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Abstract

the peripheral nervous system is largely unknown.

Histone deacetylase (HDAC) inhibitors are known to function as anticancer agents, but they can also induce
neuronal differentiation and neuroprotection in the central nervous system (CNS) and have been investigated as
therapies for traumatic brain injury (TBI). A new, orally bioavailable 2-aminobenzamide-type HDAC inhibitor, N-(2-
aminophenyl)-4-(((2-hydroxyethyl)(4-(thiophen-2-yl)benzyl)amino)methyl)benzamide (K-350), was recently shown to
inhibit the growth of HCT116 colon cancer cell xenografts in nude mice. However, the effect of K-350 on the central and

This study analyzed the effects of K-350 on a model neuron, PC12 cells. We report that Lys 14 of histone H3
was acetylated gradually in PC12 cells after exposure to K-350, with peak acetylation 2 h after treatment. RT-PCR
experiments demonstrated that the nur77 immediate early gene expression was up-regulated 2 h after treatment.
These results suggest that the expression of nur77, which is essential for neuronal differentiation induced by K-350, is
up-regulated via the acetylation of histone H3 in PC12 cells.
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Introduction

Histone deacetylase (HDAC) inhibitors induce changes in gene
expression and differentiation, growth arrest, and apoptosis in cancer
cells, and are used clinically as a less toxic antitumor drug. For example,
MS-275 is being clinically evaluated for the treatment of metastatic
melanoma [1], while suberoylanilide hydroxamic acid (SAHA) is being
used to treat T-cell lymphoma [2].

HDAC inhibitors have also emerged as useful therapeutic tools
in other areas of clinical therapy. In neurological disorders, valproic
acid (VPA) is a drug that is widely used to treat epilepsy [3]. There are
also a number of reports on HDAC inhibitors as novel therapeutics
in models of ischemic stroke [4-6] and Huntington’s diseases [7,8].
More recently, MS-275 was shown to be a potent and selective HDAC
inhibitor that crosses the blood-brain barrier [9]. MS-275 is being
evaluated as a potential therapeutic drug in the brain.

There are currently few reports on the effects of HDAC inhibitors
for the treatment of traumatic brain injury (TBI). Protection of neurons
from apoptosis and promotion of neurite outgrowth are critical factors
in the treatment of TBI [10-13]. Since HDAC inhibitors are known to
function in both neuroprotection and neuronal differentiation, they
have emerged as attractive potential new therapeutics for TBI.

Several HDAC inhibitors have been shown to protect against
glutamate-related excitotoxicity [14,15] in cultured neurons; however,
data on the participation of HDAC inhibitors in neurite outgrowth is
currently lacking. In one report, Inokoshi et al. [16] demonstrated that
the HDAC inhibitor trichostatin A (TSA) induced neurite extension
in cultured Neuro 2a cells. Also, TSA or sodium phenyl butyrate
(PB) induced a significant increase in total average neurite length
respectively in rat cerebella granule neurons [17]. However, details of

the mechanism by which HDAC inhibitors induce neurite outgrowth
remain unknown.

Kiyokawa et al. [18] recently synthesized a new 2-aminobenzamide-
type histone deacetylase (HDAC) inhibitor named K-350. K-350
features both a sulfur-containing bicyclic arylmethyl moiety-a surface
recognition domain, introduced to increase in cellular uptake, and
a substituted tert-amino group, which influences physicochemical
properties such as aqueous solubility. The investigators reported that
K-350 suppressed the growth of tumor xenografts in a manner similar
to the effects observed for MS-275, a 2-aminobenzamide-type HDAC
inhibitor, in a human colorectal carcinoma HCT116 xenograft model.
In addition, K-350 and MS-275 decreased xenograft tumor weight to a
similar degree. Further mechanistic in vitro studies revealed that both
K-350 and MS-275 caused hyperacetylation of histone H3 and inhibited
HCT 116 cancer cell growth via similar mechanisms. These data suggest
that the HDAC inhibitor K-350 could become a new anticancer drug.
Since mice dosed with K-350 do not show any action abnormalities in
comparison with MS-275-dosed mice, it has been suggested that K-350
may prove useful as a novel neurologic therapeutic drug. However, the
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effects of K-350 in the central and peripheral nervous system and its
potential as a useful therapeutic drug for the treatment of neuronal
injury remain largely unknown. In this study, we report that K-350
has the ability to induce neurite outgrowth in a model neuron, PC12
cells. HDAC inhibitor-induced neurite outgrowth has been the subject
of recent investigations. For example, Hao et al. [19] reported that
VPA promotes neurite outgrowth, and this outgrowth is regulated
by the ERK cell signaling pathway in rat cortical neurons. However,
the detailed molecular mechanism driving the early phase of HDAC
inhibitor-induced neurite outgrowth has yet to be clarified.

We previously conducted focused research on the early phase of
dibutyryl-cAMP (dbcAMP)-induced neurite outgrowth and reported
that dbcAMP-induced neurite outgrowth is regulated by immediate
early gene, nur77 expression in PC12 cells [20]. Results indicated that
acetylation of histone H3 gradually increased during the early period of
differentiation, 0-1 h after dbcAMP treatment. Treatment also induced
the expression of nur77 within 1 h in PC12 cells.

Regarding treatment with HDAC inhibitors, TSA is known to
induce histone H3 hyperacetylation in rat cerebella granule neurons
as early as 4 h after treatment [17]. However, it is still unclear whether
nur77 expression is required for HDAC inhibitor-induced neurite
outgrowth in PC12 cells.

Using PC12 cells as a model system, the present study first evaluated
whether K-350 could induce neurite outgrowth, and then investigated
the mechanism by which nur77 gene expression is regulated during
neurite outgrowth induced by K-350. Results indicated that nur77
is upregulated during neurite outgrowth induced by K-350 in PC12
cells, suggesting that the nur77 gene product is important for neuronal
differentiation which may be a useful target for treatment of TBI.

Materials and Methods
Compounds

N-(2-aminophenyl)-4-(((2-hydroxyethyl)(4-(thiophen-2-yl)ben-
zyl)amino)methyl)benzamide (K-350) and MS-275 were synthesized
by Prof. Uesato’s group.

Cell culture

PC12 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 5% (v/v) fetal bovine serum
(FBS), 5% (v/v) heat-inactivated horse serum, and 0.1% (v/v) penicillin-
streptomycin solution (Gibcco BRL).

Measurement of cell viability

Viable cells were quantified using an MTT assay. Briefly, cells were
plated in a 96-well plate at 1 x 10* cells/cm? and cultured in DMEM
supplemented with 5% (v/v) fetal bovine serum (FBS), 5 % (v/v)
heat-inactivated horse serum, and 0.1% (v/v) penicillin-streptomycin
solution. Then, the cells were treated with 0, 0.06, 0.18, 0.56, 1.67 and
5 uM of either K-350 or MS-275 in serum free medium supplemented
with 0.1% (v/v) penicillin-streptomycin solution for 24 or 48 h. After
treatment, the medium was changed again to SF-DMEM containing 5%
(v/v) MTT solution and cells were incubated for 2 h. Cell fluorescence
intensity was detected using a spectrophotometer at 750 nm. Cell
viability was defined as [(test sample count) - (blank count)/(untreated
control count) - (blank count)] x 100.

Measurement of neurite outgrowth

PC12 cells were plated in 24-well plates at 0.2 x 10* cells/cm?

and cultured in DMEM supplemented with 5% (v/v) fetal bovine
serum (FBS), 5% (v/v) heat-inactivated horse serum, and 0.1% (v/v)
penicillin-streptomycin solution. Adherent cells were treated with 0,
0.06, 0.18, 0.56, 1.67 and 5 uM K-350 in DMEM supplemented with
1% FBS and 0.1% (v/v) penicillin-streptomycin solution for 24 h. After
the treatment, the cells were fixed with 4% paraformaldehyde for 30
min. For analysis of neurite outgrowth, cells (200 cells/well) were
randomly photographed using a fluorescence microscope (Biozero BZ-
9100, KEYENCE, Osaka, Japan). Neurite lengths were measured using
the BZ-H1C software (KEYENCE). Differences between groups were
examined for statistical significance using the Kolmogorov-Smirnov
test. A P value less than 0.05 denoted the presence of a statistically
significant difference.

Immunoblot analysis

PC12 cells were seeded onto 6-cm diameter dishes and the medium
was changed to serum-free DMEM. After incubation for 16 h, cells
were either left untreated or were treated with 5 uM of K-350 for 0, 1,
2 or 4 h. Cells were then lysed in a lysis buffer containing 50 mM Tris-
HCI (pH7.8), 150 mM NaCl, 1% sodium dodecylsulfate (SDS), 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl
fluoride (PMSF), 2 pg/ml leupeptin, 2ug/ml of aprotinin, 1 mM
Na,VO,, and 10mM sodium butyrate [21]. Cell lysates (30 ug of protein
per lane) were loaded on a sodium dodecylsulfate-polyacrylamide
(SDS-PAGE) gel. Following separation by electrophoresis in Laemmli
buffer, proteins were transferred onto a PVDF membrane using a semi-
dry blotter (Atto, Japan). Membranes were blocked in 5% skimmed-
milk (Nakarai, Japan), incubated with either a monoclonal anti-histone
H3 antibody (Upstate Biotechnology) or an anti-acetylated histone H3
(Lys14) antibody (Upstate Biotechnology), and after washing were
incubated with the appropriate horseradish peroxidase-conjugated
second antibody (Santa Cruz). Membrane-bound antibodies were
detected using enhanced chemiluminescence (SuperSignal West
Femto Maximum Sensitivity Substrate; Pierce, USA) and visualized
with a light-capture system (Atto, Japan).

RNA preparation and RT-PCR

PC12 cells were seeded onto 6 cm diameter dishes and the medium
was changed to serum-free DMEM. After incubation for 16 h, the cells
were either left untreated or were treated with 5 uM K-350 for 0, 1, 2 or
4 h. Total RNA was collected using Isogen (Nippongene) followed by
extraction with phenol-chloroform. cDNA was synthesized from the
purified total RNA using the ReverTra Ace” qPCR RT Kit (TOYOBO).
PCR primers for nur77 (sense: CCGGTGACGTGCAGCAATTT-
TATGAC antisense: GGCTAGAATGTTGTCTATCCAGTCACC)
and beta-actin (sense: TGTGATGGACTCCGGTGACGG antisense:
ACAGCTTCTCTTTGATGTCACGC) were synthesized as previously
described [23]. cDNAs were amplified using TaKaRa Taq polymerase
for 30 cycles.

cDNA levels were expressed semiquantitatively based on the total
area of white pixels. Pixel intensity was determined using CS Analyzer
1.0 software (Atto, Japan).

Results

Initial experiments evaluated K-350 toxicity in PC12 cells. For this
experiment, PC12 cells were plated and treated with 0, 0.06, 0.18, 0.56,
1.67 or 5 uM of K-350 for 24 or 48 h (Figure 1). Results confirmed
that 24 h exposure at up to 5uM of K-350 did not induce cell death in
nearly all PC12 cells. However, treatment with 5puM of K-350 for 48 h
did induce PC12 cell death (Figure 1). The potential toxicity of MS-275,
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that K-350 promoted neurite outgrowth and K-350-induced neurite

W «3%02¢h outgrowth was dose-dependent in PC12 cells (Figure 2). At 5 uM,
L] ws2r524n K-350 induced remarkable neurite outgrowth which was statistically
B K-350-48 h T ;
MS-275.48 significant when compared with untreated cells. These results suggest
120 that K-350 induces neurite outgrowth in PC12 cells.
3 100
£ Additional analyses evaluated whether treatment of PC12 cells
g & with 5 uM of K-350 was sufficient to induce histone H3 acetylation.
< 60 Immunoblots probed for acetylation of Lys14 of histone H3 confirmed
= 40 that K-350 at 5 pM can induce acetylation of Lys14 of histone H3 after
s 2 h of exposure (Figure 3). This result also suggests that in PC12 cells,
> 2 l acetylation of Lys14 of histone H3 is regulated by K-350 during the
8 o . early period of neurite outgrowth, 0-4 h after the treatment.
0 0.06 0.18 0.56 1.67 5 (uM)
Figure 1: Measurement of cell viability in PC12 cells treated with either K-350
or MS-275.
PC12 cells were untreated (con) or were treated with 0, 0.06, 0.18, 0.56, 1.67 K-350
or 5 uM of either K-350 or MS-275 for 24 (hours) h (black bars and gray bars,
respectively) or 48h (white bars and dot bars, respectively). Viable cells were minutes 0 60 120 240

quantified using an MTT assay.

ACH3-K14 | . s s o oo

H3

Figure 3: Effect of K-350 on the acetylation of Lys 14 on histone H3 in
PC12 cells.

Western blot analysis of K-350-induced acetylation of Lys 14 on histone H3
in PC12 cells. Cells were cultured in serum-free DMEM were either untreat-
ed or treated with K-350 (5 uM) for the indicated times. H3: total histone H3
as a control; AcH3-K14: acetylated Lys 14 of histone H3.
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Figure 2: K-350-induced PC12 cell neurite outgrowth.
(A) Photomicrographs of PC12 cells treated with K-350. PC12 cells were cul- B
tured for 24 h with (a) 0, (d) 0.06, (b) 0.18, (e) 0.56, (c) 1.67 and (f) 5 uyM
K-350. Scale bars: 50pm.

(B) Histogram of neurite lengths for PC12 cells treated for 24 h with 0, 0.06, B 22 cydles 25
0.18, 0.56, 1.67 and 5uM K-350 (black, white, gray, stripe, dot and horizontal . E P gi:zz ) .
stripe). Neurite length was measured using the BZ-H1C software. 28 cycles 2 .
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a similar 2-aminobenzamide-type HDAC inhibitor, was also assessed
in PC12 cells. PCI12 cells were plated and treated with MS-275 at the
same concentrations as K-350 for 24 or 48 h (Figure 1). The results also
confirmed that treatment with 5 uM of MS-275 caused minimal cell

0
22 24 26 28 30 32 34 36

cycles

Figure 4: Treatment of PC12 cells with K-350 induces nur77 gene expression.

death and nearly all PC12 cells remained viable after 24h in culture. (A) PC12 cells were treated with 5pM K-350 for the indicated times in serum-
However, treatment with MS-275 at concentrations greater than 1.67 free DMEM. nur77 and beta actin (control) mRNAs were detected by RT-PCR.
uM resulted in PC12 cell death after 48 h in culture. These results suggest EB) Semiquanfitative analysis of nur77 gene expression. For nur77 cDNAs, the

otal area of white pixels and their intensity were determined by using CS Ana-
that both K-350 and MS-275 at 5 uM are not toxic to PC12 cells after 24 lyzer 1.0 software. PCR amplification was performed for 22 (black), 24 (white),
h in culture. We next examined whether K-350 at 5 uM was sufficient 26 (gray), 28 (stripe), 30 (dot) and 35 (horizontal stripe) cycles.

(C) Semiquantitative analysis of nur77 gene expression after treatment with

to induce neurite outgrowth in PC12 cells. Measurement of the length gy

of neurites produced 24 h after treatment with 5 pM K-350 confirmed
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We previously reported that PC12 cell treatment with either
dbcAMP or NGF induces the expression of the immediate early gene
(IEG) nur77 [20]. Since PC12 cells transition from an undifferentiated
state to a differentiated state 0-4 h after treatment with K-350, PC12
cells were treated with 5 uM of K-350 for 0, 1, 2, 4 h and changes in
nur77 gene expression were analyzed by RT-PCR. As shown in Figure
4-A and Figure 4-B, nur77 gene expression peaked 2 h after the
treatment with K-350, in a pattern that was similar to that observed
for acetylation of Lys 14 of histone H3. This observation indicates
that nur77 gene expression is upregulated during the early period
of neuronal differentiation, 0-2 h after the treatment with K-350. A
quantitative analysis of nur77 gene expression was performed based
on an apparent linear increase in expression from 22 to 30 PCR cycles
after 2 h of K-350 addition (Figure 4-C). These results suggested that
the upregulation of nur77 gene expression by K-350 is essential for the
neuronal differentiation induced by K-350.

Discussion

Here we report evidence in supporting the concept of HDAC
inhibitors as possible novel therapeutics for the treatment of TBI. The
present results demonstrated that the 2-aminobenzamide-type HDAC
inhibitor K-350 promotes neurite outgrowth in PC12 cells. Although it
is known that HDAC inhibitors induce neurite outgrowth [16,17], this
report is the first to show that K-350 induces neurite outgrowth. This
result suggests that K-350 may be a beneficial for the treament of TBI.

Kiyokawa etal. [18] reported that K-350 can be administered orally,
and that mice dosed with K-350 do not show an action abnormality
when compared with mice dosed with MS-275. The authors also
reported that K-350 inhibited the growth of the cancer cells via a
mechanism similar to that of MS-275 [18]. From these results, K-350
was anticipated as being both useful and less toxic than other drugs.
Conversely, TSA is known to promote neurite outgrowth in a manner
similar to that observed for K-350. However, because TSA shows
strong cytotoxicity, it is less likely to be developed as a therapeutic drug
for human use. Importantly, the current results indicated that K-350 is
less toxic than MS-275 in PC12 cells, suggesting that K-350 may be a
viable compound for development as a therapeutic drug in the human
nervous system.

In this report we show that treatment with K-350 at concentrations
up to 15pM caused minimal PCl2cell death after 24h in culture
(Figure 1). On the other hand, Kiyokawa et al. [18] reported that
K-350 exhibited a cell growth IC50 of 0.7 uM in HCT116 cells. There
are at least two possible explanations for the reported differential
sensitivity of PC12 cells and HCT 116 cells to K-350. One possibility
is a difference in the effects of K-350 on the organ from which each
cell line was derived. Specifically, the PC12 cell line was derived from
a pheochromocytoma of the rat adrenal medulla, while HCT116 is a
human colon adenocarcinoma cell line. Both the species and the organ
differences could potentially cause the observed differential sensitivity
to K-350. However, it is important to note that the effects of K-350 on
each derived organ are largely unknown. Another possible explanation
for the differential sensitivity is the difference in doubling time between
the two cell lines. HCT 116 cells have a doubling time of approximately
1 day, while the doubling time for PC12 cells is around 2 days. Further
studies are required to fully elucidate the detailed mechanisms of
action for K-350.

We also report for the first time that K-350 induces acetylation of
Lys 14 on histone H3 at 4h (Figure 3) and neurite outgrowth at 24
h in PC12 cells (Figure 2). These results suggest that K-350-induced

acetylation of histone H3 may be an important regulator of neurite
outgrowth in PC12 cells. Currently, the specific subtype of HDAC that
is inhibited by K-350 has not been established. Further investigations
into the genes controlled by the HDAC subtype(s) that are inhibited by
K-350 will likely be critical in order to elucidate the mechanism(s) of
K-350-induced neurite outgrowth.

Furthermore, we have demonstrated that nur77 gene expression
participates in K-350-induced neurite outgrowth (Figure.4). This report
is the first to show that nur77 gene expression contributes to K-350
promotion of neurite outgrowth. However, the detailed mechanism by
which K-350 regulates nur77 gene expression is currently unclear and
will require further investigation.

Nur77 is an orphan nuclear steroid receptor that belongs to the
steroid/thyroid hormone receptor superfamily of transcription
factors [24]. Furthermore, the Nur77 protein also has a function
quite distinct from transcription regulation: it translocates from the
nucleus to mitochondria in order to initiate apoptosis [25]. It was
recently demonstrated that Nur77 interacts with Bcl-2, inducing a
conformational change in Bcl-2 and converting its function from a cell
protective role to a more lethal role [26]. We previously reported that
treatment of PC12 cells with dbcAMP induced nur77 gene expression
and was associated with acetylation of histone H3 Lys14 [20]. These
data suggest that nur77 is localized to the cell nucleus and functions
in that compartment to promote neurite outgrowth and in contrast
translocates to mitochondria in order to induce apoptosis.

In summary, our report revealed that K-350 induces neurite
outgrowth and cell death in higher does (Figure 1 and Figure 2). These
data suggest that the Nur77 protein is translocated from the nucleus
to mitochondria induced by K-350. However, the detailed mechanism
is unknown. It is thought that the role of Nur77 in K-350 induced
neurite outgrowth and cell death in higher doses correlates with the
translocation of Nur77 from the nucleus to the mitochondria. Further
study will be required to elucidate this regulatory function.

The results of this study suggest that the expression of nur77, an
essential immediate early gene for cell differentiation, is up-regulated
during K-350-induced neurite outgrowth in PC12 cells. Further studies
are necessary to gain insight into the detailed mechanisms regulating
epigenetic modifications and related changes in gene expression during
K-350-induced neurite outgrowth.
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