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Inhibitory Action of a Histone Deacetylase 6 Inhibitor on
Glucosylceramide- and Glucosylsphingosine-induced
Neuronal Cell Apoptosis

Namhee Jung, Yu Hwa Nam, Saeyoung Park, Ji Yeon Kim, Sung-Chul Jung
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Ewha Womans University, Seoul, Republic of Korea

Purpose: Gaucher disease (GD), which is the most prevalent lysosomal storage disorder worldwide, is
caused by mutations in the glucocerebrosidase gene (GBA). GD is divided into three clinical subtypes
based on the appearance of neurological symptoms, Type 1 GD is a chronic non-neuronopathic disease,
and types 2 and 3 are acute neuronopathic and chronic neuronopathic forms, respectively, Neurono-
pathic GD types 2 and 3 are characterized by increased levels of glucosylceramide (GlcCer) and gluco-
sylsphingosine (GlcSph) in the brain, leading to massive loss of neurons,

Methods: DNA damage and subsequent apoptosis of H4 cells were observed following neuroglioma H4
cell culture with GlcCer or GlcSph, Neuronal cell apoptosis was more prominent upon treatment with
GlcSph,

Results: When H4 cells were treated with GlcSph in the presence of tubacin, a histone deacetylase 6
inhibitor (HDACSI), attenuation of both DNA damage and a reduction in the protein expression levels
of GlcSph-induced apoptosis-associated factors were observed,

Conclusion: These findings indicated that GlcSph played a prominent role in the pathogenesis of neuro-
nopathic GD by inducing apoptosis, and that HDAC6I could be considered a therapeutic candidate for
the treatment of neuronopathic GD,

Key words: Glucosylceramide, Glucosylsphingosine, Apoptosis, Gaucher disease, Neuronopathic, His-
tone deacetylase inhibitor

Introduction

Gaucher disease (GD) is an autosomal recessive

lysosomal storage disorder that is caused by mu-
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tations in the GBAI gene encoding glucocerebro-
sidase (GCase)V.

leads to intracellular accumulation of its substrates

Deficiency in GCase activity

(glucosylceramide and glucosylsphingosine). The
patients with GD have classically been divided
into three clinical subtypes, namely types 1, 2

and 3, which are distinguished by the absence
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(type 1) or presence (types 2 and 3) of neurono-
pathic manifestations. In GD, common clinical
symptoms include hepatosplenomegaly, pancyto-
penia, thrombocytopenia, and bone crisis. Types
2 and 3 neuronopathic GD are characterized by
severe neuronophagia, astrocytosis and microglial
nodule formation®™®.

Although some therapeutic candidates, such as
Ambroxol and venglustat, have been under clinical
investigation for neuronopathic GD, there is no
approved treatment available to date and little is
known regarding the molecular mechanism leading
to neurodegeneration. Abnormal folding of mutant
GCase leads to the accumulation of this protein in
the endoplasmic reticulum (ER). The accumulation
and defective trafficking of mutant GCase from
the ER to lysosomes can generate ER stress”. In
addition, the loss of GCase activity results in di-
verse defects in the autophagy—lysosome system
and in the mitochondrial function of GD subjects.
Mitochondrial dysfunction causes reduced struc-
tural integrity, impaired activity of mitochondrial
electron—transport chain and increased levels of
reactive oxygen species. Prolonged ER stress and
mitochondrial dysfunction result in the induction
of apoptosis via the activation of caspases and the
downregulation of Bel-27"%. Acute apoptosis has
been observed in autopsy specimens from peri-
natal lethal GD, which is consistent with the afo-
rementioned mechanism of action'”. In a previous
study, apoptotic neuronal cell death was detected
in the brain tissues of a GD mouse model”.

HDACS6 is a member of the histone deacetylase
(HDAC) enzymes, which is involved in diverse
biological processes, including regulation of cell
structure and motility, induction of autophagy, re-
gulation of immune processes, and the degrada-
tion of mis—folded proteins'”. It has been reported

that HDAC6 modulates the clearance of patholo-
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gical protein aggregates or deposits in several
neurological disorders. Trichostatin A (TSA), a
selective inhibitor of HDAC6 (HDACG61), may alle-
viate neuronal toxicity in Huntington's disease by
increasing the acetylation of a—tubulin and sub-
sequently increasing microtubule—based transport
and promoting the activation of the degradation
pathway'?. In an Alzheimer disease model, TSA
restored the decreased velocity and motility of
the mitochondria in hippocampal neurons, and de-
creased concomitantly tau levels in the mouse
brain tissues'”. Although the detailed mechanism
of action has not been fully investigated, in order
to elucidate which HDAC inhibitor (HDACI) affects

'Y demonstrated that

GCase stability, Yang et a
SAHA, a pan—HDACI, modulated the acetylation
of Hsp90B and rescued GCase mutants from
Hsp90B—mediated degradation in GD patients and
fibroblast cell lines.

GD patients who experience neuropathy pre-
sent with increased levels of glucosylsphingosine
(GlcSph) that has frequently been characterized
as a potential neurotoxic mediator. It is important
to note that the development of other lysosomal
sphingolipid diseases, such as Krabbe and Nie-
mann—Pick diseases, has been attributed to the
accumulation of the deacylated substrates respon-
sible for neuronal cell loss and damage™'”. Ac-
cording to the study by Svennerholm et al'®, the
deacylated form of glucosylceramide (GlcCer),
namely GleSph, was detected at extremely high
concentrations in the brain tissues of patients
with neuronopathic GD. These observations sup-
port the theory that the accumulation of GlcSph
may contribute to the severity of neurological im-
pairment in neuronopathic GD by activating the
apoptotic cascade.

In the present study, we investigated the ef-
fects of GlcCer and GlcSph with regard to the
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neuronopathic mechanism of GD. We examined
whether the HDACG6i tubacin, was an effective
therapeutic candidate for the suppression of apop-

tosis—induced signaling in neuronal cells.

Materials and Methods

1. Cell culture and sphingolipid treatment

The H4 human astrocytoma cell line (#HTB—
148, ATCC, Manassas, VA, USA) was grown in
Dulbecco's Modified Eagle Medium (DMEM, Invi-
trogen, Carlsbad, CA, USA) containing 10% fetal
bovine serum (FBS, Invitrogen) according to the
manufacturer’s instructions. For sphingolipid treat-
ment, H4 cells were seeded in triplicate in 24—
well plates at a density of 3.5<10* cells/well; the
cells were cultured in DMEM containing 4% FBS.
GlcCer (#1522, Matreya, State College, PA, USA)
and GlcSph (#43659, Sigma—Aldrich, St. Louis,
MO, USA) (stock concentration 10 mM) were dis-
solved in chloroform/methanol (2:1 by volume)
and further diluted in DMEM with 4% FBS. The
HDACG6i tubacin (#SML0065, Sigma—Aldrich)
was dissolved in 10% dimethyl sulfoxide (DMSO,
#D2659, Sigma—Aldrich) and stored at -20°C. The
working concentration for this compound was 20

UM.

2. Assessment of cell viability using an MTT
assay

H4 cells were cultured in DMEM containing 4%
FBS and 6 uM GlcCer or GleSph. Following cul-
ture with GlcCer or GleSph for 10 min, 30 min, 1,
5 and 20 h, respectively, MTT assays were per-
formed. At each time point, the culture medium
was removed and the MTT reagent (#MZ2128,

thiazolyl blue tetrazolium bromide, Sigma—Aldrich)
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was added to the 24 well—plate. The cells were
incubated at 37°C for 2 h. The MTT reagent was
subsequently removed and DMSO was added to
each well to dissolve the formazan crystals. The
absorbance of each well was measured at 560
nm with an ELISA reader (SynergyH1, BioTek,
Winooski, VT, USA). H4 cells cultured with 4%
FBS medium were used as the non—treated con-

trol group for all the experiments.

3. Western blot analysis

H4 cells were treated with combinations of
sphingolipids and 20 uM tubacin for the following
time points: 10 min, 1, 5, 15 and 20 h. The cells
were washed with phosphate buffered saline (PBS),
detached and incubated with PRO—PREP buffer
(iNtRON Biotechnology, Seongnam—si, Korea)
containing a phosphatase inhibitor cocktail solution
(#P3200, GenDEPOT, Barker, TX, USA) on ice.
The lysates were collected by centrifugation at
13,000xg for 20 min at 4C and equal amounts of
protein from the supernatants were separated by
SDS—PAGE. The resolved proteins were trans-
ferred onto polyvinylidene membranes (#P2938,
Millipore, Burlington, MA, USA). The membranes
were probed overnight at 4°C with antibodies
against the p—p38 mitogen—activated protein ki-
nase (MAPK; 1:400, Cat no. 9216; Cell Signaling
Technology, Danvers, MA, USA), p— Protein ki-
nase B (AKT; Ser473; 1:300, Cat no. 9271; Cell
Signaling Technology), AKT (1:300, Cat no. 9272;
Cell Signaling Technology), cleaved Poly (ADP—
ribose) polymerase (PARP; 1:500, Cat no. 9546;
Cell Signaling Technology), caspase 3 (1:500, Cat
no. 9662; Cell Signaling Technology), cytochrome
¢ (1:500, Cat no. 4280; Cell Signaling Technology)
and GAPDH (1:5,000, Cat no. LF—PA0212; Ab-

Frontier, Seoul, Korea). The following morning,
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incubation with the secondary antibody was per-
formed. Goat anti—mouse IgG (1:2,500; cat. no.
SC—2005; Santa Cruz Biotechnology, Inc., Dallas,
Texas, USA) and goat anti—rabbit IgG (1:2500;
cat. no. 7074; Cell Signaling Technology) were
used as the secondary antibodies. The blots were
washed and developed using enhanced chemilu-
minescence reagents SuperSignal West Dura (Cat
no. 34076; Thermo Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. The
images were captured with a densitometric scan-
ning instrument (LAS—3000, Fujifilm, Tokyo,
Japan).

4. Immunofluorescent detection of Ki67

The cells were fixed in 4% paraformaldehyde
(15 min, room temperature) and washed three
times in ice—cold PBS. For permeabilization, the
cells were incubated in PBS containing 0.25%
Triton X—100 for 10 min and rinsed in PBS three
times. Following blocking with 1% bovine serum
albumin (Bovogen Biologicals, Keilor East, VIC,
Australia) for 1 h, the cells were incubated over-
night at 4C with an anti—Ki67 antibody (1:200,
Cat no. sc—15402; Santa Cruz Biotechnology, Inc.).
Following rinsing in PBS, secondary goat anti—
rabbit antibodies conjugated with Alexa Fluor 488
were applied for 1 h at room temperature in the
dark. The cells were mounted and stained with
Vectashield H-1200 containing DAPI (Cat no.
H—-1200; Vector Laboratories, Burlingame, CA,
USA). The cells were observed with an Olympus
BX51 phase—contrast microscope (Olympus, Tokyo,
Japan).

5. TUNEL assay

A TUNEL assay was performed using an in
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situ death detection kit (Cat no. 11684795910;
Sigma—Aldrich) according to the manufacturer's
protocol. Briefly, the coverslips were fixed with
paraformaldehyde and permeabilized with 0.1%
Triton X—=100 in 0.1% sodium citrate buffer. The
fixed cells were incubated in reagent buffer (1:10
dilution of the enzyme solution in label solution)

in a humidified chamber for 60 min at 37C.

6. Statistical analysis

The results are presented as the meantstandard
error of the mean. The data were analyzed by the
two—way analysis of variance followed by Bon-
ferroni’s post hoc test. GraphPad Prism version
4 was used for statistical analysis of the results
(GraphPad Software, Inc., San Diego, CA, USA).
X0.05 was considered to indicate a statistically
significant difference. All the experiments were

performed at least three times.

Results

1. GlcSph induces growth arrest in H4 cells

The effects of GlcCer or GlcSph on the brain—
derived cell line H4 were observed following
short—term (<1 h) and long—term treatment (>5
h). To avoid overgrowth of H4 cells, H4 cells
were cultured in DMEM media containing only a
limited amount of FBS (4%) and experiments were
conducted within 24 h following treatments, be-
cause growth of H4 cells cultured with 10% FBS
were too fast to observe the characterization of
cellular responses to GlcCer or GlcSph. Following
6 uM GlcCer treatment, rapid morphological changes
were noted, including cytoplasmic contraction,
cell rounding, bipolar elongation, and formation of
spindle—like cytoplasm (Fig. 1A). Following GlcSph
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treatment, ~50% of the cells became spherical
and 30% of the remaining cells underwent a roun-
ding process after only 1 h of treatment (Fig. 1A).
Moreover, when H4 cells were grown in the pre-
sence of GlcSph for 20 h, considerable numbers
of rounded cells were observed that were either
non—viable or detached from the bottom of the
culture.

To investigate whether the morphological alte-
rations could cause secondary effects, such as
cell cycle arrest or decreased proliferation, MTT
assays and Kib7 staining were used to analyze
cells treated with GlcCer or GlcSph, respectively.
At 20 h, GlcCer—treated cells indicated a de-
creased proliferative rate (1.8—fold) compared
with that of the untreated group (2.3—fold). By
contrast to GlcCer—treated cells, GlcSph treat-
ment resulted in growth arrest and minimal cell
death, as indicated by the reduced proliferative
(1.5—fold) rate following 5 h of treatment (Fig.

6UM GlcCer I

Relative proliferation rate (fold)

i

1B). Nuclear staining analysis with the prolifera-
tion marker Ki67 indicated that the percentage of
cells with a Kib7 positive stain was ~60.0% for
GlcCer, whereas only 26.5% of cells were stained
following treatment with GlcSph (Fig. 1C—1, 2).

2. H4 cell growth arrest by GlcSph treatment
results in the induction of apoptosis

To determine the molecular mechanism of neu-
rodegeneration in types 2 and 3 GD, the effects
of GlcCer or GlcSph on the MAPK and AKT sig-
naling pathways (which are associated with cell
death and cell cycle arrest, respectively) were
investigated.

Western blot analysis indicated that GlcCer
caused a rapid increase in the levels of p38 MAPK
phosphorylation. However, this effect was main-
tained for only 1 h. GlcSph exerted a delayed, but

more prolonged response than GlcCer. The data

C-1
Ki67/DAPI

GlcCer
-~ 4% FBS
- 6puM GlcCer
=+ 6pM GlcSph GleSph

]"
ok
C-2

B 6uM GlcCer
O6uM GlcSph

Treatment duration

2,

Duration of treatment (h)

Fig. 1. GlcSph suppresses H4 cell growth. H4 Cells were treated with the indicated concentrations of GlcCer
or GlcSph. (A) Rapid morphological changes of H4 cells by GlcCer or GlcSph were observed. Arrows
indicate typical morphological changes observed in the fields (Fig. 1A). (B) Suppressed proliferation of
H4 cells by GlcCer or GlcSph was observed based on MTT assays at 20 h. Proliferation rates were
measured compared with the untreated control group as fold changes. (C—1) Following GlcCer or GlcSph
treatment, the percentage of Ki67—positive proliferating cells was determined by immunocytochemistry
at 20 h. The graph (C—2) shows a significant correlation between GlcSph treatment and the decrease
in the number of Ki67—positive cells. Statistical analyses included two—way ANOVA followed by Bon-
ferroni's post hoc test ("/<0.01; " P<0.001). GlcSph, glucosylsphingosine; GlcCer, glucosylceramide.
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indicated that at the 5 h time point, phospho—
p38MAPK (p—p38MAPK) levels were 2.5—fold
that of the baseline levels. The overall expression
levels of total AKT and phospho—AKT (p—AKT)
were not significantly affected by GlcCer treat-
ment. However, GlcSph led to a rapid decrease
in the levels of p—AKT and caused a further
increase in the total levels of AKT at time points
higher the 1 h of treatment (Fig. 2A, B).
Analysis of the apoptotic markers revealed that
only low levels of PARP cleavage were observed
in the GlcCer treated cells, whereas caspase 3
was inactivated. In contrast to GlcCer, GlcSph
caused dramatic upregulation of PARP cleavage
(cLPARP) and caspase 3 activation (cl.caspase
3), which was initiated 15 h following treatment

(Fig. 2A, B). The results suggested that apoptotic
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neuronal cell death in GD was primarily caused
by the GlcSph rather than the GlcCer substrate.
Furthermore, the data demonstrated that this phe-
nomenon was dependent on the p38 MAPK/AKT
signaling pathway.

It is interesting to note that cytochrome c, the
mitochondrial initiator of apoptosis and the up-
stream activating signal of caspase 3, exhibited a
time—dependent upregulation by GlcCer and only
a mild increase by GlcSph treatment (Fig. 2A, B).
The data suggested that treatment of H4 cells
with 6 uM GlcCer induced mitochondrial stress.
However, this was not sufficient to cause the in-
duction of H4 cell apoptosis. Moreover, the induc-
tion of apoptosis mediated by GlcSph was not de-

pendent on the mitochondrial signaling pathway.

38 MAPK -AKT/AKT
PP B B3 GcCer

E& GlcCer B8 Giesph

B GleSph

Relative fold change (p-AKT/AKT)

& N N N -o
& N e ey
N

Treatment duration
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Cytochrome C

€3 GlcCer
&3 GleSph
*

B3 GlcCer
€23 GleSph

Relative fold change (/control)

3 >
LR

& ‘a2 N &
S N § &

N

» »

Treatment duration

Fig. 2. Glucosylsphingosine—induced apoptotic cell death in the H4 cell line. (A) Western blot analysis of p—
p38 MAPK, p—AKT, total AKT, PARP, cl.PARP (cleaved PARP), caspase 3, cl.caspase 3 (cleaved
caspase 3) and cytochrome c are depicted. GAPDH was included as a loading control. (B) Bar graphs
indicate the quantification of the p—p38 MAPK, p—AKT/total AKT, cl.PARP, cl.caspase 3 and cytochrome
¢ proteins in the cells. The data were normalized according to the levels of GAPDH. Statistical analyses
included two—way ANOVA followed by Bonferroni’'s post hoc test ("/<0.05; */<0.01; **/<0.001). GlcSph,
glucosylsphingosine; p—, phosphorylated; MAPK, mitogen—activated protein kinase; AKT, Protein
kinase B; PARP, Poly (ADP-ribose) polymerase; cl., cleaved.
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3. The HDACGi tubacin suppresses DNA
damage induction by GlcSph

GlcSph exhibited nuclear condensation in the
absence of cytosolic shrinkage (Fig. 1C—1). To in-
vestigate whether these abnormal responses were
associated with DNA damage, TUNEL staining was
conducted. Tubacin was applied for this analysis
in order to assess the potential therapeutic effects
caused by HDAC inhibition. The levels of TUNEL—
positive cells were significantly increased in GleSph—
treated H4 cells following 20 h of treatment. In
addition, following the combined application of tu-
bacin and GlcSph, the TUNEL—positive cell ratio
was decreased to approximately 31% of that of

the tubacin—untreated group (Fig. 3).

4. The inhibition of AKT phosphorylation and
the stimulation of p38 MAPK phosphoryla-
tion by GlcSph are suppressed by tubacin

To elucidate the molecular mechanism of tu-

A

TUNEL DAPI MERGE

GlcCer

GlcCer

+ tubacin

GlcSph
+ tubacin

bacin—mediated—apoptosis, western blot analysis
was performed. The data demonstrated that tu-
bacin suppressed apoptosis—inducing signals by
maintaining AKT phosphorylation and decreasing
the levels of p38 MAPK phosphorylation. The
rapid decrease in the levels of p—AKT expression
that was caused in the first hour of GlcSph treat-
ment was inhibited by tubacin treatment. In addi-
tion, the highest induction in the levels of the p—
p38 MAPK expression (2.92—fold increase) noted
at 1 h following GlcSph treatment was reduced
to 1.59—fold (Fig. 4).

5. Tubacin induces structural changes in H4
cells

External treatment of H4 cells with GlcCer or
GleSph induced morphological changes. This rapid
structural alteration was noted at the 1—h time
point. Despite the diverse morphological changes
caused by GlcCer treatment, GlcSph forced H4

cells to adopt only a rectangle shape. Following

B
Ef 6 uM GlcCer + 0.1% DMSO

10 6 uM GlcCer + 20 uM tubacin
E 6 uM GlcSph + 0.1% DMSO
[ 6 uM GlcSph + 20 uM tubacin

Percent of Tunel -positive cells (%)

Duration of treatment (h)

Fig. 3. HDACG6i reduces DNA damage induced by GlcSph treatment. (A) H4 cells were treated with GlcCer or
GlcSph with or without HDAC61 (tubacin). The percentage of TUNEL—positive stained cells was deter-
mined by immunocytochemistry. The graph (B) shows significant correlation between tubacin treatment
and the decrease of TUNEL—positive cells. Statistical analyses included two—way ANOVA followed by
Bonferroni’s post hoc test (""/<0.001). HDACSHi, histone deacetylase 6 inhibitor; GlcSph, glucosylsphin-

gosine; GlcCer, glucosylceramide.
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5 h of incubation with GleSph, =80% of the cells
exhibited a round shape. However, treatment of
the cells with tubacin reduced this morphological
change. At the 1— and 5—h time points, the
GlcSph— and tubacin—treated cells indicated addi-
tional attached edges than the cells treated solely
with GleSph (Fig. 5). Moreover, these cells un-
derwent slower morphological changes. This re-
sult implied that tubacin may be involved not only
in the suppression of the apoptotic mechanism but
also in the maintenance of the cytoskeletal struc-

ture.

Discussion

The present study focused on the apoptotic

A min 1k
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effects of GlcSph that were associated with neu-
ronopathic GD. Although there were not so much
differences of morphological changes and de-
creased proliferation of H4 cells were observed
treated with either GlcCer or GlecSph for 5 h,
GlcSph treatment was more significantly affected
to the cellular responses of H4 cells compared to
GlcCer treatment for 20 h. The proliferation of H4
cells treated with GlcSph decreased to 65% of
control value and expression of Ki67 also deceased
to 73.5% of control value, while the proliferation
of H4 cells treated with GlcCer decreased to 78%
of control value and expression of Ki67 decreased
to 60% of control value. The analysis of apoptotic
markers indicated that apoptotic cell death of H4

cells was primarily caused by the GlcSph rather
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Fig. 4.

Relative fold change (/control)

p-p38 MAPK

E3x GlcSph
£33 GlcSph+tubacin

Treatment duration

Inhibition of AKT phosphorylation and stimulation of p38 MAPK phosphorylation by

GlcSph are suppressed by tubacin. (A) Western blotting of p—AKT, total AKT, and p—
p38 MAPK protein expression levels is depicted. (B) The bar graphs indicate the quan-
tification of p—AKT/ total AKT, and p—p38 MAPK proteins in the cells. The data were
normalized to GAPDH. Statistical analyses included two—way ANOVA followed by Bon-
ferroni’s post hoc test (" P<0.001). AKT, Protein kinase B; MAPK, mitogen— activated
protein kinase; GlcSph, glucosylsphingosine; p—, phosphorylated.
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than GlcCer and the p38 MAPK/AKT signaling
pathways were involved in the H4 cell apoptosis.
Non—neuronopathic type 1 GD is considered a
preventable disease provided that national epide-
miological monitoring can lead to early diagnosis
and timely enzyme-replacement therapy''™2?.
However, in the case of neuronopathic GD (types
2 and 3), which involves central nervous system
(CNS) pathology, no significant progress has been
made with regard to the development of thera-
peutic approaches. Furthermore, the underlying
mechanisms involved in neuronal cell death are
not fully understood. Since diverse tools have
been developed for the accurate monitoring of
GlcCer and GlcSph levels in patients, it has been
proposed that GlcSph is not only a sensitive bio-
marker for type 1 GD but also a main determinant

23729 Recent data support the

of clinical severity
conclusion that GlcSph is suitable as a prospective
marker for neuronopathic GD as well as type 1
GD, since its levels are more specifically upre-

gulated compared with the levels of GlcCer in the

brain tissues of GD patients and GD mice!®??,

Moreover, Tylki—Szymanska et al’”, demonstrated
that GlcSph levels correlated with chitotriosidase
activity, which is a GD biomarker. The results were
derived from 64 GD patient plasma samples. In
this cohort study, the authors highlighted that
following ERT treatment, both GlcSph levels and
chitotriosidase activity were downregulated. This
effect correlated with the dose of ERT?”. GlcCer
and GlcSph are direct storage substrates that are
metabolized by GCase. However, the maximum
rate of enzymatic hydrolysis for GlcSph is clearly
lower than that noted for GlcCer. Moreover, GlcSph
exhibits water—soluble features. Therefore, it is
likely that GlcSph may play a role as a systemic
and neurological toxic agent®.

To determine the mechanisms associated with
the neuronopathic phenotype, various cell and
animal models can be applied. These models can
be genetically modified, chemically induced or
exogenously treated with sphingolipids® ™. De-

spite their widespread use, they exhibit several

6 uM GlcCer + 20 uM tubacin
A3 -

i

T

Fig. 5. GlcSph—mediated growth inhibition is ameliorated by tubacin treatment. Representative microscopy
images captured with an Olympus phase—contrast microscope IX51 (Olympus) showing the effect on
cells that were treated with GlcCer or GlcSph with or without tubacin. (A—a—c); 4% FBS+0.1% DMSO
(B—a—c); 6 uM GlcCer (C—a—c); 6 uM GlcCer+20 uM tubacin, (D—a—c); 6 uM GlcSph and (E—a—c);
6 uM GlcCer+20uM tubacin for 1, 5 and 20 h (magnification, X200). Arrows indicate typical morpholo-
gical changes observed in the fields. GlcSph, glucosylsphingosine; GlcCer, glucosylceramide.
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limitations, such as the adjustment of disease
severity and the different ratio of increased GlcCer
or GlcSph levels among the same mutation type

1*Y, concluded

%9 Recent studies by Vitner et a
that the neuronal cell death noted in neuronopathic
GD was mainly induced by the Rip kinase pathway,
and that it was directly involved in several patho-
logical events. Global gene expression profiling
was performed using skin fibroblast cells from GD
patients to understand the pathological mechanisms
of GD*™. This research group analyzed the mole-
cular changes in GD subjects by comparing them
with those from other lysosomal storage disorders,
Niemann—Pick disease and normal healthy control
subjects. In this study, the authors confirmed that
the expression levels of the immune response
genes were significantly altered in GD subjects.
These genes were involved in the Jak—Stat, type
II interferon, interferon gamma, and PI3K—AKT
signaling pathways®”. A previous study demon-
strated that the expression levels of the mature
forms of all 3 cathepsins (cathepsin B, K, and S)
were increased in the spleen and plasma samples
of GD subjects. The pathological functions of ca-
thepsins in GD were categorized into induction of
tissue destruction, abnormal immune regulation,
and defective osteoclast activity®”. Further studies
using various neuronal cells from GD animal mo-
dels or patients and other neuronal cell types
besides H4 cells should be needed to clarify neu-
ronopathic mechanisms in GD, because only apop-
totic cell death of H4 cells was analyzed in this
present study.

Although early studies on HDACi were focused
on their role as suppressors of tumor cell growth,
recent studies have demonstrated that they can
lead to neuronal cell survival in a diverse range
of neurodegenerative diseases® . Notably, the

clinical application of HDACI for the treatment of
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GCase mutated—associated diseases, such as Al-
zheimer’s disease and Parkinson’s disease have
been reported'**?. With regard to GD, a previous
case has been reported that investigated the the-
rapeutic mechanism of HDACi using GD patient—
derived fibroblasts*?. According to that study, the
misfolded GCase was degraded via the valosin—
containing protein (VCP)—associated pathway, and
during that process, HDACi could suppress GCase
degradation by maintaining the levels of acetylated
HSP90, which is the chaperone modulator of VCP
1442 Hyperacetylated HSPI0B resulted in limited
degradation of abnormal GCase, and therefore, the
expression levels and the activity of GCase were
retained. While the previous studies focused on
the maintenance of innate GCase protein stability,
the present study demonstrated the effects of
HDACi on the suppression of neuronal cell death
induced by external treatment of glycosphingoli-
pids. A cell model was used in order to demon-
strate the inhibition of GlcSph—specific cell damage
and apoptotic activation following HDACI treatment.

The HDACS6i tubacin suppressed GlcSph—sti-
mulated apoptosis via DNA damage prevention,
dephosphorylation of p38 MAPK, and retention
of AKT phosphorylation. A previous study has
shown increased levels of p—p38 MAPK in the
lung and liver tissues of the GD mouse model*?.
Furthermore, among the three types of GD mouse
models, only the neuronopathic GD model indicated
significant activation of the p38 MAPK in brain
tissues. These data suggested that p38 MAPK was
involved in GD pathology and that it may also be
a reliable target for therapeutic purposes. In the
present study, p38 MAPK was examined and re-
vealed to be activated by both exogenous GlcCer
and GlcSph treatment. However, the activation of
p38 caused by GlcSph exhibited a higher duration

and magnitude. Therefore, we tested whether
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HDACi could suppress the GlcSph—induced ab-
normal p38 MAPK phosphorylation. Surprisingly,
p38 MAPK phosphorylation was decreased by
tubacin at various time points. Moreover, the ma-
ximum levels of expression of phosphorylated p38
at 1 h were reduced to approximately half of the
baseline levels. Tubacin further contributed to the
apoptosis—resistance phenotype by preventing
DNA damage and inducing AKT phosphorylation,
which was consistent with previous studies’**”.

The present study demonstrated that tubacin,
a specific HDACSi, exhibited therapeutic potency
on neuronal cell death in a GD cell model. More-
over, the data indicated that the survival mecha-
nisms induced by tubacin were associated with
GlcSph—mediated early apoptotic signaling. Un-
fortunately, these observations were restricted
to confirming the potential of this compound to
suppress early apoptosis—related signaling and
did not address the reduction in the apoptotic
death population. To examine the possible use of
tubacin as a therapeutic agent for neuronopathic
GD, further studies are required to elucidate the
processes by which HDAC6i promotes cell sur-

vival.
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