-1in P-U- DMEM at 37°C, 5% COncubator for 10 min. After
staining, cells were mounted by glycerol and obsgfyy Olympus

18



laser-scanning confocal microscope. JC-1 was ekuaitth the 488 nm
argon laser, and JC-1 green and orange flrgon lasee, recorded on 530
nm band pass filter and 575 nm band pass filter etsnill figures were
taken by Olympus laser-scanning confocal microsc®pe fluorescence
intensity was measured by LSM510. The red/greesrdiscence ratio

indicated the mitochondrial membrane potential.

Satistical analysis

All bands in figures were quantified by laser désrsietry and values are
expressed as a mean = standard error of the mé&am) (Eomparison
between experimental groups was made using Stsdeest. Values were

considered significantly different if p<0.05.
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3. Results
3.1. Dramatically decreased p- HSP27 expression in the presence of

mutant MERRF

We have previously shown that the expression leVEISP27 in C5
(mutant) cybrids was decreased to about 40% oiviloetype level
(Appendix Fig. 1). Because HSP27 is also a phostdited protein
which plays important roles in cell protection amability, we then
examined the level of p-HSP27 under the normal gr@endition. It was
noted that p-HSP27 in the mutant cells showed @& rdastic decrease,
with only 20% of that of the control cells (Apperdhig. 1A and 1B). To
understand whether the differential expression-Bf§P27 affects its
cellular localization, we next examined the digitibn of p-HSP2Wnder
normal growth condition. As shown Appendix Fig. 2, the cellular
localization of HSP27 and p-HSP27 are evenly distad in the

cytoplasm under normal growth condition.

20



3.2. Low content of p-HSP27 in the mutant MERRF cybridsis not due

to low content of ATP

Because there is a significant decrease of ATFhsgig in MERRF cells,
we wonder whether the low ATP production leads ¢emeral effect of
decreased protein phosphorylation. To check thatpetcorrelation of
the p-HSP27 level and ATP content, Chronic Progredsxternal
Ophthalmoplegia (CPEO) cybrids, which containedual3®% of
4977-bp deletion mtDNA (Liu et al., 2004), were diser comparison. It
was shown previously that mitochondrial respiratoryction in the
4977-bp deletion cybrids was decrease to 46% ofathidne control (Liu
et al., 2009). Western blotting showed an incregsBlbP27 in mutant
CPEO cells compared to the normal control, sugggshiat the lack of
ATP production in mutant cells is not responsiloiethe decreased level
of p-HSP27. Meanwhile, it is noted that the phosplated-ERK is not
down-regulated in MERRF cybrids compared to thenabrcontrol cells
(Appendix Fig. 3.). Taken together, these resuitgsst that the reduced
levels of p-HSP27 are not due to the low conteTd? in cells
harboring MERRF mutation.
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3.3 The decreased p-HSP27 may not be due to defective kinase activity

To gain a more comprehensive understanding ofegelation of
p-HSP27, we further examined whether the dramatceshsed p-HSP27
in C5 cybrids was due to the defective kinase dygtiVo estimate the
kinase activity in cybrids, transient transfectwas performed by using
pPcDNAS3.1-HSP27-myc-his which carries C-terminal rhys tagged
HSP27. After transiently transfected into C5 and1D&/brids, the
protein levels of exo- pHSP27 and exo-HSP27 wetrectied by Western
blot analysis. The ratio of exo-pHSP27 /exo-HSP2% waken as an
indication of the kinase activity under steadyes@indition. Our results
reveal no significant difference in the ratios lo¢ €xo-pHSP27
/lexo-HSP27 between D5-1 and C5 cybrids (Fig. Diceting that the
decreased p-HSP27 in mutant C5 was not due toetleetd/e protein

kinase activity.

22



3.4 The decreased p-HSP27 does not affect the normal stress response

It is known that the expression level of p-HSP2Z#éased under stress
conditions (Gusev et al., 2002). To understand hdrehe decreased
p-HSP27 in C5 cybrids affects stress responsegasetinhibitor MG132
and heat shock treatments were performed accoydisglishown in
appendix Fig. 4, after MG132 treatment for 15 maiistrong increase of
p-HSP27 was detected, indicating an immediate paeohogical
response. However, the level of p-HSP27 decreagbdwvolonged
incubation and increased again after 2 hr treatmembth D5-1 and C5
cybrids (Appendix Fig. 4), which is consistent wilie accumulation of
HSP70. Responses from HSP70 were detected for cmopdoecause
the degradation of HSP70 is blocked by proteasombitor MG132
(Chen et al., 2011). The similar patterns of indugkosphorylated upon
MG132 treatment and returned to basal level afteour, indicating
normal functions of kinase and phosphatase to adgtihe
phosphorylation status of HSP27. In addition, wehier examined the
response of p-HSP27 in both D5 and C5 cybrids uhdat shock
treatment. As expected, a significant increasedSp2¥ was observed at
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a treatment for 60 min in both D5-1 and C5 cyb(iglg. 2). Taken
together, these results indicate that the decrga$¢8lP27 did not affect

the stress response.

3.5 Over-expression of HSP27 desensitizes mutant cybrids to apoptotic

stress

It was previously shown that the cybrids harbonmgtated mtDNA were
more susceptible to apoptosis upon UV or STS treatrtLiu et al., 2004;
Wu et al., 2010). Since mtDNA A8344G point mutatroay exert
pro-apoptotic effects through a down-regulatiotd&P27, we further
investigated whether over-expression of HSP27 dtsses mutant
MERRF cybrids to apoptotic stress. Mammalian exgogsplasmid
pPcDNA3.1-HSP27-myc-his was constructed previou€lygng et al.,
2009) and stably transfected into C5 cybrids. Ttable lines, C5-C5 and
C6, were obtained after G418 selection and theexwgs expression of
wild-type HSP27 was confirmed by Western blot asialyFig. 3). We
next analyzed the effects of over-expressed HSP#Yei presence of
A8344G mutation. D5-1 and C5 cybrids, as well as@55and C6, were
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treated with 300 nM STS for 3 hr and assayed fovated caspase 3 by
Western blot analysis. As shown in Fig. 4, we obseéa significant
decrease of activated caspase-3 in C5-C5 and Cparenhwith mutant
C5 harboring no exogenous HSP27. Our results demadeshat
exogenous expression of wild type HSP27 desensitragant cybrids to

STS-induced apoptosis.

3.6 The over-expressed HSP27 does not rescue the decreased
mitochondrial membrane potential in cybrids harboring A8344G

mutation

Because an 80 % decrease of mitochondrial memipateatial was
observed irpatient fibroblastells harboring 89 % A8344G mtDNA point
mutation (Antonicka et al., 1999), we further usieel HSP27
over-expression clone, C6, to assess whether #reexpressed HSP27
rescues the mitochondrial membrane potential imth&ant cybrids.
Mitochondrial membrane potential was monitored GylJdye. JC-1 has
been widely used to analyze mitochondrial membpatential because it
is a lipophilic cationic fluorescence dye and shows distinct
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sub-populations with different mitochondrial memiegotential, red
with high mitochondrial membrane potential and gradh low
mitochondrial membrane potential. After JC-1 stagnithe ratio of
red/green fluorescent intensity was taken as acatat of the
mitochondrial membrane potential. The D5-1 cybsbdewed a
significant higher mitochondrial membrane potentian that of C5
cybrids. However, the mitochondrial membrane paaémias not
significantly increased in the HSP27 over-expressexe, C6, compared
to C5 mutants (Fig. 5). Our results indicate thataver-expressed
HSP27 in C6 cells does not rescue the decreasedhuoitdrial
membrane potential in C5 mutant cells harboring#83 mtDNA point

mutation.

3.7 The phosphomimicking-HSP27 shows the ability to desensitize

mutant cybridsto STS treatment

Human HSP27 is known to be phosphorylated at tbeeae residues
(serl5, ser75 and ser82) (Gusev et al., 2002yderdo understand
whether the phosphorylation of HSP27 plays impantales on cell
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protection and viability in cells harboring A8344@int mutation,
mammalian expression plasmids pcDNA3-HA-HSP27-3gif all

three serine residues changed to alanine, and p8EHHSP27-S3D,
with all three serine residues changed to aspactd; were constructed
for comparison (Chen, unpublished data). The HSE2X represents the
non- phosphorylatable HSP27 and the HSP27-S3/eis th
phosphomimicking HSP27. We then examined the exmgepxpression
of the mutant forms of HSP27 by Western blot analyss shown in Fig.
6, the expression of HSP27-S3A and HSP27-S3D wafirewed. Next,
we performed cell viability assay for assessmeafpttotective function
of the point mutated HSP27 in C5 cybrids harboA8844G point
mutation under apoptotic stress. Cells were tramsransfected with
plasmid HSP27-S3A, HSP27-S3D, HSP27-myc-his and lcantrol,
followed by treated with 300nM STS for 3 hr. As simoin Fig. 7,
wild-type HSP27-myc-his transfected cells showelgereased cell death
compared with that of the LacZ control. Interesynthe S3D-HSP27
transfected cells showed a significant decreaselbtieath under STS
treatment when compared to that the S3A-HSP27fweiesl cells. Our
results demonstrate that the phosphomimicking-H3P2vwed the
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ability to desensitize mutant cells to STS-induapdptotic stress.

To further investigate the protective function of
phosphomimicking-HSP27, another point mutated rhibocirial disease,
MELAS was taken for comparison. At first, we exaeadrthe protein
expression level of HSP27 and p-HSP27. As showipjpendix Fig. 6,
Both p-HSP27 and HSP27 showed a significant deeng@alsu04 (mutant)
cybrids. Furthermore, after treatment with 100nM5Sdr 6hr the
activated caspase 3 was increased in Lu04 whiclticance to the C5
cybrids (Fig.8). We further repeated the transienisfection with
plasmid HSP27-S3A, HSP27-S3D, HSP27-myc-his and lcanitrol,
followed by treated with 100nM STS for 6 hr. As simoin Fig. 9,
wild-type HSP27-myc-his transfected cells showelgereased cell death
compared with that of the LacZ control. The sanseiltevas observed,
the S3D-HSP27 transfected cells showed a signifidacrease of cell
death under STS treatment when compared to th&3AeHSP27
transfected cells. These results demonstratelibat t
phosphomimicking-HSP27 showed the ability to desieesmutant cells
to STS-induced apoptotic stress in both cells hatgdMELAS and
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MERRF mutation.
3.8 Thetranslocation of p-HSP27 correlates with cell viability after heat

shock stress

Our previous data have shown that the HSP27 an8PR2M were
distributed in the cytoplasm evenly in both D5-H &6 cybrids
(Appendix Fig. 2). It was reported previously thia HSP25, the mouse
ortholog of human HSP27, was phosphorylated amdlwaated from the
cytoplasm to the nucleus after heat shock (Geuath,2002). To further
understand the distribution of p-HSP27 in MERRFrdafter stress
conditions and the correlation with cell viabilibgat shock stress was
applied to D5-1 and C5 cybrids. After'd3 heat shock treatment for 30
min, cells were harvested and the cellular locabreof p-HSP27 was
visualized by immunofluorescence staining with lamdiy against specific
p-HSP27. It is noted that HSP27 was mainly locatatie cytoplasm
before heat shock treatment. A large portion of$PPR7 was translocated
into the nucleus right after heat shock treatmidekt, we examined the
cellular localization of p-HSP27 during recoverteirvals. The heat
shock treated cells under‘@¢3or 30 min were then allowed to recover
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from the heat shock for different time intervalstMprolonged recovery
intervals, most of the p-HSP27 returned to the mgtem within 7 hr
recovery in D5-1 but not in C5 mutant cybrids (Fi§). Based on this
result, cell viability assays was performed by gd#i staining to
determine whether there is correlation betweemtladear-translocated
p-HSP27 and apoptotic cells. Our results showeidatisegnificant cell
death of D5-1 cybrids appeared at 3 hr recoverylastéd to 9 hr
receovery, when compared with no treatment coffigl11). Therefore,
the nuclear-translocated p-HSP27 seems to cornlttecell viability
during heat shock recovery in the normal cybridswiver, in the mutant
C5 cybrids, with most of the p-HSP27 retained muiucleus even after 9
hr recovery, a large scale of cell death was neenked until the

prolonged recovery of 7 to 9 hr.

3.9 The oxidative stress induced nuclear DNA damage retains the

p-HSP27 in the nucleus

In the previous study, the increased amount of R@Sobserved in
cultured cells harboring A8344G mutation of mtDNAU et al., 2009). It
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was suggested that mtDNA mutation-elicited oxidastress and
oxidative damage are involved in the pathogenexispaogression of
MERRF disease (Wu et al., 2010). Moreover, It weecslated that the
p-HSP27 entered the nucleus from the cytoplasnettmpn a protective
function (Geum et al., 2002; Bryantsev et al., 200herefore, to
investigate whether the nuclear-translocated p-HSRZ5 cybrids
during prolonged recovery after heat shock treatnsetiue to damaged
NDNA caused by oxidative stress;(B4 was added to D5-1 cybrids for
various time intervals and immunocytochemical stajrwas performed
to examine the cellular localization of p-HSP27.shewn in Figure 12,
when D5-1 cybrids were treated withy®® H,O, for 30 min, p-HSP27
was aggregated at the perinuclear region. Furthermeth a prolonged
treatment of 60 min, most of the p-HSP27 clearlygred the nucleus.
Based on this observation, 8 H,O,for 60 min was used as the
oxidative stress condition. Meanwhile, DNA fragnamin assay was
performed. The DNA laddering was observed aftei\d®,O, for 60
min (Figure. 13). After cells were treated withu®0H,O, for 60 min,
cells were incubated in normal growth conditionddferent recovery
periods and the cellular localization of p-HSP2%&wa&amined. Our
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results showed that the majority of p-HSP27 stildimed in the nucleus
even after prolonged recovery of 7 hr (Figur4). From the
abovementioned, we suggest that the oxidativessinelsiced nDNA

damage may be able to retain p-HSP27 in the nucleus
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4. Discussion

Our previous data have shown a decreased HSPBA@ tetls harboring
A8344G point mutation on mtDNA (Chen et al., 20Bgcause the ATP
synthesis level decreased to 50 % of the contid (Boulet et al., 1992).
We then evaluated whether the decreased ATP levikeimutant cybrids
leads to the decreased level of p-HSP27 by chegkiogphorylated
ERK (p-ERK) under the same growth conditions. HogreWestern blot
analysis showed an increased p-ERK in the presein&8344G mutation
when compared to the normal control cells (Appertdg 3). In addition,
a significant increase of p-HSP27 was observedutant CPEO cells,
which contained about 80% of 4977-bp deletion mtDiNA et al.,
2004). These results indicate that the reduced \HSP27 is not due
to a common effect of the low content of ATP in MERcells. It is
known that HSP27 is phosphorylated by MAPK upoasstes and
dephosphorylated by PP2A (Cairns et al., 1994;d&eand Bryckaert,
2009). Therefore, we next tested whether the deetkp-HSP27 is due
to defective kinase activity in MERRF cybrids barsient transfection
analysis. The ratio of exo-pHSP27/exo- HSP27 wasd ts determine the
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phosphorylation rate in cells with or without A8&34nutation. However,
the ratios showed no significant difference betwegrl and C5 (Fig. 1).
Taken these results together, the decreased p-H8RZ/cybrids may
not be due to decreased ATP level nor the defekinase and
phosphatase activity.

It is known that HSP27 are phosphorylated by MARImustresses and
dephosphorylated by PP2A (Cairns et al., 1994;d&eand Bryckaert,
2009). Given the fact that phosphorylation of HSB2Gurred within
minutes under stress conditions, we wonder whetigereduced level of
p-HSP27in mutant MERRF cybrids has impact on the respotsstiess
conditions. Thus, heat shock and MG132 treatmepts @&pplied to the
mutant and normal cybrids and Western blot analygissing specific
antibody against p-HSP27 was performed. Similasstresponses were
observed in both D5-1 and C5 cybrids upon heatkshod MG132
treatments. Meanwhile, it is worth noting that unkli€5132 treatment,
p-HSP27Avas accumulated after 2 hr incubation. Because N2G4.a
non-specific protease inhibitor, the accumulatibp-61SP27 indicates
that the degradation of p-HSPRB7mediated by the ubiquitin-proteasome
pathway. Nevertheless, our previous report has stibat the
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degradation of HSP27 is through autophagy-lysosqathiway (Chen et
al., 2011). Because HSP27 formed large polymerpidSP27showed a
tendency to form dimers or tetramers (Kosten aneémdp2009).
Therefore, we speculate that different conformatiohHSP27 may go
through different degradation pathways.

It is known that HSP27 functions as a negative legguof apoptosis
(Rocchi et al., 2006; Pandey et al., 2000). In @stf the decreased
HSP27 in cells enhanced the apoptotic stress (Retelh, 2006). We
have shown an increased cell death in the mutarRIRFEcybrids
harboring reduced amount of HSP27 under apopttréss (Appendix
Fig. 5). To further confirm whether the reducecdelenf the anti-apoptotic
property of HSP27 may be responsible, at leasarty o disease cells
becoming less viable under different stresses€tLal., 2004; Wu et al.,
2010), we exogenously over-expressed HSP27 in maoyénids and the
stable cells were then treated with STS to indyoptosis. The results
from Western blot assay showed significant decrefsetivated caspase
3 in the HSP27 over-expressed stable lines, C5pQ3C®, compared
with C5, which contains no over-expressed HSP27.r&sults are
consistent with other reports that the over-exm@$$SP27 reduces cell
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death when cells are under stresses (Kim et dlQ;2ark et al., 2009). It
Is worth to note that the protein level of exogenbl&P27 is slightly
increased in C6 compared with that of C5-C5 (Fgwhich may be
responsible for the decreased activated caspaste@ted in C6 cybrids.
On the other hand, the mitochondrial membrane pelen MERRF
patient’ fibroblasts with 89% mutant mtDNA retainealy 20 % of the
control cells (Boulet et al., 1992). We further ewaed whether the
over-expressed HSP27 rescues mitochondrial memip@eatial by
JC-1 staining. However, even though the over-esae@$iSP27 slightly
increases mitochondrial membrane potential butifierence is not

significant compared to the control cells (Fig. 5).

To further investigate the importance of HSP27 phosylation on cell
protective functions under stresses, mammalianesspyn plasmids
PcDNA3-HA-HSP27-S3A and pcDNA3-HA-HSP27-S3D were
constructed. It was reported that only the larggegates of HSP27 were
able to confer protection against ROS (Arrigo, 200Aoreover, murine
constitutive expressed non-phosphorylatable mudap®5, with serine
15 and serine 86 replaced by alanine, significatetyreased the
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intracellular levels of ROS and strongly increadesiglutathione content
(Pre” villel1 et al., 1998). In contrast, HSP27 gbtworyaltion is required
for injured sensory and motor neuron survival in(Benn et al., 2002).
In the present study, HA-HSP27-S3A and HA-HSP27-2&e
constructed for comparison and transient transfecssay was
performed to analyze the protective function ofriingant forms of
HSP27 under STS treatment. Our results demonshatte
HA-HSP27-S3D transfected cells showed a significeareased cell
death under STS treatment when compared to thhediA-HSP27-S3A
transfected cells. Our results reveal the impogarfq-HSP27 on the
anti-apoptotic function in cybrid cells harboring244G mutation. On
thither hand, we further investigated the correlatretween the cellular
localization of p-HSP27 and cell viability. Our gieus results showed
that HSP27 and p-HSP27 distributed evenly in thegtgsm in both
D5-1 and C5 under normal growth conditions (Appgrdg. 2). In the
present study, we find that p-HSP27 enters thesmgammediately after
heat shock and 4@, treatment. However, it has been shown that the
nuclear translocation of p-HSP27 is cell type dpedror example,
Geum et al. reported constitutive entry of Hsp2%amts mimicking
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phosphorylation into nuclei of unstressed hippocampuron progenitor
Cells while the endogenous HSP25 distributed evienllge cytoplasm
(Geum et al., 2002). Constitutive entry of DrostgiSP27 into nuclei
of developing oocytes has also been reported (MamihTanguay, 1996).
In contrast, Adhikari et al. observed that both 25pnd related alpha-B
crystallin were excluded from nuclei of mature mytes, but not
immature myoblasts, under all tested conditionduiing heat shock
(Adhikari et al., 2004). Moreover, Bryantsev etraported that the
phosphorylation of HSP27 in necessary for nuclearsiocation but not
sufficiently. Other report also indicated that g:eISP27 enters the
nucleus for nucleic acid binding to reduce nDNAakaown (Korber et
al., 1999). In my study, a large portion of p-HSR&& translocated into
the nucleus right after heat shock treatment. Withonged recovery
intervals, most of the p-HSP27 returned to the mgtem within 7 hr
recovery in D5-1 but not in C5 mutant cybrids (Fi§). We further
assessed cell viability along with each treatmetarvals. Our results
show that a significant cell death of D5-1 cybragigpeared at 3 hr
recovery and lasted to 9 hr recovery when compargdno treatment
control. Therefore, the nuclear-translocated p-HS$&ems to correlate
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with cell viability during heat shock recovery imetnormal cybrids.
However, in the mutant C5 cybrids, with most of fhelSP27 retained in
the nucleus even after 9 hr recovery, a large sdfatell death was not
observed until the prolonged recovery of 7 to 9ths noted that the
increased amount of ROS was observed in culturéslit@boring
A8344G mutation of mtDNA (Liu et al., 2009). It wasggested that
MtDNA mutation-elicited oxidative stress and oxidatdamage are
involved in the pathogenesis and progression of RERlisease (Wu et
al., 2010). Therefore, we speculate that the pretexk oxidative stress in
C5 cybrids may be responsible for the delay buesegell death in
mutant cells. To verify the effects of oxidativeests on p-HSP27
distribution, HO,was added to D5-1 as an oxidative stress induakr an
then cells were incubated in normal condition ravery. Our results
showed that the majority of p-HSP27 still retaim@the nucleus even
after a prolonged recovery of 7 hr, which is comsiswith what observed
in C5 mutant cells. We suggested that the oxidatixkess induced nDNA
damage may be able to retain p-HSP27 in the natlautant cybrids
under stress condition. However, the prolong rederdf the
nuclear-translocated p-HSP27 eventually cannotrseviae global
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defects induced by mutated mtDNA. Thus, a largéesafcell death was

observed after 7 to 9 hr recovery.

In the previous studies, most of them have focusethe pathogenesis or
the symptom®f the MERRF disease. However, in our laboratoey,ane
interested in investigating the correlation betwB&P27 and MERRF
disease cellular model. In the present study, waddhat the drastically
decreased p-HSP27 in cells bearing A8344G mtDNAatrart was not
due to the defective kinase activity or the deadasI P level.
Additionally, the decreased p-HSP27 did not affemimal stress
responses. Moreover, by examining mutant cells/cegmon-
phosphorylatable or phosphomimicking-HSP27, we oleskthat the
phosphomimicking-HSP27 transfected cells especsdibw the ability to
desensitize mutant cells to STS treatment, indigatie important
protective function of p-HSP27 on mutant MERRF aybmunder
apoptotic stress. Furthermore, we suggest thatubkear-translocated
p-HSP27 correlates with cell viability under stessdn conclusion, this

study provides evidence that the p-HSP27 plays wmepprtant roles in
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the MERRF disease cellular model. We hope thesknigs will provide

new insight into the therapeutic targets of the NERlisease.
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Fig. 1. Protein expression levels of transientlgressed HSP27 and
p-HSP27 in the cybrids harboring A83449G mutatidhr@DNA and the
normal control.

Protein expression level was analyzed by Westernabler
HSP27-Myc-His plasmids were transfected into D5¥d @5. The ratio
of p-HSP27 /[HSP27 revealed the protein phosph@dlkvel. Data are

expressed as means + SEM from 5 independent exgraism
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Fig. 2. Western blot analysis of p-HSP27 in therddwith or without
A8344G mutation under heat shock treatment.

Cells were treated with heat shock ai&®ith different time intervals. A
significant increase of p-HSP27 was detected 60aftar 43°C

treatment in both normal and mutant cybrids. Tlegan expression

level was analyzed by Western blot.
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Fig. 3. Protein expression of exogenous HSP27 lmidylones
harboring over-expressed HSP27.

C5-C5 and C6 were stably transfected with pcDNABI$P27-Myc-His
from parental MERRF C5.The protein expression |leveet analyzed by

Western blot.
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Fig. 4. Over-expression of HSP27 desensitized niatgorids to
apoptotic stress.

Cybrid clones D5-1, C5, C5-C5 and C6 were treatgd 800nM STS for
3 hr. The activated caspase 3 was used for theatdn of apoptosis.
Western blot analysis demonstrated that the |edfedstivated caspase 3
were suppressed by over-expression of HSP27 itestédnes C5-C5 and
C6. The data are expressed as mean = SEM fromepemdient

experiments?, p < 0.05 stable clones vs. C5.
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Fig. 5. The over-expressed HSP27 in the mutant MEB#Is did not
rescue mitochondrial membrane potential.

Mitochondrial membrane potential was assayed by 3@&ining. Cybrid
clones C5-1, C5 and C6 were used for comparisoa.rato of red/green
fluorescent intensity was the indication of mitoodoal membrane
potential. Normal cybrids showed a significant eased level of the ratio
of fluorescent intensity, when compared to mutamt@d C6 clones.The
data are expressed as mean £ SEM from over 20)amihted from 20
different fields of two independent experimeritg < 0.05. NS = no

significant.
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Fig. 6. Protein expression of point-mutated HSRP2@ybrids harboring
A8344G mutation. Protein expression levels of HSR2ie analyzed by

Western blot after C5 cybrids were transfected #ithpoint-mutated

HSP27 plasmids.
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Fig. 7.The phosphomimicking-HSP27 desensitized mutantidglio the
apoptotic stress induced by STS.

Cell viability assay was performed after C5 cybmkre transfected with
point mutated HSP27 (HSP27-S3A, HSP27-S3D), wikttiSP27 and
LacZ control. 24 hrs after transfection, cells weeated with 300nM
STS for 3 hr and then immunofluorescently stainétl anti—-HA to
detect positively transfected cells and PI stainuag used for detection
of nuclear fragmentation. Apoptotic cell ratios eebtained by counting
more than 300 positively transfected cells frorteast 10 different fields

of three independent experiments.
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Fig. 8. Cells harboring A3243G mtDNA mutation ekal cell apoptosis
under STS treatment.

Cybrid clones Lu02 and Lu04 were treated with 1008N6 for 6 hr. The
activated caspase 3 was used for the indicati@poptosis. Western blot
analysis demonstrated that the levels of activetspase 3 were
decreased in the normal cybrids Lu02. The datagpeessed as mean +

SEM from 3 independent experiments. *, p < 0.05Istalones vs. Lu02.
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Fig. 9. The phosphomimicking-HSP27 desensitizecamtutybrids(Lu04)
to the apoptotic stress induced by STS.

Cell viability assay was performed after LuO4 cgisrwere transfected
with point mutated HSP27 (HSP27-S3A, HSP27-S3Di tyipe HSP27
and LacZ control. 24 hrs after transfection, ce#se treated with 100nM
STS for 6 hr and then immunofluorescently stainétl anti—-HA to
detect positively transfected cells and PI stainiag used for detection
of nuclear fragmentation. Apoptotic cell ratios e@btained by counting
more than 300 positively transfected cells frorteast 10 different fields

of three independent experiments.
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Fig. 10. The cellular localization of p-HSP27 irbags under heat shock
treatment with and without A8344G mutation.

D5-1 and C5 cybrids were heat shocked at43 for B@ites and then
incubated at 3¢ for 0, 1, 3,5, 7 and 9 hr for vecp The pHSP27
entered the nucleus form the cytoplasm immediatigr heat shock
treatment. However, with prolonged recovery int&vhe p-HSP27
returned to the cytoplasm in D5-1 cybrids but mo€b cybrids. Pl was

used for nucleus staining.
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Fig. 11. Cell viability after heat shock treatmand different recovery
intervals.

D5-1 and C5 cells were heat shocked af43 for 30and recovered at
37C for0, 1, 35, 7 and 9 hrs. Apoptotic cells were counted der
staining. There was a significant cell death in D&ybrids from 3 hr to

9hr recovery after heat shock. But in C5 cybridsigaificant cell death
was observed later until 7hr to 9 hr. The dateeapressed as means +
SEM of from 3 independent experiments. More thah &€lls were
counted from at least 10 different fields of thregependent experiments.

* T, p <0.05 vs. the no treatment control.

60



nucleus pHSP27 merge

Fig. 12. Cellular localization of p-HSP27 aftesd treatment in D5-1

control

S0nd H, O,
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QOpM Ho O,
GO i

cybrids.

D5-1 cells were treated with AP H,O,for 0, 30 and 60 min and
immunofluorescent staining was performed with @itBP27 antibody.
p-HSP27 showed a strong signal at perinuclear ne@ti0 min treatment
and then p-HSP27 entered the nucleus at 60 mwaPRlused for nuclear

staining.
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Fig. 13. DNA fragmentation assay in D5-1 afteOsltreatment.

D5-1 cells were treated with @B H,O, for 0, 30 and 60 min and a
positive control of 1000M H,O,for 60 min. The DNA laddering was

observed after 9M H,O,for 60 min.
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Fig. 14. The cellular localization of p-HSP27 afteO, treatment in
D5-1 cybrids with different recovery intervals.

D5-1 cells were treated with @® H,O, for 1 hr, and recovered at
normal growth media for 3, 5 and 7 hrs. At eacletpoint,
immunofluorescent staining was performed with @itBEP27 antibody.
Even prolonged recovery of 7 hr, p-HSP27 retaimethense signal in

the nucleus. Pl was used for nuclear staining



7. Appendix figures
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Appendix 1. Decreased protein expression of HSPAaHSP27 in the
cybrids harboring A8344G mtDNA mutation.

Both p-HSP27 and HSP27 showed a significant deereaS5 cybrids.
B-actin was used as an internal control. Data gpeessed as mean *
SEM from 5 independent experimertsp < 0.05, mutant cybrids vs. the

normal control
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Appendix 2. Cellular localization of HSP27 and p#23 in normal and
MERRF cybrids. HSP27 and p-HSP27 are evenly digedbin the

cytoplasm in both normal and MERRF cybrids undenma condition.
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Appendix 3. Western blot analysis of ERK and p-ERkhe cybrids with
or without A8344G.

Expression levels of ERK and p-ERK were determiogd
immunoblotting in whole-cell lysates from the wilghe control cybrids
(D5-1) or cybrids harboring A8344G mutation of mtBKCS).
Following SDS-PAGE and Western blotting, ERK anBRK were
detected by probing with appropriate antibodiegi-iractin was added

as an internal control.
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Appendix 4. Western blot analysis of p-HSP27 antPHbin the cybrids
with or without A8344G mutation under MG132 treafrhe

Expression levels of p-HSP27 and HSP70 were detedriy
immunoblotting in whole-cell lysates from the wilghe control cybrids
(D5-1) or cybrids harboring A8344G mutation of mtAKCS). Cells
were treated with 1M MG132 for various time intervals as indicated.
Following SDS-PAGE and Western blotting, p-HSP2d Ei$P70 were
detected by probing with appropriate antibodiegi-ractin was added

as an internal control.
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Appendix 5. Cells harboring A8344G mtDNA mutatidicieed cell

apoptosis under STS treatment.
Cell viability assay was performed after cells weeated with 400 nM

STS for 2.5 hr and then stained with DAPI for otlear fragmentation.
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Appendix 6.Decreased protein expression of HSP27 and p-HSP®Rii
cybrids harboring A3243G mtDNA mutation.

Both p-HSP27 and HSP27 showed a significant deereasu04 cybrids.
B-actin was used as an internal control. Data gpeessed as mean +
SEM from 3 independent experiments. *, p < 0.05tamucybrids vs. the

normal control
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