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ADbstract

High levels of glucocorticoids (GCs) have been regggb to damage normal
hippocampal neurons, and such damage has beeivelgsitorrelated with major
depression (MD) and chronic stress. Our previoudysshowed that HDAC6 might
be a potential target to regulate GC-induced glodamid receptor (GR)
translocation to the mitochondria and subsequeoptagis. In the present study, we
investigated the effect of HPOB, a selective HDAMGibitor, on corticosterone
(Cort)-induced apoptosis and explored the possitdehanism of action of HPOB in

ratadrenal pheochromocytoma (PC12) cells, which psssetypical neuron features

and expresses high levels of glucocorticoid reasptdVe demonstrated that

pre-treatment with HPOB remarkably reduced Cortioedi cytotoxicity and
confirmed the anti-apoptotic effect of HPOB via tbaspase-3 activity assay and
H33342/P1 and TUNEL double staining. Mechanistigallve demonstrated that
HPOB reversed the Cort-induced elevation of GR I&we the mitochondria and
blocked concomitant mitochondrial dysfunction ahd tntrinsic apoptosis pathway.

Furthermore, HPOB was shown to attenuate expressfothe multi-chaperone



machinery (Hsp90-Hop-Hsp70) and cooperate with chibmdrial translocase of the
outer/inner membrane (TOM/TIM) complex recruitmenby triggering

hyperacetylation of Hsps through HDACG6 inhibitio@onsidering all of these
findings, the neuroprotective effect of HPOB dentmatsd the crucial role of HDAC6
inhibition in reducing Cort-induced apoptosis in I2Ccells. The data further
suggested that the anti-apoptotic activity of HDAG®hibition against the
mitochondria-mediated impairment pathway might bechanistically linked to the
hyperacetylation of Hsps and consequent suppressioBR translocation to the

mitochondria.
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translocation complexes of outer membrane; VDACtgny voltage-dependent

anion-selective channel protein.

1. Introduction

Glucocorticoids (GCs) belong to the family of sidrdiormones that regulate a
variety of physiological processes, including egengetabolism, inflammation and
stress responses (Tang et al., 2013). As parteo$titess response, chronic elevation
of circulating GCs is a harmful stimulus that ated¢he function of the central
nervous system (CNS). GC-induced apoptosis has flegemded as a principal factor

inducing reduction of hippocampal volume, which densidered the crucial



characteristic of patients with major depressiorDjMind chronic stress (Sapolsky,
2000). The effects of GCs are predominantly medidteough interaction with the
glucocorticoid receptor (GR). These receptors abéquitous ligand-dependent
transcription factors that regulate gene exprestionugh either trans-activation or
trans-repression of gene targets (Mikosz et alg12®avoldi et al., 1997). Under
normal conditions, GRs are localized primarily witlthe cytosolic fraction in an
unoccupied resting state. However, upon treatmetit &n agonist or under stress
conditions, GRs become progressively occupied apitlly translocate to the nucleus,
where they initiate or modify gene transcriptiore(ét al., 2002; Maiyar et al., 1997).
However, recent studies have reported that a sdiidn of GRs can be detected in
the mitochondria in liver and brain cell lines, gagting that the mitochondria may
function as an alternative non-genomic site of thenomic action of GCs
(Demonacos et al.,, 1995; Moutsatsou et al., 200darr® and Sekeris, 2011).
Furthermore, several studies have suggested mitociad GR translocations are
regulated differently from nuclear GRs and may cwlapoptosis independently or
collaboratively with nuclear GR effects (Du et @009; Sionov et al., 2006a).
Mitochondria play crucial roles in several cellulprocesses, including energy
production, programmed cell death, signalling, andtabolic pathways. During
apoptosis, mitochondria orchestrate programmed de#ith through the intrinsic
pathway and the release of pro-apoptotic protedmziC et al., 2009). Elevated GC
levels have been demonstrated to influence thetifumsc of mitochondria, and GCs
may independently mediate the elevation of restmgfabolic rates during severe
injury or stress (Moutsatsou et al., 2001). Furtiee, previous findings from our
group revealed that saikosaponin (Bn oleanane-type glycoside) could reverse
Cort-induced apoptosis through blocking the mitoah@l translocation of GR,
indicating that mitochondrial GR translocation ntighe both essential for
GC-induced apoptosis and independent of the nueléeasts of GRs (Li et al., 2014).
Therefore, it could be hypothesized that mitoch@dGR translocation-induced
apoptosis might be an important component of tlehl®#mical changes and injuries

that occur after GC exposure under MD or chronicesst circumstances.



Mitochondrial GR translocation might also be coesatl as a target for therapeutic
modalities against GC-induced neuronal apoptosis.

Our work found that histone deacetylase 6 (HDACBY deat shock protein 90
(Hsp90) were probably associated with mitochond@R translocation, as the
reduction of HDACG6 and reinforcement of Hsp90 mantdbute to its inhibition (Li
et al.,, 2014). HDACEG is the principal member of thistone deacetylase (HDAC)
family and is actively and stably maintained in thyoplasm. HDAC6 has been
demonstrated to be involved in cell survival, ineas tumorigenesis and cellular
responses to proteotoxic stress via post-transktionodifications (Kovacs et al.,
2005). Importantly, HDACG6 plays an important rateregulating the deacetylation of
molecular chaperones in the cytoplasm. Hsp90 isrdircned substrate of HDACS,
and its chaperone activity is regulated by HDAC@&ifidar et al., 2010; Rao et al.,
2012; Ryhanen et al., 2011). These investigatiomicate that the regulation of
HDACG6-mediated post-translational modifications éfsps might inhibit GR
mitochondrial translocation, thereby blocking G@ured neuronal apoptosis. To test
this hypothesis, we explored the influence and medms of HDACG inhibition in
Cort-induced apoptosis.

N-hydroxy-4-(2-[(2-hydroxyethyl) (phenyl)amino]-2¢oethyl) benzamide (HPOB) is
a hydroxamic acid-based small-molecule HDACSG irtioibi It selectively inhibits
HDACSG6 catalytic activity in vivo and in vitro witlan 1G, of 56 nM but does not
block the ubiquitin-binding activity of HDACG6. Fimérmore, HPOB was shown to
increase the effectiveness of etoposide, doxomibad SAHA anticancer agents in
inducing cell death of transformed cells but notnmal cells (Lee et al., 2013). In the

present study, we report that treatment of ratradrpheochromocytoma (PC12) cells

with HPOB reversed Cort-induced GR mitochondri@nsiocation andpoptosis

through the intrinsic mitochondrial pathway. PCH tine, which possesses typical

neuron features and expresses high levels of otutoegid receptors, is one of the

widely used neuronal cell lines in a variety ofdséis. Based on the involvement of

HPOB in the switch towards a pro-survival effece provide novel insight into the

role of HDAC6-dependent deacetylation of Hsp90,ohtdisturbs the translocation of



GRs into the mitochondria. Notably, HPOB treatmemmiggered dramatic
hyperacetylation of Hsps, restricted the binding Hp90 to Tom70 and Hop,
decreased the levels of Tim22, Mia40 and mitochi@hddsp60 (mtHsp60), and
resulted in the obstruction of co-chaperone-depeindetochondrial transmembrane
transport, which ultimately blocked mitochondriaRGranslocation. Moreover, we
found a correlation between mitochondrial GR traostion and GC-induced
apoptosis. When GR mitochondrial translocativas reversed by HPOB, the
abnormal opening of the mitochondrial permeabilitgnsition pore (mPTP) and
depolarisation of the mitochondrial transmembranetemial (MMP) were
ameliorated, and the intrinsic mitochondria fissard apoptotic pathways were also
blocked. Therefore, we concluded that HPOB-induoéiition of HDAC6 might be

a potential target for blocking GC-induced apofgosi

2. Materials and methods
2.1 Materials

HPOB used in cell culture experiments was purchfeed Selleck Chemicals (HOU,
USA). Foetal bovine serum (FBS), heat-inactivatedsé serum, penicillin, and
streptomycin were purchased from Gibco (Grand thlaNY, USA). Dimethyl
sulfoxide (DMSO), Dulbecco’s Modified Eagle Mediu(@MEM), corticosterone
(Cort) and thiobarbituric acid were obtained frongra-Aldrich (St. Louis, MO,
USA). The following primary antibodies were purchdsfrom Santa Cruz
Biotechnology (CA, US): antibodies to GAPDH (1:190Bis1 (1:500), DRP1 (1:500),
cytochrome ¢ (1:500), GR (1:500), HDACG6 (1:500)stbne H2B (1:500)¢-tubulin
(1:2000), and VDAC(voltage-dependent anion-selective channel) pro(&if00).
The following primary antibodies were purchasednfrddbcam (UK): primary
antibodies to Hsp9(heat-shock protein 90) (1:500), Hsp(f@at-shock protein 70)
(1:200), Hsp6Qheat-shock protein 60) (1:200), Tom20 (translaratomplexes of
outer membrane 20) (1:200), Tom40 (1:200), TondZQQ0), Tim 22 (translocation
complexes of inner membrane 22) (1:200), Hop (HAP3090-organizing protein),



and Mia40 (1:200). Goat anti-mouse secondary adiésolabelled with horseradish
peroxidase were also purchased from Abcam. A monet| anti-acetyl lysine
antibody was purchased from Cell Signaling Techgwl(Beverly, MA). All other

chemicals and reagents were analytical grade.

2.2. Céll culture and drug treatments

PC12 and SH-SY5Y neuroblastoma cells were obtaireed the Chinese Academy

of Medical Sciences and cultured in vitro. PC12Iscelere grown in DMEM
supplemented with 10% (v/v) foetal bovine serum, &%) heat-inactivated horse
serum, 100 U/ml penicillin, and 10@y/ml streptomycin. Cells were cultured in a

humidified atmosphere of 95% air and 5% LD 37 °C._ SH-SY5Y cells were grown

in DMEM supplemented with 10% (v/v) foetal bovinersm, 100 U/ml penicillin,

and 100ug/ml streptomycin. Cells were cultured in a humeatifatmosphere of 95%

air and 5% CQ@at 37 °C. Cells in the exponential growth phaseewesed for all

experiments. HPOB was first dissolved in DMSO aacentration of 10 mM and
then in DMEM (0.1-2uM) immediately before use. Final preparations cioeta less
than 0.1% (v/v) DMSO. As evidenced by comparisorith wehicle-free control
medium, DMSO had no toxic effect on cell viabilaypd did not affect the assays. To
study the anti-apoptotic effect of HPOB, the celeye divided into untreated control,
HPOB alone, Cort (25@M), and Cort (250uM) plus HPOB groups. Cells were
pre-incubated with HPOB for 24 h and then co-tréat&h Cort for 24 h, while the

untreated control group was treated with the apptgpamount of vehicle.

2.3. Measurement of lactate dehydrogenase (LDH) release

The cell damage was determined by the releasectH#téadehydrogenase (LDH) into
the incubation medium using the assay kit (Nanjihgncheng Bioengineering
Institute, China) according to the manufacturerstiuctions. Briefly, after the
treatment, the cells in 6-well plate were centrfdgt 1000g for 4 min, 1 mL culture

supernatants were collected from each well; 3.4r@alction buffer supplied in the kit



was then added. 30 min after mixing at room tentpezathe release of LDH was
assessed using a microplate reader at a test watielef 340 nm and expressed as a
percentage (%) of total LDH activity (LDH in the dieam + LDH in the cell),
according to the equation % LDH released = (LDHvégtin the medium/total LDH

activity) x 100. Each experiment was performedféar times.

2.4. Caspase-3 activity determination

Cells were harvested by centrifugation and the meginoved. A volume of 50l of

10 uM substrate solution (PhiPhilux is a unique clalssubstrates for caspase-3) was
added to the cell pellet (1x1@ells per sample); the cells were not vortex mixed.
Cells were incubated at &7 for 60 minutes, then washed once by adding 1frides
cold PBS and were re-suspended in 1 ml fresh PBfs @ere analyzed with a flow
cytometer (Becton-Dickinson) equipped with an argmm laser at 488 nm

wavelength. Caspase-3 activity was determined aatyzed.

2.5. H33342 /Propidium lodide Staining

Furthermore, Hoechst 33342 and PI double fluordsstaming was assayed. Annexin
V/propidium iodide (Pl) assay kits were purchaseahi Invitrogen (Eugene, OR,
USA). The cells were cultured on coverslips in 2dlvplates for 24 h. After the
treatment, the cells were incubated with 5 mg/méetst 33342 for 15 min, washed
twice with PBS, incubated with dg/ml PI working solution for an additional 15 min,
and then visualised by inverted fluorescence maopg (Leica, Germany). The
apoptotic nuclei were counted in at least 200 detis1 five randomly selected fields
in each treatment and are expressed as percerdhgies total numbers of counted

nuclei.

2.6. Measurement of DNA fragmentation

The DNA fragmentation of apoptotic PC12 cells wasedted using a terminal

deoxynucleotidyl transferase-mediated biotinyldt&d® nick end labelling (TUNEL)



kit (Roche Diagnostics Corp., IN, USA). The cellere cultured on coverslips for 24
h. At the end of the drug treatment, the cells wiered by incubation in a 10%
neutral buffered formalin solution for 30 min aro temperature. Next, the cells
were incubated with a methanol solution contairdg HO, for 30 min at room
temperature and then incubated with a permealglisoiution (0.1% sodium citrate
and 0.1% Triton X-100) for 2 min at 4 °C. The cellsre incubated with the TUNEL
reaction mixture for 60 min at 37 °C and visualizbg inverted fluorescence
microscopy (Leica, Germany). The TUNEL-positive leu©f four non-overlapping
fields per coverslip were counted, and these cowste converted to percentages by
comparing the TUNEL-positive counts to the totalminers of cell nuclei, as

determined by DAPI counterstaining.

2.7. Subcellular fractionation

Cell pellets were gently resuspended in cytopladmiiter (10 mM Hepes, pH 7.4,
1.5 mM MgCh, 10 mM KCI, 0.5 mM DTT, 10 mM Naz2Mof) 2 mM PMSF, 20
ug/ml aprotinin, 0.1% NP-40; 25 mM NaF, and 0.2 mWO,) and kept on ice for
10 min before centrifugation at 900 g for 10 miheThuclear pellets were processed
as described below. The cytoplasmic supernatant relasentrifuged at 900 g to
ensure complete removal of nuclear material. Thsulti@g supernatant was
centrifuged at 10,000 g for 30 min. The cytosolipernatant was processed for
Western blot by adding protein sample buffer (P8B).5. The mitochondrial pellet
was washed with cytoplasmic buffer, recentrifuged@®000 g, and dissolved in PSB
x 1.5. The nuclear pellet was washed with cytopladmffer and recentrifuged at
900 g before their extraction in nuclear buffer (@M Hepes, pH 7.4, 1.5 mM Mgg&l
420 mM NaCl, 25% glycerol (vol/vol), 0.2 mM EDTA,.® mM DTT, 10 mM
N&MoO,, 2 mM PMSF, 2Qug/ml aprotinin, 25 mM NaF, and 0.2 mM N&D,). The
nuclear extracts were cleared at 20,000 g for 1) amd processed for Western blot
by adding PSB x 4.5. The Oncogene cytosol/mitocharfdactionation kit (QIA88;

Oncogene Research Products) was used accordihg toanufacturer’s instructions.



2.8. Measurement of mitochondrial permeability transition pore (mPTP) opening

The opening of the mPTP in Cort-treated PC12 cets determined using the
calcein-cobalt quenching Detection Kit (Genmed Sitfies, Inc.). All procedures
completely complied with the manufacturer’s instioies. The cells were cultured in
24-well plates. After the indicated treatments, PCells were loaded with calcein
dye and in the presence of cobalt chloride (GdCmmol/L) at 37°C for 30 min.

Images were acquired using a Leica fluorescenceostope (Leica, Germany) with
excitation and emission wavelengths of 488 andri@srespectively. The opening of
mPTP in each group was calculated as the fluorescemnensity. The opening of
mPTP was analysed using a fluorescence micropkeaeler after calcein-cobalt

staining. The results are expressed as a perceotagatrol.

2.9. Measurement of mitochondrial membrane potential (MMP)

5,5',6,6’-tetrachloro-1,1’,3,3'-tetraethylbenzimitalyl-carbocyanine iodide (JC-1,
Invitrogen, Eugene, OR, USA) was used to deterntieechanges in MMP in the
corticosterone-treated PC12 cells. Briefly, thdscelere suspended in warm medium
at approximately 1x%0 cells/ml and then incubated with JC-1 (2 mM final
concentration) for 30 min in the dark. After inctiba, the cells were washed twice
with PBS and visualised using a fluorescence moope (Leica, Germany).
Monomeric JC-1 green fluorescence emission andeggte JC-1 red fluorescence
emission were measured on a microplate readerMME of the PC12 cells in each

treatment group were calculated as the ratioscfa@reen fluorescence.

2.10. Western blot analyses and immunoprecipitation

At the end of the treatments, PC12 cells were Iséedeand washed once with PBS.
The cells to be used for protein analysis weredysgh a cell lysis buffer containing
1% phenylmethylsulfonylfluoride (PMSF). Whole cdijsates were centrifuged
at 12,000 rpm for 5 min at 4 °C, and the superrnateas collected. The protein



concentration was determined using a bicinchonawitl assay. Equal amounts of
protein (10ug) were separated by electrophoresis on 10% sodiodecyl sulfate
polyacrylamide gels and transferred onto nitrodedlea membranes. These
membranes were incubated with 5% (w/v) non-fat mokvder in Tris-buffered saline
containing 0.1% (v/v) Tween-20 (TBST) for 40 minktiock nonspecific binding sites.
The membranes were then incubated overnight at WifiC the primary antibodies.
After washing with TBST, the membranes were incetidor 1 h at room temperature
with the secondary antibodies. After rewashing WiBST, the bands were developed
by enhanced chemiluminescence. Immunoprecipitatforisp90, Hsp70, Hop, and
Tom70 were carried out using specific-antibodies iammunoblotted with anti-Hsp90,
Hsp70, Hop, Tom70 or anti—acetyl lysine antibodiespectively. Class-specific 19G
antibodies were used as controls in the immunopitation experiments. Horizontal
scanning densitometry was performed on westerns hising Adobe PhotoShop

(Adobe Systems, Inc.)

2.11. Transfections

PC12 cells were transiently transfected accordin¢he manufacturer’s instructions
using Lipofectamine and PluReagent (Invitrogen) with plasmids containing a
scrambled oligonucleotide (control siRNA). For HD&G&nockdown, PC12 cells
were transfected with PBS/U6 (control vector) with without the HDAC6 small
interfering  RNA (siRNA), which contains a 2l-nudiee sequence
5-GGATGGATCTGAACCTTGAGA-3' corresponding to the rgeeted nucleotides
(200 to 219) in the HDAC6 mRNA.

2.12. Satistical analysis

Results are represented as the means * the stadeardtions (SDs) for each
experimental group. The data were analysed by aneANOVA followed by a post
hoc Tukey test to compare the control and treatrgemips; p-values less than 0.05

were considered as statistically significant. Aktstical analyses were performed



with the SPSS17.0 software. All experiments werdgomed a minimum of three

times.

3. Results
3.1. Effect of HPOB on GCs-induced apoptosisin PC12 and SH-SY5Y cells

First, the effects of HPOB at different concentmasi on Cort-treated PC12 cells were
measured using the CCK-8 assay. The results sholnatdHPOB treatment alone
(0.01-4uM) did not alter cell viability (Fig. 1A). Howevepre-treatment with HPOB
resulted in a significant decrease in Cort-indumedtity in a dose-dependent manner,
and 0.5uM of HPOB showed the best neuroprotection (Fig.. Rythermore, LDH
release and caspase-3 activity were measured foroahe anti-apoptotic effect of
HPOB on Cort-treated PC12 cells. As shown in Fig. dnd D, pre-treatment of
HPOB at the indicated concentrations distinctlyemtiated the Cort-induced
upregulation of LDH release and caspase-3 activitya dose-dependent manner.
Again, 0.5uM of HPOB exerted the strongest neuroprotectioraddition, we further
checked the anti-apoptotic effect of HPOB agairisicGcorticoids-induced apoptosis

in human neuroblastoma SH-SY5Y cells. The resultsfioned pretreatment with

HPOB reversed dexamethasone-induced decreasehitityiaf SH-SY5Y cells (Fig.

1E-G), and attenuated dexamethasone-induced imciedDH release of SH-SY5Y

cells (Fig. 1H). Notably, the dose-dependent nenategtion of HPOB only ranged

from 0.01uM to 0.5uM; higher concentrations of HPOB (2 angiMl) were actually
less protective against Cort-induced toxicity, @ioly due to off-target or excessive
HDACSG6 inhibition of HPOB. These results indicatedderate inhibition of HDAC6
might be beneficial for survival. To further inviggtte the possible mechanism of
HPOB protection against Cort-induced toxicity, & @M HPOB concentration was

selected for subsequent experiments.

Fig. 1. Effects of HPOB on GCs-induced apoptosis in PCI23iH-SYSY cells. (A) Effect of 48 h



treatment with HPOB alone and (B) anti-apoptotiefof HPOB pre-treatment for 24 h on
Cort-induced apoptosis in PC12 cells. (C) EffecHBIOB pre-treatment for 24 h on LDH leakage. (D)

Effect of HPOB pre-treatment for 24 h on caspasetBity. (E) Effect of 24 h treatment with

Dexamethasone (DEX) at the indicated concentratiothe viability SH-SY5Y cells. (F) Effect of 48

h treatment with HPOB alone on the viability SH-SY&ells and (G) anti-apoptotic effect of HPOB

pre-treatment for 24 h on DEX-induced apoptosiShhSY5Y cells. (H) Effect of HPOB

pre-treatment for 24 h on LDH leakage. The resarsexpressed as the means + SD of three

independent experiments. ## indicates a signifidéfgrence from the control (P < 0.01). * indica
significant difference from treatment with Cortadoat P < 0.05. ** indicates a significant diffecen

from treatment with Cort alone at P < 0.01.

3.2. HPOB attenuated Cort-induced apoptosisin PC12 cells

We further examined the effects of HPOB on Corucel apoptosis via Hoechst
33342/PI and DAPI/TUNEL double staining. As showrfig. 2A and C, a markedly
higher number of Pl-positive cells were detectedutiures treated with Cort than in
control cells, while there was about 50% reductimin Pl-positive cells in the
HPOB+Cort condition compared to the Cort conditibm.addition, the number of
TUNEL-positive cells increased significantly in tiules treated with Cort compared
to control cells, while there was approximatelyQ#breduction of TUNEL-positive

cells in the HPOB+Cort condition compared to thet€ondition. (Fig. 2C and D).

Fig. 2. The effects of HPOB on cell survival in Cort-trectPC12 cells as determined using TUNEL
staining. (A) Representative images of Hoechst 2834double staining, including representative
images of Pl-positive cells (red, apoptotic cedlsll Hoechst counterstaining (blue, normal cellsal&
bar: 400um. (B) Representative images of TUNEL-positive £éfireen, middle row) and DAPI
counterstaining (blue, top row). Scale bar: 26@ (C) Quantification of Pl-positive staining. (D)
Quantification of TUNEL staining. The histogram glsothe relative proportion of Pl-positive and

TUNEL-positive cells in different treatment grou@ells were pre-incubated with HPOB for 24 h and



then co-treated with Cort for 24 h. The untreateati®l group was incubated with the appropriate
amount of vehicle. The results are expressed amé#ams + SD (n=3). ##P<0.01 compared with the

control group; **P<0.01 compared with corticostezaroup.

3.3. Effect of HPOB on the translocation of GR

PC12 cells were incubated and divided into untceatentrol, Cort, and Cort plus
HPOB groups, and the subcellular fractions wereusgpd using the procedure above
and a mitochondria fractionation kit before subjegtfractions to western blotting.
Cross-contamination among the nuclear, cytosohd, mitochondrial fractions was
ruled out using antibodies against histone H2Bjbulin, and VDAC that react with
nuclear, cytosolic, and mitochondrial fractionsspectively (Fig. 3B). VDAC could
be used as a mitochondrial marker because the eedi® harvested before
mitochondrial fission. The mitochondrial fractionasy not contaminated with
cytosolic or nuclear proteins. As shown in Fig. 38ort treatment reinforced
mitochondrial and nuclear GR translocation in PCé&ks compared with the control
group, and HPOB inhibited this effect. However, #rmaount of nuclear GR did not
decrease significantly. Interestingly, pre-treatmaith HPOB enhanced cytosolic
retention of GR compared with the Cort group, whitatment with HPOB alone did
not alter the levels of GR in the different subefrans compared with the control
group. This observation highlighted the need toli@R trafficking in the context of
the GC-dependent pathway.

Fig. 3. HPOB treatment altered intracellular distributmnGR and inhibited the mitochondrial
translocation of GR in PC12 cells (Cort group). @R was detected using western blotting with an
anti-GR antibody. The blots were probed with ardibe specific fon-tubulin (cytoplasm), histone

H2B (nuclear), VDAC (mitochondria) arg#actin (cell lysis). HPOB inhibited the increased

translocation of GR to the mitochondria but nottte nucleus of PC12 cells (HPOB + Cort group). (B)



The mitochondrial fraction was not contaminatedigtpsolic or nuclear proteins. Subcellular fraction
were analysed using western blotting with antibsdieecific fora-tubulin, histone 2B, and VDAC
to react with cytosolic, nuclear, and mitochondfiattions, respectively. Protein levels were
quantified using densitometry. Cells were pre-irated for 24 h with HPOB and then co-treated with
Cort for 18 h. The untreated control group was bbatad with the appropriate amount of vehicle. The
results are expressed as the means + SD (n=3)diates a significant difference from the conabl
P < 0.01. * indicates a significant difference fron@atment with Cort alone at P < 0.05). ** indesi,

significant difference from treatment with Cortadéoat P < 0.01.

3.4. Effect of HPOB on the Cort-induced dysfunction of the mitochondria

Given that HPOB inhibited Cort-induced mitochontri@R translocation, we
undertook a series of studies to investigate whethgochondrial function was
disturbed by the translocation of GR to this ingladar organelle and the effect of
HPOB on this process. We first detected the infteeof HPOB on the opening of the
mitochondrial permeability transition pore (mMPTR)ng the calcein-cobalt quenching
method. As shown in Fig. 4A and B, exposure to gBDCort for 24 h significantly
decreased green fluorescence (##P<0.01) compartge toontrol group, indicating
cobalt quenching of calcein in the inner mitochamdmatrix and the profound
release of calcein into the cytosol, which is cstsit with mPTPs opening. In
comparison, pre-treatment with HPOB (QB1) blocked Cort-triggered decrease in
green fluorescence intensity (**P<0.01), demonstggHPOB induced the closure of
mPTPs. Secondly, we further confirmed with JC-lingtg that HPOB reversed
Cort-induced MMP depolarisation in PC12 cells. JCatcumulates in the
mitochondria in a potential-dependent manner. Imad cells, JC-1 accumulates and
forms dimeric J-aggregates in the mitochondria g¢finag off a bright red fluorescence.
However, when the potential is disturbed, the dgenot access the transmembrane
space and remains in the cytoplasm in its mononferia, which gives off a bright

green fluorescence. Consequently, mitochondrialokdejsation is indicated by a



decrease in the red/green fluorescence intendity. rAs shown in Fig. 4C and D,
Cort significantly decreased the red/green flucgase intensity ratio (##P<0.01).
However, HPOB (0.5uM) prevented this decrease (**P<0.01). Thus, thesailts

indicated that the HPOB-triggered inhibition of athondrial GR translocation was

accompanied by the restoration of mitochondriatfiom.

Fig. 4. Effect of HPOB on Cort-induced dysfunction of théochondria. (A) HPOB treatment
inhibited the Cort-induced opening of mPTP in PCéBs. Cells were cultured in 24-well plates. After
treatment, cells were loaded with calcein dye aedbated with cobalt chloride, and emission was
measured at wavelengths of 488 and 505 nm. Redyreed fluorescence indicated calcein-cobalt
qguenching and opening of the mPTP. (B) The mPTdéelt$ in each group was calculated as the green
fluorescence intensity analysed using a fluoreseenicroplate reader. (C) Effects of HPOB on MMP
in Cort-induced PC12 cells. Representative fluease images of PC12 cells stained with the
MMP-sensitive dye JC-1. Red fluorescence was du€ta aggregates in healthy mitochondria with
polarised inner mitochondrial membranes, while grid@orescence was emitted by cytosolic JC-1
monomers and indicated MMP dissipation. Merged iesagdicate co-localisation of JC-1 aggregates
and monomers. (D) The MMP of cells in each group ealculated as the fluorescence ratio of red to
green. The MMP was analysed using a fluorescenceopiate reader after JC-1 staining. The results
are expressed as a percentage of control. Celks prerincubated for 24 h with HPOB and then
co-treated with Cort for 18 h. The untreated cdrgroup was incubated with the appropriate amount
of vehicle. The results are expressed as the me8msof three independent experiments. ## indicates

a significant difference from the control (P < Q.0%indicates a significant difference from the
treatment with Cort alone at P < 0.05. ** indicagesignificant difference from treatment with Cort

alone at P < 0.01. Scale bar: 108.

3.5. Effect of HPOB on the intrinsic mitochondrial fission and apoptosis pathway in
Cort-treated PC12 cells

To further explore the influence of HPOB on intitmsnitochondrial fission and



apoptosis, the levels of pro-caspase-3, cleavagbsas3 and released Cytochrome C
(Cyto C) were measured (Fig. 5A). Furthermore, egpion of Bax, MAP-1, Fisl,
and DRP1 in mitochondrial fractions was also agsk$s demonstrate the activation
of the mitochondrial fission and intrinsic apoptogathway. Fig. 5B shows that
HPOB significantly blocked the Cort-induced up-riagion of cleaved caspase-3,
released Cyto C, and mitochondrial Fisl, DRP1, Baxrl expression, indicating that

HPOB reversed the mitochondrial fission and apapfmthway.

Fig. 5. Effects of HPOB on mitochondrial fission and th&rinsic apoptotic pathway in Cort-treated
PC12 cells. (A) The effects of HPOB on the relezfs€yto C and cleaved caspase-3 in Cort-treated
PC12 cells. (B) Fis1, DRP1, MAP-1, and Bax expm@sd&n mitochondria was determined. HPOB
treatment reversed the intrinsic mitochondrial patir Protein levels were quantified using
densitometry. Cells were pre-incubated with HPOB2# h, and then co-treated with Cort for 18 h.
The untreated control group was incubated withegyeropriate amount of vehicle. The results are
expressed as the means = SD (n=3). ## indicatgméicant difference from the control (P < 0.0%1).
indicates a significant difference from treatmeithvCort alone at P < 0.05. ** indicates a sigrafi¢

difference from treatment with Cort alone at P &10.

3.6. Effect of HPOB on the expression and acetylation of HDAC6-related molecular
chaperonesin Cort-treated PC12 cells

To analyse the mechanism by which HPOB influence®l #@&anslocation to the
mitochondria, we further examined the influencesefective HDACG6 inhibition on
the heat shock protein family in Cort-induced apsj. First, we observed that
exposure to Cotlihduced the up-regulation of HDAC6 but the downulagjon of
Hsp90 and Hsp70 (Fig. 6A). HPOB treatment reversexde effects. In addition,
Co-IP analysis revealed that HPOB triggered thee@®ed acetylation of Hsp90 and
Hsp70 compared with the control and Cort alone psofiFig. 6A). We analysed the



acetylated lysine residues following HDAC6 knockdaiowia SiRNA to confirm the
crucial role of selective inhibition of HDAC6 by KB in the hyperacetylation of
Hsp90 and Hsp70. The results showed that HDACG6 Kkamen induced significant
acetylation following HPOB treatment (Fig. 6B).

Fig. 6. (A) The effects of HPOB on Hsp90 and Hsp70 acétyleand Hsp90, Hsp70, and HDAC6
expression in Cort-treated PC12 cells. All of tikperiments included control, HPOB, Cort and Cort
plus HPOB groups and us@ehctin as the loading control. (B) HPOB or HDACRBKIA induced
HSP90 and HSP70 acetylation, proving that HDACS6 imaslved in deacetylation of HSP90 and
HSP70. PC12 cells were exposed to the HPOB and HD#ARNA. The pellets were lysed, then
HSP90 and HSP70 were immunoprecipitated from thatés. Immunoblotting (IB) with an
acetyl-lysine antibody was then performed. Prolevels were quantified using densitometry. Cells
were pre-incubated with HPOB for 24 h and thenreated with Cort for 18 h. The untreated control
group was incubated with the appropriate amounebfcle. The results are expressed as the means +
SD (n=3). ## indicates a significant differencenfirthe control (P < 0.01). * indicates a significant
difference from treatment with Cort alone at P 880 ** indicates a significant difference from

treatment with Cort alone at P < 0.01.

3.7. Effect of HPOB on mitochondrial preprotein transport in Cort-treated PC12 cells

To further elucidate the mechanism of HPOB interfiee in GR translocation to the
mitochondria, we examined the levels of outer membmitochondrial translocation
complexes (Tom). As shown in Fig. 7A, western tdoalysis revealed that HPOB
reversed Cort-induced elevation of Tom20 and ToneMels and unexpectedly
up-regulated the levels of Tom70 and Hop. FurtheemGo-IP results confirmed that
HPOB attenuated Cort-induced binding of intracaliilfom70 and Hop to Hsp90,
even though the expression levels of these twoep®twere both elevated. To
provide additional evidence, we isolated mitoch@andwith a mitochondrial

fractionation kit (Invitrogen, Eugene, OR, USA) apdrformed western blotting to

evaluate the levels of Tim22, Mia40, and mtHsp6Qoregsion after HPOB



pre-treatment in Cort-treated cells. The result®owad HPOB decreased the
expression levels of Tim22, Mia4d0 and mtHsp60 (Fig). These observations
suggest a model in which HPOB blocks the transionatif GR via the inhibition of
HDACG6-mediated deacetylation of Hsp90, which olgsu its binding to

translocation complexes.

Fig. 7. Effects of HPOB on the mitochondrial preproteintgport complex. (A) The effects of HPOB
on Tom20, Tom40, Tom70, and Hop expression in tygsate from Cort-treated PC12 cells using
western blot analysis. All of the experiments inldd control, HPOB, Cort and Cort plus HPOB

groups and usefgtactin as the loading control. HPOB blocked thedlyig of Tom70 and Hop to Hsp90.

PC12 cells were exposed to HPOB, and Hsp90 was mmoprecipitated from the lysates, followed by

detection of Tom70 and Hop using immunoblotting) 8th Tom70 and Hop antibodies. (B) HPOB

decreased the expression levels of Tim22, Mia40natirtsp60 in mitochondria. Protein expression

levels were quantified using densitometry. Cellseygre-incubated with HPOB for 24 h, and then
co-treated with Cort for 18 h. The untreated cdrgroup was incubated with the appropriate amount

of vehicle. The results are expressed as the me8is(n=3). ## indicates a significant difference

from the control (P < 0.01). * indicates a sigrdiit difference from treatment with Cort alone at P

0.05. ** indicates a significant difference froneéitment with Cort alone at P < 0.01.

Discussion

Numerous studies have demonstrated stress-indusmdases in GC levels are
positively correlated with atrophy of the hippocampand major depression, and
several lines of evidence have demonstrated a gstretationship between the
reduction of hippocampal neurons and GC-inducedpisss. According to the
common theory of GC action, GR activation produaggenomic action through its
association with several downstream effectors ptormgcexpression of apoptogenic
proteins that trigger the biochemical changes teatlh cell death. Non-genomic GC
effects, such as mitochondrial translocation of G&e also been proved to mediate

apoptosis in a nucleus-independent manner, in &sinto genomic GC action. Some



studies have indicated that treatment of cells WBRs causes mitochondrial
translocation of GR and concomitant apoptosis, evimhibition of mitochondrial
translocation attenuates Cort-induced cell deatbn(® et al., 2006a). The previous
results further suggested regulation of HDAC6 migimiction as a target to influence
mitochondrial GR translocation, thereby alteringno@al apoptosis (Li et al., 2014).
In the present study, we first confirmed that tleéestive HDACG inhibitor HPOB
reversed Cort-induced damage to PC12 cells, anduwber elucidated that the
mechanism of this effect was probably correlatetth wWie obstruction of Cort-induced
mitochondrial GR translocation. HPOB pre-treatmesduced the levels of GR in
mitochondria and enhanced the proportion of GR ha tytoplasm but did not
substantially alter nuclear-directed GR translagatit has been well established that
the pro-apoptotic effects of Cort are primarily geted by mitochondrial GR
translocation, and HPOB-mediated inhibition of GRracellular trafficking to the
mitochondria may play a significant role during rearotection.

Given the potential role of GR mitochondrial trartsltion in integrating the apoptotic
signals in Cort-induced apoptosis (Sionov et @06b; Tsiriyotis et al., 1997), we
examined whether the inhibition of GR translocatwas positively correlated with
mitochondrial dysfunction and the intrinsic apoggsathway. First, we found HPOB
reversed the excessive opening of mPTPs and degadlan of MMP, which
suggested repressing GR translocation restoredchatalrial functions. Then, we
demonstrated HPOB decreased the levels of Fisl1,Dipap-1, and Bax in
mitochondria, blocked Cyto c release, and redudsa proportion of cleaved
caspase-3. Drpl is ubiquitously expressed but mimshdant in the skeletal muscle,
heart, and brain (Varadi et al., 2004). During dapseis, Drpl assists in the
conformational changes of Bax and facilitates igm$membrane translocation from
the cytosol to mitochondria. Upon assembly in thigochondrial membrane, Bax
combines with its critical mitochondrial effectorMAP-1. MAP-1 is a
mitochondria-enriched protein that associates wB#x only upon induction of
apoptosis and initiates a death programme througérias of events culminating in

the release of apoptogenic factors such as Cyfbranslocated Drpl localizes to



potential sites of mitochondria to promote orgaméi$sion and affect mitochondria
morphology (Jourdain et al., 2009; Wong et al.,®00he expression level of Fisl at
the mitochondrial surface dictates the fission pesc Specifically, Fis1 was shown to
localize to the outer mitochondrial membrane amu,cooperation with Drpl,
participate in mitochondrial fission (Breckenridgé al., 2008; Mai et al., 2010).
Fragmentation of the mitochondrial network by Figitimately leads to Cyto C
release and apoptosis, highlighting the criticdé for these proteins in the intrinsic
mitochondrial apoptotic pathway (Loson et al., 20%8Ben et al., 2014). Therefore,
our results indicated HPOB might attenuate mitochiah fission and activation of
the intrinsic apoptotic pathway through blockingauhondrial GR translocation.

To analyse the mechanism by which HPOB influenceRl t@anslocation to the
mitochondria, we focused on the role of HDAC6-méatiadeacetylation. Abundant
evidence has demonstrated that HDAC6 functions akaperone deacetylase, and
inactivation of HDACG leads to the loss of chaperawtivity via hyperacetylation. In
addition, some researchers have shown that Hsplst fuigction as interaction sites
for the mitochondrial protein import receptor trimease of the outer membrane 70
(Tom70) (Williams and Nelsen, 1997; Young et al002). Hsps are a family of
conserved molecular chaperones that perform verdatictions, such as preventing
aggregation of nascent polypeptide chains, posskational targeting of proteins and
assisting in protein conformation folding (Lim &t 2005; Richter and Buchner, 2001;
Weis et al., 2010). Some recent studies have peaptist Hsps also act as cytosolic
transport factors. In particular, Hsp70 and Hsp®@, major members of the Hsp
family that are central to chaperone-dependentiysal import, have been shown to
participate in mitochondrial import pathways (Youeigal., 2003). As shown in Fig.
6A, our results revealed that HPOB triggered theehgcetylation of Hsp70 and
Hsp90 and reversed Cort-induced up-regulation o ABDB and reduction of Hsp70
and Hsp90. Both HPOB treatment and the knockdowHACGE protein levels using
SiRNA resulted in the hyperacetylation of Hsp90 &isp70 (Fig. 6B). These results
implied that HPOB-mediated acetylation of Hsps riple involved in both the

trafficking and mitochondrial translocation of GRdafurther play a crucial role in



blocking Cort-induced apoptosis.

During mitochondrial protein transport, Tom acteagateway (Muro et al., 2003), and
these complexes are primarily composed of Tom20n4lh and Tom70. Tom20
recognizes the classical N-terminal amphipathioafiondrial-targeting pre-sequence
of the precursor protein. Tom70, another receptecognizes pre-proteins with
targeting signals embedded in their internal segeen(Beddoe et al., 2004;
Wiedemann et al., 2004). After binding to the r¢oeq pre-proteins are transferred to
Tom40, a channel-forming protein that is the maomponent of the general import
pore (GIP). Pre-proteins are further sorted by ninmeembrane translocation
machinery (Tim) (Chacinska et al., 2003; Chacinskal., 2010). Remarkably, it was
found that Tom70-recognized pre-proteins in theosgt were associated with a
multi-chaperone complex including Hsp90 and HspY@nammals. The docking of
Hsp90 onto the clamp region of Tom70 was necedsarhe efficient recognition of
internal targeting sequences in the pre-proteithbyTom70 core domain. In addition,
Hsp90 was reported to cooperate with Hsp70 via Bl#§Hh90-organizing protein
(Hop), which is the functional link between the twmolecular chaperones. As a
junction adaptor protein, Hop may participate ire tmitial formation of the
multi-chaperone complex but is then generally disptl by the docking of Hsp90
onto Tom70 (Chen et al., 1996; Scheufler et alQ020These data suggest that the
translocation complexes of outer membrane and H{sp®0-organizing proteins
may guide GR mitochondrial translocation (Brinkdr a., 2002). We therefore
determined the HPOB-induced influence of Tom20, 46mTom70, and Hop in
Cort-treated PC12 cells. As shown in Fig. 6A, oasults revealed that HPOB
attenuated the Cort-induced increase in Tom20 awndh4D expression and
unexpectedly up-regulated the expression level®of70 and Hop. Although Tom70
and Hop levels were up-regulated, co-IP experimdatsonstrated a rapid decline in
Cort-induced binding of intracellular Tom70 and Htp Hsp90 following HPOB
treatment. These observations may be explainedhby hiypothesis that HPOB
blocking of Hsp90 binding to Tom70 and Hop initetehe compensatory

up-regulation of these two proteins. It has als®nbeeported that when the



multi-chaperone complex delivers the cargo to TomTm20 modulates the
translocation of the cargwmroteins across the translocon formed by Tom40s Thi
suggests that when HPOB blocks the transport amding between the
multi-chaperone complex and Tom70, a compensatomneregulation of Tom20 and
Tom40 may also occur. Furthermore, our results igdpthat the HPOB-induced
elevation of Tom70 and Hop levels did not countethe influence of the inhibition
of Hsp90 binding. In addition, chaperone carrieotpins destined for the
mitochondrial matrix were shown to be translocaaedoss the inner mitochondrial
membrane (IM) through a translocon formed by thegporter of the Tim22 complex
(Rassow et al., 1999; Rassow and Pfanner, 200G &bal., 1999). The Tim complex
further interacts with the mitochondrial heat shqeckteins (mtHsps) that hydrolyse
ATP to pull the cargo protein into the mitochontnzatrix (Glick, 1995; Voisine et
al., 1999). Moreover, precursor proteins that renmaithe intermembrane space (IMS)
are specifically recognized by receptor Mia40 (Bxsmpwski et al., 2015), which
catalyses the refolding of precursor proteins i help of mtHsp60. This provides
a trapping mechanism that prevents the escapeotdips from the IMS back to the
cytosol (Bomer et al., 1998; Voos et al., 1996)erBfiore, we determined the effect of
HPOB on Tim22, Mia40 and mtHsp60. As expected, HR@Bnuated the expression
levels of these cofactors, and this effect mightdgarded as an adaptive response to
reduced cargo protein, such as GR or other mitatt@iirected pre-proteins. This
alteration also confirmed reduced localization & (@ the mitochondrial matrix from
another side. Interestingly, the results also ia#id treatment with HPOB alone
decreased the levels of Tim22, Mia40, and mtHs#0pared with the control group,
implying excessive acetylation might obstruct mitochondoaéalization of Hsps. As
noted above, HPOB treatment resulted in the adeiglaof Hsp90 and Hsp70. This
effect likely reduced Hsp90 cooperation with Hspvi@d their functional link.
Moreover, acetylated Hsp90 may be unable to binthéoclamp region of Tom70,
thereby decreasing the formation of mitochondmahslocation complexes on the
outer membrane and preventing transmembrane trersGR.

In conclusion, our present work highlighted that gelective inhibition of HDAC6



could be a therapeutic target against GC-induceaptapis through blocking the
mitochondrial translocation of GR and the subsetjugtochondrial dysfunction and
activation of the intrinsic apoptosis pathway. Tac&late this process, we focused on
the HDACG6-mediated post-translational modificatiarisHsps. The results revealed
that selectively inhibiting HDAC6 caused hyperatatign of Hsp90 and Hsp70,
thereby triggering rapid decline in the bindingiofracellular Tom70 and Hop to
Hsp90 and leading to restricted formation of thdtrulhaperone translocation system
that ultimately blocked mitochondrial GR transloecat Furthermore, HPOB reversed
Cort-induced attenuation of Hsp90 and Hsp70 expessnvo molecular chaperones
that might function complementarily or collaboraliy to block Cort-mediated
apoptosis. Thus, our present study provided a anbal foundation for illuminating
the mechanisms of the HPOB-mediated neuroprotedifext against GC-induced
apoptosis. By establishing a potential link betwtenselective inhibition of HDAC6
and GC-related chronic stress, the current studidises HPOB as a possible
candidate for mitigating stress-induced neurotdxicduring major depression.
Admittedly, future experiments are required to es#t and elucidate the
anti-apoptotic efficacy of HPOB and demonstratefdesibility of selective HDAC6

inhibitors as neuroprotective agents against G@Qgrd apoptosis.
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JHPOB (a selective HDACEG6 inhibitor) attenuated corticosterone (Cort)-induced
apoptosis.

[THPOB blocked Cort-caused mitochondrial GR translocation and followed
apoptotic pathway.

"THPOB caused hyperacetylation of Hsps, thus triggering decline in the binding
of Hop to Hsp9O0.

"IHPOB attenuated the chaperone-depended mitochondrial transport with
TOM/TIM complex.

[1This work established a potential link between inhibition of HDAC6 and
GC-related chronic stress.



