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ARTICLE INFO ABSTRACT

Keywords: Objective: Sodium butyrate (NaBu) is a histone deacetylase inhibitor that possesses an apoptotic ability.
Oral mucoepidermoid carcinoma However, the molecular mechanism by which NaBu induces apoptosis in human oral mucoepidermoid carci-
Survivin noma (MEC), a type of salivary gland tumor, remains unclear.
Sodium butyrate Materials and methods: The anticancer effects of NaBu and its related molecular mechanisms were determined by
Acetylation . , i . . . .
Apoptosis trypan blue exclusion f.lSSﬁ}f, 4 —6—d1am1d1no—?—phenylmdole. staining, llve/dead. assay, human apf)ptosm array,
BelxL. RT-PCR, western blotting, immunocytochemistry, preparation of nuclear fractions, and nude mice tumor xe-
nograft.
Results: In this study, we found that NaBu inhibited growth and induced apoptosis in the human oral MEC cell
lines MC3 and YD15 with acetylation of histone proteins H2A and H3. NaBu apparently down-regulated survivin
protein, as evidenced by the results of the human apoptosis antibody array, and modulated it at the post-
translational process. Interestingly, NaBu caused nuclear translocation of survivin protein in both cell lines.
NaBu also resulted in decreased expression levels of Bcl-xL mRNA and protein, leading to induction of caspase-
dependent apoptosis in human oral MEC cell lines. In addition, NaBu administration inhibited tumor growth in
vivo at a dosage of 500 mg/kg/day, but it did not cause any hepatic or renal toxicity.
Conclusion: This study provides new insights into the molecular mechanism of apoptotic actions by NaBu in
human oral MEC and the basis of its clinical application for the treatment of human oral MEC.
Introduction Epigenetic modifications such as histone modification and DNA

methylation are defined as any heritable changes in gene expression

Mucoepidermoid carcinoma (MEC), a type of oral cancer, is the
most common malignant salivary gland tumor, accounting for 30-35%
of all salivary gland malignancies [1-3]. Surgery is the mainstay of
treatment for human oral MEC, but it is often not easy to completely
remove a tumor [4]. Thus, combination therapy with chemotherapy
and X-ray radiation is essential for successful outcome after surgery [4].
To date, several chemotherapeutic drugs including cisplatin have been
used in human MECs. However, their therapeutic effects are dis-
appointing due to drug resistance or unwanted side effects.

* Corresponding authors.

that occur without altering the DNA sequences. Histone modifications
are covalent post-translational alterations to histone proteins; these
modifications include acetylation, methylation, phosphorylation, ubi-
quitination, and sumoylation [5]. Among them, histone acetylation is
regulated by the activity of histone deacetylases (HDACs) and histone
acetyltransferases (HATs), which are observed in various degrees of
expression in many malignant tumor tissues [6]. Histone acetylation is
thought to affect various cellular processes including cell cycle, DNA
repair, and apoptosis. Sodium butyrate (NaBu) is the sodium salt of
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butyric acid and exerts various effects on mammalian cell lines in-
cluding induction of differentiation, suppression of proliferation, and
regulation of gene expression [7]. In particular, NaBu can induce his-
tone acetylation in chromatin structure and function as an HDAC in-
hibitor [8]. It can also activate several anticancer mechanisms in-
cluding cell cycle arrest, autophagy, and apoptosis [9-11], suggesting
that NaBu is an anticancer drug candidate. However, the precise mo-
lecular mechanism for the anticancer effect of NaBu in human oral
MECs has not yet been clearly elucidated.

In the present study, we attempted to examine the effect of NaBu
and the most important molecular mechanism underlying its anticancer
activity in human oral MEC cell lines and a nude mouse tumor xeno-
graft model.

Materials and methods
Cell culture and chemical treatment

Human oral MEC cell lines MC3 and YD15 were originally provided
by Prof. Wu Junzheng at the Fourth Military Medical University (Xi’an,
China) and Prof. Jin Kim at Yonsei University (Seoul, Korea), respec-
tively. MC3 and YD15 cell lines were grown in DMEM and RPMI 1640
(Welgene Inc., Dae-gu, Korea) supplemented with 10% fetal bovine
serum and 100 U/mL each of penicillin and streptomycin in a humi-
dified incubator containing 5% CO, at 37 °C. NaBu (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA) was dissolved in distilled
water (DW) and the final concentration of DW did not exceed 10%. Z-
LEHD-FMK and Z-VAD were purchased from R&D Systems
(Minneapolis, MN, USA)

Histone isolation

To confirm the HDAC inhibiting activity of NaBu, acid-soluble
proteins were extracted as follows. Briefly, isolated nuclei were mixed
with 0.4 N sulfuric acid and incubated for 3h on ice. After centrifuga-
tion at 15,000 rpm for 5min at 4 °C, the dissolved histones were pre-
cipitated with 20% trichloroacetic acid overnight at —80 °C. The tubes
were centrifuged and washed with acetone. The pellets were collected
by centrifugation at 15,000 rpm for 5min at 4 °C and then dissolved in
DW.

Western blot analysis

Whole cell lysates were prepared with lysis buffer, and protein
concentration was measured using a DC Protein Assay Kit (Bio-Rad
Laboratories, Madison, WI, USA). After normalization, equal amounts
of protein were subjected to SDS-PAGE and transferred to Inmuno-Blot
PVDF membranes. The membranes were blocked with 5% skim milk in
Tris-buffered saline with Tween 20 (TBST) at room temperature (RT)
for 2h and incubated with primary antibodies and corresponding
horseradish peroxidase (HRP)-conjugated secondary antibodies.
Antibodies against acetyl-histone H3 and H2A (Lys5), cleaved caspase
3, cleaved caspase 9, cleaved poly (ADP-ribose) polymerase (PARP),
survivin, Bcl-xL. and Mcl-1 were purchased from Cell Signaling
Technology, Inc. (Charlottesville, VA, USA). Lamin B and actin anti-
bodies were obtained from Santa Cruz Biotechnology, Inc.
Immunoreactive bands were visualized by Image Quant TM LAS 500
(GE Healthcare Life Sciences, Piscataway, NJ, USA).

Trypan blue exclusion assay
The trypan blue dye (Gibco, Paisley, UK) was used to determine cell

viability. Cells were stained with 0.4% trypan blue and counted using a
hemocytometer. Each experiment was carried out in triplicate and the
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results were expressed as the mean * SD for each treatment group.
4’-6-Diamidino-2-phenylindole (DAPI) staining

To detect nuclear morphological changes of apoptotic cells, cells
were stained with DAPI solution (Sigma-Aldrich, Louis, MO, USA).
Briefly, detached cells were fixed in 100% methanol at RT for 10 min,
deposited on slides, and stained with DAPI solution (2 pg/ml). The
morphological changes of apoptotic cells were observed under a
fluorescence microscope (Leica Microsystems, Wetzlar, Germany).

Live/dead assay

The cytotoxicity of NaBu was determined using the Live/Dead
Viability/Cytotoxicity assay (Life Technologies, Grand Island, NY,
USA). The polyanionic dye calcein-AM is retained within live cells,
producing an intense green fluorescence through intracellular esterase
activity. Ethidium homodimer-1 enters cells with damaged membranes
and binds to nucleic acids, producing a bright red fluorescence in dead
cells. Briefly, cells were stained with 2 uM calcein-AM and 4 uM ethi-
dium homodimer-1 and then incubated for 30 min at RT. Cells were
analyzed under fluorescence microscopy with the appropriate excita-
tion and emission filters.

Human apoptosis array

MC3 and YD15 cells treated with DW or designated concentrations
of NaBu for 24h were harvested for a protein chip assay using the
Human Apoptosis Array Kit (R&D Systems, Minneapolis, MN, USA).
Briefly, membranes were blocked with an array buffer for 1h at RT.
After washing with 1X washing buffer, membranes were incubated with
a detection antibody cocktail for 1hr at RT. The membranes were then
washed and incubated with streptavidin-HRP for 30 min at RT. Each
capture spot corresponding to the amount of apoptotic protein bound
was detected with enhanced chemiluminescence western blotting lu-
minol reagent (Santa Cruz Biotechnology, Inc.)

Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was extracted with the easy-BLUE Total RNA Extraction
Kit (INTRON, Daejeon, Korea) according to the manufacturer’s in-
structions. One microgram of RNA was reverse transcribed by
TOPscript RT DryMIX (Elpis Biotech, Daejeon, Korea), and the resultant
c¢DNA was subjected to PCR using HiPi PCR PreMix (Elpis Biotech,
Daejeon, Korea). The PCR conditions for survivin, Bcl-xL, Mcl-1, and -
actin were as follows: 27 cycles of 1 min at 95 °C, 1 min at 60 °C, and
1 min 30 sec at 72 °C; and for Bcl-2 was as follows: (27 cycles of 1 min at
95°C, 1 min at 55°C, and 1 min 30 sec at 72 °C. The following primer
sequences were used: survivin sense 5-ATG GCC GAG GCT GGC TTC
ATC-3’, survivin anti-sense 5-ACG GCG CAC TTT CTT CGC AGT T-3’,
Bcl-xL sense 5-AAG CTT TCC CAG AAA GGA TAC A-3’, Bcl-xL anti-
sense 5-TGC TGC ATT GTT CCC ATA GA-3’, Mcl-1 sense 5-TGC TGG
AGT TGG TCG GGG AA-3’, Mcl-1 anti-sense 5-TCG TAA GGT CTC CAG
CGC CT-3/, B-actin sense 5-GTG GGG CGC CCC AGG CAC CA-3’, 3-actin
anti-sense 5’-CTC CTT AAT GTC ACG CAC GAT TTC-3'. The intensities
of the bands were normalized to that of 3-actin. The amplified products
were analyzed by 1.2% agarose gel electrophoresis and stained with
ethidium bromide.

Immunocytochemistry
MC3 and YD15 cells were seeded on 4-well culture plates and

treated with DW or NaBu for 18 h. Cells were then fixed and permea-
bilized using the Cytofix/Cytoperm solution (BD Biosciences, San Jose,
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CA, USA) for 1 h at 4 °C. Cells were then blocked with 1% bovine serum
albumin (BSA) in PBS for 1 h at RT and incubated overnight at 4 °C with
survivin antibody. Subsequently, the cells were exposed to the FITC-
conjugated secondary antibodies for 1h at RT and were visualized
using a fluorescence microscope equipped with the appropriate filters
for DAPI and FITC dyes.

Preparation of nuclear fractions

Cell pellets were suspended in hypotonic buffer (10 mM N-2-hy-
droxyethylpiperazine-N’-2’-ethanesulfonic acid, 10mM KCl, 2mM
MgCl,, 0.1 mM EDTA, 0.2 mM NaF, 0.2 mM NazVO,, 0.4 mM toluene-
sulfonyl fluoride, 1 mM dithiothreitol, leupeptin, aprotinin, and 1.5%
Nonidet P-40) for 15 min on ice. After centrifugation at 13,000 rpm at
4°C for 5min, the supernatant was removed. The pellets were re-sus-
pended in high salt extraction buffer (50mM N-2-hydro-
xyethylpiperazine N’-2’-ethanesulfonic acid, 50 mM KCl, 300 mM
MgCl,, 0.1 mM EDTA, 10% glycerol, and 1 mM dithiothreitol) for
30 min on ice and then washed with a hypotonic buffer. The super-
natant containing nuclear proteins for western blotting was centrifuged
at 13,000 rpm for 30 min at 4 °C to isolate these protein.

Nude mice tumor xenograft

Six-week-old BALB/c nu/nu male mice were purchased from NARA
Biotech (Pyeongtaek, Korea). All mice were handled according to
Institutional Animal Care and Use Committee (IACUC) guidelines ap-
proved by CHA University (IACUC approval number: 180067). MC3
cells were subcutaneously injected into the flanks of the mice and the
mice were then assigned randomly to one of two treatment groups
(n = 4 each group). Approximately 10 days after incubation (day 0),
vehicle control (PBS) or 500 mg/kg/day of NaBu (i.p.) were admini-
strated to tumor bearing mice five times per week for 21 days. Tumor
volume and body weight were measured twice a week. After 21 days,
tumor weight was measured. The tumor volumes were measured along
the two diameter axes with calipers to allow calculation of tumor vo-
lume using the following formula: V = 5t/6{(D + d)/ 2}3, where D and d
were the larger and smaller diameters, respectively.

Histopathological examination of organs

Mice organs (liver and kidney) were fixed in 10% neutral buffered
formalin. Paraffin-embedded tissue sections were cut at a thickness of
4 um on a microtome (Leica RM2255, Germany). Slides were dried for
30 min at 42°C on a slide warmer and stained with hematoxylin and
eosin solution. Histopathological changes were analyzed using a Nikon
Eclipse E800 microscope.

Statistical analysis

For two experimental comparisons, a two-tailed Student’s t-test was
used and for multiple comparisons, one-way ANOVA was applied to
determine the significance of differences between the control and
treatment groups. For the in vivo study, statistical evaluation was cal-
culated with a Mann-Whitney U test in SPSS version 23.0 (SPSS Inc.
Chicago, IL, USA) due to the use of non-parametric data. A p-value
of < 0.05 was considered statistically significant.

Results

NaBu increases histone acetylation and induces apoptosis in MC3 and YD15
cell lines

To confirm the HDAC inhibiting activity of NaBu, we first performed
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western blot analysis with histone proteins isolated from MC3 and
YD15 human MEC cell lines exposed to NaBu for 24 h. NaBu treatment
led to a dramatic increase in the expression levels of acetyl histones H3
and H2A in a concentration-dependent manner (Fig. 1A). We next ex-
amined the growth-inhibitory effects of NaBu in MC3 and YD15 cell
lines using a trypan blue exclusion assay. The results showed that NaBu
significantly decreased the number of viable cells (Fig.1B). To in-
vestigate whether NaBu induces apoptosis in both cell lines, we carried
out western blot analysis using an antibody against cleaved PARP, DAPI
staining, and Live/Dead assay. NaBu clearly increased the expression
level of cleaved PARP, and the number of cells with nuclear con-
densation and fragmentation, and red fluorescence-positive cells in
both cell lines compared to the DW-treated control group (Fig. 1C-E).
These findings suggest that NaBu inhibition of HDAC may be involved
in its anti-proliferative and apoptotic activities in human oral MEC cell
lines.

Survivin is involved in NaBu-induced apoptosis in MC3 and YD15 cell lines

Next, to determine what molecule plays a role in NaBu-induced
apoptosis, the expression profiles of apoptosis-related proteins between
the NaBu-treated group (25 mM for MC3 cells or 50 mM for YD15 cells)
and the DW-treated control group were analyzed using a Human
Apoptosis Array. As shown in Fig. 2A and B, the human apoptosis array
images and graphs derived from two independent experiments showed
that NaBu reduced the expression of survivin protein and increased
cleaved caspase 3 in both cell lines. The human apoptosis array data
were verified by western blot analysis, and NaBu significantly de-
creased the expression of survivin protein (Fig. 2C). Additionally, the
effects of NaBu on survivin protein expression were further confirmed
by immunofluorescence staining. Interestingly, survivin protein was
significantly transferred from the cytoplasm to the nucleus in NaBu-
treated groups of both cell lines (Fig. 3A and B) and western blotting
using the nuclear and cytosolic protein fractions verified that treatment
with NaBu clearly increased the expression of nuclear survivin protein
(Fig. 3C). We then performed RT-PCR to confirm whether NaBu reg-
ulates the survivin protein at the transcriptional level. However, the
survivin mRNA level did not change (Fig. 2D). Furthermore, a protein
turnover assay using cycloheximide (CHX) showed that survivin protein
was significantly diminished in the presence of CHX with NaBu com-
pared with a CHX-only treatment group (Supplementary Fig. 1),
meaning that NaBu regulates the survivin protein at a post-transcrip-
tional level in MC3 and YD15 cell lines. Collectively, these results
suggest that survivin plays an important role in NaBu-induced apoptosis
in human MEC cell lines.

Nuclear survivin protein may inhibit the transactivation of STAT3 to induce
caspase-dependent apoptosis

According to the previous studies, nuclear survivin/STAT3 binding
complex inhibits the transcriptional activity of STAT3 in cancer cells,
resulting in the inhibition of downstream molecules of STAT3 signaling
[12,13]. To investigate whether NaBu affects the transcriptional ac-
tivity of STAT3 in MC3 and YD15 cell lines, we first analyzed the mRNA
and protein expression levels of Bcl-xL and Mcl-1, which are known to
be downstream targets of STAT3 and are associated with apoptosis
using both RT-PCR and western blot analysis. NaBu significantly re-
duced the expressions of Bcl-xL. mRNA and protein in both cell lines
while not altering those of Mcl-1 mRNA or protein (Fig. 4A and B).
Because NaBu regulates Bcl-xL, which may cause the damage to the
mitochondrial membrane potential, we next confirmed the cleaved
forms of caspase 9 and caspase 3, which are related proteins, using
western blotting. Both NaBu-treated cell lines exhibited a concentra-
tion-dependent increase in the cleavages of caspase 9 and caspase 3
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Fig. 1. Effects of NaBu on histone acetylation and apoptosis of MC3 and YD15 cells (A) MC3 (left) and YD15 (right) cells were treated with DW or the indicated
concentrations of NaBu for 24 h. Histones were extracted using acid extraction and analyzed to detect acetyl-histones by western blot analysis (Top panel). Equal
amounts of proteins were measured by Coomassie Blue staining (Bottom panel). (B) The effects of NaBu on cell viability were analyzed by a trypan blue exclusion
assay. (C) The apoptotic effects of NaBu were determined by western blot analysis with an indicated antibody. Actin was used as an internal control. (D) Nuclear
condensation and DNA fragmentation were detected using DAPI solution as mentioned in the Materials and Methods. DAPI-stained MC3 and YD15 cells were
observed by fluorescence microscopy (Magnification, X 400). (E) Live (green) and dead (red) cells were determined with the Live/Dead assay kit as mentioned in the
Materials and Methods (magnification, x 200). The graph represents mean *+ SD of three independent experiments and significance (p < 0.05) compared with the
DW-treated control group is indicated (*). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 4C). To confirm the involvement of those two proteins in NaBu-
induced apoptosis, MC3 and YD15 cells were pretreated with Z-LEHD-
FMK (a caspase 9 inhibitor) or Z-VAD-FMK (a pan-caspase inhibitor) for
1 h and then treated with NaBu for 24 h. As shown in Fig. 4D and E, the
cleavage of PARP induced by NaBu was partly reduced in the presence
of either Z-LEHD-FMK or Z-VAD-FMK. Together, these data indicate
that NaBu induces caspase-dependent apoptosis by inhibiting the
transcriptional activity of STAT3 protein in human MEC cell lines.

NaBu inhibits MC3 subcutaneous tumor growth in vivo

Based on the in vitro findings, we next investigated the in vivo anti-
cancer effects of NaBu using a nude mouse xenograft model bearing
MC3 cells. Tumor volume was significantly reduced from the 9th day of
NaBu treatment (Fig. 5A and B). Tumor weights of the NaBu-treated
group were significantly reduced compared to those of the PBS-treated
group (Fig. 5C). However, body weights and absolute and relative organ
(liver and kidney) weights of the mice were not significantly altered
(Fig. 5D-F). In addition, there was no significant difference in histo-
pathological findings between the PBS- and NaBu-treated groups
(Fig. 5G). Collectively, these results suggest that NaBu treatment
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attenuates tumor growth without hepatic or renal toxicity in vivo.

Discussion

Inhibitors of histone deacetylases (HDACs) have been developed as
a promising class of anticancer drugs in several human malignancies
including oral cancer, since HDAC family members play crucial roles in
tumor development [14,15]. Treatment with FR901228 (a HDAC in-
hibitor) stimulated the expression of maspin mRNA, which is associated
with inhibition of tumor angiogenesis and cell invasion in oral cancer
cell lines [16]. Suberoylanilide hydroxamic acid (SAHA) also sup-
pressed oral squamous cell carcinoma (OSCC) growth through G1 phase
cell cycle arrest [17]. Recently, our research group found that several
HDAC inhibitors such as SAHA and A248, induced apoptosis through a
variety of signaling pathways in human OSCC cell lines [18,19]. NaBu
also induced growth inhibition and apoptosis in several cancer cell
lines, including prostate and colorectal cancer [20,21]. Although some
studies have shown that NaBu has anticancer efficacy, the antitumor
activity of NaBu in salivary gland cancer has not yet been elucidated.
Here, we show that NaBu decreased cell viability and induced apoptosis
in human MEC cells in vitro (Fig. 1B-D). To the best of our knowledge,
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Fig. 2. Involvement of survivin in NaBu-induced apoptosis in MC3 and YD15 cells (A) MC3 and YD15 cells were treated with DW or the indicated concentrations of
NaBu for 24h and then analyzed by human apoptosis array as described in the Materials and Methods. (B) The graph represents the mean of two independent
experiments. The effects of NaBu on the expression level of survivin protein (C) or mRNA (D) were determined by western blot analysis and RT-PCR, respectively.
Values represent the mean of three independent experiments, and significance (p < 0.05) compared with the DW-treated control group is indicated (*).

this is the first study to show the apoptotic effects of NaBu against MEC
cell lines. Other researchers have reported that apicidin significantly
induces apoptosis through the inactivation of extracellular signal-
regulated kinase and AKT/mTOR signaling [22], and histone deacety-
lase 7 silencing also induces apoptosis in salivary MEC cell lines [23].
Taken together, these findings suggest that HDAC inhibitors can induce

A

apoptosis in oral MEC.

In this work, we applied human apoptosis arrays to analyze ex-
pression patterns of 35 proteins associated with apoptosis in human
MEC cell lines. We showed that survivin is associated with NaBu-in-
duced apoptosis and confirmed it by western blotting (Fig. 2). Tanaka
et al. (2003) showed that survivin protein was positive in 58% of oral
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Fig. 3. Effect of NaBu on nuclear localization of survivin protein in MC3 and YD15 cells (A) Both cell lines were treated with DW or the indicated concentrations of
NaBu for 18 hr and immuno-stained with survivin antibody. (magnification x 400) (B) Numbers of stained cells in three random fields were counted depending on
whether the nucleus staining exceeded staining in the cytoplasm. The relative number of the cells in nucleus or cytoplasm per total number of the cells were
calculated and showed as a percentage. The graph represents mean = SD of three independent experiments. (C) The expression levels of nuclear and cytosolic
survivin proteins were detected using western blot analysis. Lamin B or actin were used to normalize the nuclear or cytosolic protein level, respectively. Values
represent the mean of three independent experiments and significance (p < 0.05) compared with the DW-treated control group is indicated (*).
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Fig. 4. Effects of NaBu on Bcl-xL and caspase-dependent apoptosis in MC3 and
YD15 cells (A) The effects of NaBu on Bcl-xL and Mcl-1 mRNA expression levels
were determined by RT-PCR. (B) The effects of NaBu on Bcl-xL and Mcl-1
protein expressions were determined by western blot analysis. The graph re-
presents mean = SD of three independent experiments and significance
(p < 0.05) compared with the DW-treated control group is indicated (*). (C)
MC3 and YD15 cells were treated with DW or the indicated concentrations of
NaBu for 24 hr and cleaved caspase 9 and caspase 3 were determined by
western blot analysis. MC3 and YD15 cells were treated with NaBu for 24 hr
after 1 hr pretreatment of Z-LEHD (a caspase 9 inhibitor) (D) or Z-VAD (a pan-
caspase inhibitor) (E) followed by western blot analysis to determine the in-
volvement of caspases in NaBu-mediated apoptosis. The data represent two
independent experiments.

cancer and 37% of pre-malignant lesions, while no immunoreaction
was observed in normal oral mucosa [24], suggesting that survivin has
a key role during oral carcinogenesis. Our previous studies recently
demonstrated that the reduction of survivin by YM155 or naturally
occurring substance induced apoptosis in oral cancer [25,26]. Several
studies have also reported inhibition of survivin expression by HDAC
inhibitors during apoptosis in a variety of cancer cell lines, similar to
our current data [27,28]. These findings imply that survivin is a main
molecular target involved in HDAC inhibitor-induced apoptosis in oral
MEC.

Survivin is known to have distinct functions depending on its cel-
lular location. Cytoplasmic survivin may block caspase-dependent
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apoptosis as a cytoprotective molecule, and nuclear survivin may in-
dicate impaired survivin function [29]. Several studies indicated that
nuclear survivin in cancer cells is a favorable prognostic factor for
predicting disease outcomes [30,31]. On the other hand, nuclear loca-
lization of survivin may be a negative prognostic factor for survival in
several cancers [32,33]. In addition, cytoplasmic survivin expression
was significantly correlated with survival as an independent predictor
of poor prognosis in patients with salivary gland tumor [34]. Thus, the
biological functions of the distinct cellular localization of survivin in
cancer are still controversial. Here, we found that NaBu caused survivin
protein to transfer into the nucleus from the cytosol (Fig. 3). Previously,
Wang et al. (2010) reported that HAT can acetylate survivin in breast
cancer cells and acetylation of lysine 129 of survivin may facilitate its
homo-dimerization and stability in the nucleus [12]. Recently, it was
found that acetylation at lysine 129 of survivin is involved in induction
of nuclear translocation of survivin in OSCC cells, while none of the
protein kinase inhibitors including STAT3 inhibitor affected the sub-
cellular location of survivin [35]. Thus, we confirmed that NaBu in-
duces survivin acetylation in human MEC cell lines, using an antibody
against acetylated lysine. Although NaBu reduced the total expression
level of survivin protein, it significantly increased the expression of
acetylated lysine on the same location as survivin protein
(Supplementary Fig. 2). In addition, we performed immunoprecipita-
tion and acetylated lysine in survivin protein was slightly increased by
NaBu (Supplementary Fig. 3). These results suggest that nuclear
translocation of survivin protein by NaBu may be due to its acetylation.
Other studies have also shown that HDAC6 deacetylated survivin,
which controlled its nuclear export, providing a novel target for pa-
tients with ER-positive breast cancer; and that SAHA promoted the
acetylation of survivin and its nuclear accumulation [36,37]. These
results suggest that an HDAC inhibitor may acetylate survivin to pro-
mote its nuclear localization in human salivary gland cancer.

Recently, the acetylation of survivin protein has been shown to
promote its nuclear accumulation, resulting in inhibition of STAT3
transactivation, providing a good strategy for therapeutic intervention
in tumors overexpressing STAT3 [12]. NaBu was shown to suppress the
transcriptional activity of Bcl-XL, which is one of the STAT3 down-
stream molecules (Fig. 4A). This finding confirms the role of nuclear
survivin protein in repressing STAT3 oncogenic activity during NaBu-
induced apoptosis in human MEC cell lines. In addition, our results
showed that caspases were involved in NaBu-induced apoptosis
(Fig. 4C-E). Cytoplasmic survivin directly blocks caspase cascades and
inhibits apoptosis by binding its BIR1 domain to caspases 3 and 9.
Therefore, our findings suggest that NaBu can activate caspase cascades
because it regulates the abundance of survivin by regulating its half-life
period.

The immune system plays an important role in head and neck
cancer (HNC) development and evolution. It is observed that im-
munosuppressive individuals are more likely to develop HNC and its
prognosis is relatively poor [38]. Immune destruction such as the re-
pressive activity of T-regulatory cells on induction and proliferation of
T cells have been frequently found in HNC patients [39,40]. Thus,
immunotherapy is a promising field in HNC including salivary gland
tumor. Vorinostat, a HDAC inhibitor, particularly upregulated PD-1 or
PD-L1 expression for immunotherapy and is currently under in-
vestigation in a clinical trial (NCT02538510) in metastatic cases of
advanced salivary gland cancers [41]. Therefore, future research on the
role of NaBu on the regulation of immune checkpoints should be un-
dertaken.

In summary, these observations document the apoptotic activity of
NaBu in human oral MEC. We suggest that NaBu reduces the expression
of survivin protein and induces its nuclear transfer for NaBu-induced
apoptosis. From this work, we conclude that NaBu and its derivatives
are promising anticancer drug candidates for the treatment of human
oral MEC.



B. Jang et al.

A B

Oral Oncology 88 (2019) 160-167

(@)

—~ 800+ 1404
‘ nE -o- Control 120
L fa £ -=- Sodium butyrate -~ 1
| 0 ‘ = 6001 <
Control | { Q t P -9.2_. 100+
- £ Qe 80
2 400 3 3
Sodium Q 0 ’ ° S5 60-|
butyrate ¢ 5 200- S 40
bl E E TS
e R L p=0.055 o]
1 4 9 1 16 18 22 0 500
Day of treatment Sodium butyrate
(mglkg)
40 -e- Control @ 5.0 Il Control w1507 El Control
— -= Sodium butyrate E 4-51 i i Em Sodium butyrate & @ Sodium butyrate
o D 4.0 ° =~
< 304 o 1.0 2o
< —f—y g —5—" 2 c &S 1004
2 g 08 55
(4] -
g2 Sos S32
? 10- 204 R
S A
@ S 0.2 >
2 (12
c 1 1 ) 1 \J U T < 0-0 0_
1 4 9 11 16 18 22 .40‘ @ @_\ \4‘?} @ @
Day of treatment & boe.‘\ b&“\ O &@\ &g\
& ¢ & ¢
G Liver Kidney

Control

Control

Fig. 5. In vivo anti-tumor effects of NaBu on nude mouse xenograft models bearing MC3 cells (A) Nude mice were treated with PBS or NaBu (500 mg/kg/day) for
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