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Abstract

Sarcoma is a rare and heterogeneous class of mesenchymal malignancies with poor prognosis. Panobinostat (LBH589) as one of histone
deacetylase (HDAC) inhibitors has demonstrated anti-tumor activity in patients with sarcoma, but its mechanisms remains unclear. Here, we
found that LBH589 alone inhibited the proliferation and colony formation of soft tissue sarcoma (STS) cell lines. Transcriptome analysis showed
that treatment with LBH589 augmented the NK cell-mediated cytotoxicity. Quantitative real-time PCR and flow cytometric analysis (FACS)
further confirmed that LBH589 increased the expression of NKG2D ligands MICA/MICB. Mechanistically, LBH589 activated the Wnt/-catenin
pathway by upregulating the histone acetylation in p-catenin promoter. /n vitro co-culture experiments and in vivo animal experiments showed
that LBH589 increased the cytotoxicity of natural killer (NK) cells while Wnt/p-catenin inhibitor decreased the effects. Our findings suggest that
LBH589 facilitates the anti-tumor effect of NK cells, highlights LBH589 an effective assistance drug in NK cell-based immunotherapies.
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Introduction studies suggest that adoptive NK cell therapy could be readily
available and broadly applicable [8-11]. The adoption of NK
cell immunotherapy has demonstrated its feasibility in osteo-
sarcoma and Ewing sarcoma [12-15]. In addition to strat-
egies augmenting NK cell function such as adoptive NK cell
therapy and CAR-NK therapy, the NK cell-based immuno-
therapies also include strategies sensitizing cancer cells to NK
cell-mediated lysis [16, 17].

The immune effects of NK cells are dependent on the nat-
ural killer group 2D (NKG2D)-mediated cell kill, and the ef-
ficiency of NKG2D-mediated cytotoxicity has been shown

Sarcomas are rare and heterogeneous mesenchymal malig-
nancies, of which soft tissue sarcomas (STS) are the most
common pathologic type of sarcomas, accounting for about
80% [1]. Due to the insidious symptoms of soft tissue sar-
coma, it is confirmed to be in the advanced stage of the
disease, and the traditional treatment regimen, including sur-
gery, chemotherapy and radiotherapy, is prone to recurrence
or metastasis, so there is still no effective treatment to im-
prove the prognosis of advanced STS. To address these issues,

more and more new therapeutic strategies are applied in STS,

such as targeted therapy, immunotherapy, and minimally in- to correlate with the expression levels of NKG2D ligands
vasive surgery [2-4]. (NKG2DLs), which includes MICA, MICB, ULBP 1-6, on

Though anti-CTLA-4 and PD-1/PD-L1 antibodies lead to the cancer cells [11, 18]. However, tumor ce;lls are able to
durable clinical responses in many solid tumor, these immune ~ €S¢@P¢ from NKG2D-mediated immune surveillance by shed-
checkpoint blockade therapy in sarcoma is inefficacious be- ding MHC class T chain-related molecules (MICs) from the
cause of the lower ratios of tumor-infiltrating lymphocytes WMot cell membrane [19]. Therefore, restoring the expres-
(TILs) infiltration [5=7]. NK cell-based immunotherapy is 1% of NK c;ll—actlvatlng ligands on tumor cells wquld hgve
promising with its cytotoxic ability to kill tumor cells without 2 significant impact on the efficacy of NK cell-mediated im-
MHC (“non-missing self”) recognition. Recent preclinical munotherapy.
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Enhancing NK cell antitumor activity can be achieved
through various priming strategies and genetic modifica-
tions. Histone acetylation and deacetylation of chromatin
is important in regulating the activity of transcription,
which is controlled by histone acetylases (HAT) and his-
tone deacetylases (HDAC). HDACs critically contribute to
tumor pathogenesis with the correlative data showing that
HDAC function and/or expression is perturbed in a var-
iety of cancers and is often associated with poor prognosis
[20-25].

HDAC inhibitors (HDACI) were discovered through em-
pirical screens for agents that induced tumor cell differen-
tiation [26]. Due to the broad and complex functions of
the HDAC enzymes, HDACi have demonstrated the ef-
fects on gene expression, apoptosis, cell cycle progression,
aspects of the tumor micro-environment and so on [27-30].
Several studies have reported the effect of HDAC inhibi-
tors on immune modulation. HDAC inhibitors are known
to upregulate the expression of NKG2D ligands [30-32],
which mediated cytotoxicity of NK cells. For example,
non-selective HDAC inhibitors valproic acid (VPA) as
well as romidepsin have been reported to inhibit tumor by
upregulating cytotoxicity-activating ligands (NKG2DL) in
different tumor cell lines [33-37], including colon cancer,
lymphoma, and liver carcinoma cell lines, thus enhancing
NK cell-mediated lysis [38, 39]. Previous studies suggested
HDAC inhibitors as possible therapeutic agents for STS
[40-42], and a phase I trial of panobinostat(LBH589) and
epirubicin in sarcoma also confirmed this [43]. However,
the effect and mechanisms action of LBH589 in sarcoma
remain unclear.

In order to explore whether LBH589 has potential as a
treatment for STS, we examined the effects and mechanism
of LBH589 on the expression of MICA and MICB in human
STS cells. Our data demonstrated that LBH589 enhances the
susceptibility of sarcoma cells to NK cell-mediated cytotox-
icity both iz vitro and in vivo by upregulating the expres-
sion of MICA and MICB via activation of the Wnt/p-catenin
pathway.

Materials and Methods

Cell lines

HT1080 (Fibrosarcoma cells), SK-LMS-1 (Leiomyosarcoma
cells), SW872 (Liposarcoma cells), U2197 (Pleomorphic
sarcoma/malignant fibrous histiocytoma cells), and NK cell
line NK92 used in the experiment were obtained from the
American Type Culture Collection (ATCC). NK-92 cells
are an IL-2-dependent NK cell lines derived from periph-
eral blood of a 50-year-old white male with aggressive
non-Hodgkin’s lymphoma. NK-92 cells had the following
characteristics:CD2, CD7, CD11a, CD28, CD45, CD54,
CDS56"isht were positive; negative surface markers for CD1,
CD3, CD4, CDS, CD8, CD10, CD14, CD16, CD19, CD20,
CD23,CD34 and HLA-DR.HT1080, SK-LMS-1, SW872 and
U2197 were cultured in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum. NK
cell line NK92 was cultured in MEM a (procell, PM150421)
+0.2 mM inositol + 0.1 mM p-mercaptoethanol(procell,
PB180633) + 0.02 mM folic acid + 12.5%horse serum
(procell, 164215-100) + 12.5% FBS (procell, 164210-500) +
1%P/S (procell, PB180120), and 200 U/mL rhIL-2.

Lu et al.

MTT assay

A total of 800-1200 cells in 200 pL of medium were seeded
per well in 96-well plates (five replicates of each sample).
Next, 20 pL of MTT (5 mg/mL, BD Biosciences) was added
per well on the indicated day (days 0, 1, 2, 3, 4, or 5) and
incubated for 4 h at 37 °C. Then, the supernatants were dis-
carded, and 200 pL of dimethylsulfoxide (DMSO) was added
per well to dissolve the crystals. A spectrophotometric plate
reader (BioTek ELX 800, USA) was used to measure the ab-
sorbance at 490 nm.

Colony formation assay

Briefly, cells were plated in six-well plates and cultured with
DMEM in the presence or absence of LBH589 for 10 days.
Then the colonies were fixed with methanol and stained with
0.5% crystal violet. Three independent wells were established
for each treatment concentration.

Preparation of peripheral blood NK cells and
activation

Peripheral blood mononuclear cells (PBMCs) of healthy
donors were isolated using Ficoll by density gradient centri-
fugation. PBMCs were rested overnight in RPMI 1640 me-
dium (Gibco) and activated by recombinant human IL-15
(PeproTech, 200-15-10) 50 ng/mL, recombinant human IL-2
(PeproTech, 200-02-50) 200 U/ml with the RPMI1640 me-
dium for 3 days before an in vitro cytotoxicity assay. The NK
Cell Isolation Kit (Miltenyi Biotec, 130-092-657) was used
for the isolation of primary NK cells from human PBMCs.

Western blot analysis and reagents

Cells were lysed in RIPA buffer, and proteins (20-40 pg)
were resolved using SDS-PAGE, and then transferred onto
a polyvinylidene difluoride (PVDF) membrane. After the
blocking procedure with 5% skim milk for 1 h at room
temperature, membranes were incubated with primary anti-
bodies (1:1000) and HRP-conjugated secondary antibodies
(1:5000), and visualized in Imager (Bio-Rad) using ECL
system (Termo Fisher Scientifc, 34095). The antibodies used
in this study are listed below in the format of name (applica-
tion, supplier, catalogue): MICA/MICB(F, Biolegend, 320906),
MICA/MICB(WB&IHC, Abcam, ab224702), PI3K(WB, CST,
4252S), p-Akt (WB, CST, 4060S), AKT(WB, CST, 9272S),
p-p38 (WB, CST, 4511S), ERK(WB, CST, 4695S), p-Erk
(CST, 4370S), JAK1 (WB, upstate, 06-665), p-JAK1 (WB, up-
state, 07-849), Stat3 (WB, CST, 30835S), p-Stat3 (WB, CST,
9145S), B-catenin (WB, CST, 8480s), vimentin (WB, CST,
5741S), c-Jun (WB, CST, 9165S), B-actin (WB, CST, 3700S),
acetyl-histone H3 (Lys27) (ChIP, CST, 8173S).

RNA sequencing analysis

Cells were treated with LBH589 or DMSO control for 48 h.
Then, total RNA was extracted from cells using TRIzol.
Library construction was performed with the generated
100 bp paired-end reads. The libraries were sequenced on an
[llumina HiSeq 2500 platform by Annoroad Gene Technology
(Beijing, China).

Quantitative PCR with reverse transcription
(gRT-PCR)

Total RNA was isolated by using the TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions.
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RNA concentration and quality were determined with
NanoDrop spectrophotometer (Thermo Scientific, MA, USA).
c¢DNA was synthesized using 1 pg of the total RNA according
to a reverse transcriptase kit (Invitrogen). Expression was as-
sessed by quantitative real-time PCR using SYBR Green on
a Bio-Ran CFX96 system. Resultant data were assessed by
Bio-Rad CFX software and calculated by the formula 2* (-
(AACt) for relative mRNA expression. Sequences of all pri-
mers used in qPCR are presented in Table S1

Flow cytometric analysis

For MICA/MICB analysis, cultured cells were treated for 24 h
with the indicated HDAC pan-inhibitor LBH589 or DMSO
control. After the treatment, cells were harvested and stained
for MICA/MICB and data were acquired by flow cytometry.
Autofluorescence MFI values were subtracted and the ad-
justed MFI values are evaluated.

Chromatin immunoprecipitation (Ch-IP) assays
Ch-IP assays were performed as described by Zeng et al [44].
Briefly, 5 x 10° HT1080 cells were treated with or without
LBHS589 for 24 h. The cells were scraped in PBS and resus-
pended in lysis buffer, and the nuclei were isolated and son-
icated to shear the DNA to 500 bp-1 kb fragment (verified
by agarose gel electrophoresis). Equal aliquots of chromatin
supernatants were subjected to overnight immunoprecipitation
(IP) with anti-acetylated-histone H3K27 from Cell Signaling
and IgG control from R&D Systems which were used as
negative controls. Immunoprecipitated chromatin was ana-
lyzed by q-PCR using primers targeting individual regions in
the human -catenin promoter. The primer sequences used
for ChIP-qPCR are listed in Table S2. PCR conditions were
set according to the instructions provided in SYBR Green Kit
(Roche).

Cytotoxicity assay

The cytotoxicity of different experimental groups of NK92
cells or primary NK cells was determined using the Lactate
Dehydrogenase (LDH) release assay using a CytoTox 96
Non-Radioactive Cytotoxicity Assay Kit following the
manufacturer’s protocol. The target HT1080 and SK-LMS-1
cells were incubated with or without 20 nM LBHS589 or
ICGO001 5 uM for 24 h, washed with PBS, then NK-92 cells
or primary NK cells were added to the target cells as effector
cells, and the cells were co-cultured for 4 h at 37 °C. The ex-
perimental LDH release values were corrected by subtraction
of the spontaneous LDH release values of effector cells at the
same dilution. Percentage lysis was calculated as: (corrected
experimental LDH release — spontaneous LDH release)/(max-
imum LDH release — spontaneous LDH release) x 100%.

In Vivo Experiments

Four-week-old female NOD/SCID mice bearing LUC-positive
HT1080 cells were randomly divided into four groups (7 = 8
per group). Group A received PBS treatment, group B received
LBHS589, group C received NK-92 cells (5 x 10°), group D re-
ceived LBH589 followed by NK92 cells (5 x 10°). Mice were
monitored daily for tumor growth by visual examination and
palpation. NOD/SCID mice were further monitored by means
of bioluminescence imaging (BLI) (7 = 3). Mice in groups B
and D received 10 mg/kg of ip LBH589 once per week for 3
weeks (on days 7, 14, and 21). Mice in group D received IV
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injection of NK92 cells (5 x 10°) 24 h after receiving each
dose of LBH589 through the tail vein. Tumor volume was
calculated every week using the formula: (width? x length)/2.
The mice were sacrificed 3 weeks after the initial injection and
the xenografts were excised and subjected to further analysis.

All animal studies were approved by the Ethics Committee
of Animal Experiments of Sun Yat-sen University Cancer
Center.

Immunohistochemistry

Tumors from mouse models were carefully dissected, fixed
with formalin, and embedded with paraffin. Paraffin blocks
were cut into 3 mm sections and some were stained with
hematoxylin and eosin (H&E). For immunohistochemical
staining, each section was dewaxed and rehydrated using xy-
lene and then washed with a graded alcohol series. Antigen
retrieval was performed for 2.5 min at high pressure using so-
dium citrate. The sections were incubated with against MICA/
MICB primary antibody at a dilution of 1:150 overnight at
4 °C and then with goat secondary antibody against rabbit
at a dilution of 1:200 for 30 min at 37°C. MICA and MICB
expression were scored semi-quantitatively on the basis of the
staining intensity and percentage of positive cells.

Dataset analyses

The expression level of HDACs in pan-cancer was determined
by Oncomine database analysis (https://www.oncomine.org/
resource/login.html, 11 November 2021, data last accessed)
(Rhodes et al., 2007). The thresholds (P < 0.0001, fold
change: 2, and gene rank: Top 10%) were considered statis-
tically significant.

The TCGA-SARC cohort’s RNA sequencing (RNA-seq)
profile was retrieved through the GDC API (https://portal.
gdc.cancer.gov/repository). Before therapy, 263 STS samples
and two normal soft tissue samples were taken from this
group. Data on 864 normal tissues (386 subcutaneous fatty
tissue and 478 skeletal muscle) was gathered from the GTEx
database. To match the normal and tumor samples, the RNA-
sequencing were merged and normalized using the “limma”
R package (V4.0).

Statistical analysis

Data were presented as the mean = standard deviation for
flow cytometry, quantitative real-time PCR, cellular cytotox-
icity assay, and xenograft assay, analyzed by unpaired, two-
tailed #-test. A significance threshold of P < 0.05 was used.
Data were performed using GraphPad Prism V.6.0 software
and SPSS V.19.0.

Results

LBH589 exhibits antitumor activity in STS in vitro

We first analyzed the mRNA expression levels of HDACs
family in several type tumor tissues and corresponding
normal tissues in the Oncomine database (Fig. 1A) There
is a significant overexpression of the HDAC1 gene in
lymphoma, HDAC2 gene in colorectal cancer and sar-
coma, HDACY9 gene in leukemia and HDAC11 gene in
breast cancer, expression of other HDACs showed little
difference between tumor and normal tissues. Moreover,
the expression of HDACs in sarcoma tissues from TCGA
database with the normal tissue from GTEx database was
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Figure 1: HDAC gene family was extensively higher expressed in pan-cancer. A. The transcription expression level of HDAC gene family members was
higher in most cancer types in Oncomine database. The numbers in the table represent the quantities of datasets with relatively higher expressed (red)
or lower expressed (blue) of target genes. The following criteria were used: analysis type: cancer vs. normal tissue; P-value < 0.0001, fold change >

2, and gene rank= top 10%. B. HDAC1/2/3/5/6/7/8/11 was highly expressed in tumor compared to normal tissues in TCGA+GETx database in STS. All
histological subtypes in TCGA cohort have been included in the analysis. Red squares indicate upregulated genes, blue squares indicate downregulated
genes, and white squares indicate genes without difference. The P values were showed as: ***P < 0.001.
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compared, which appeared that most of HDACs were
highly expressed in patients with STS (Fig. 1B). In par-
ticular, this finding also holds true in leiomyosarcoma and
liposarcoma, which are two most common subtypes in
STS (Supplementary Fig. S1).

Based on these data, we proposed that HDACi would be
a potential effective inhibitor in sarcoma. Then the effect of
pan-HDAC inhibitor LBH589 in sarcoma was tested.
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To assess the effect of LBH589 on soft tissue sarcoma
cell lines, we initially treated diverse cancer cell lines with
0-20 nM LBHS589. MTT assay showed LBH589 remark-
ably suppressed cell viability of HT1080 and SK-LMS-1 cells
in a dose- and time-dependent manner (Fig. 2A and B). As
presented in Fig. 2, LBH589 at concentration of 2.5 nM or
higher significantly suppressed the proliferation of HT1080
and SK-LMS-1 cells with estimated IC50 values of 16.1 and
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Figure 2: L BH589 suppressed the proliferation of STS cells in vitro. (A, B) Human soft tissue sarcoma cell lines HT1080 and SK-LMS-1 were treated
with LBH589 (0, 0.625, 1.25, 2.5, 5, 10, and 20 nM) for 5 days. (C, D) Cell viability was measured by MTT assays. (E) Colony formation assays were
performed using HT1080 and SK-LMS-1 cells treated with LBH589 (0, 2.5, 5, and 10 nM) to assess proliferation. Colonies were imaged.
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38.1 nM, respectively (Fig. 2C and D). Colony formation
assay also revealed that LBH589 dramatically reduced colony
numbers of HT1080 and SK-LMS-1 cells in a dose-dependent
manner (Fig. 2E). Next, we detected whether LBH589 may
exert similar effects on another two sarcoma cell lines SW872
and U2197. The results showed that LBH589 also repressed
the proliferation and colony formation of SW872 and U2197
with estimated IC50 values of 31.57 and 29.04 nM, respect-
ively (Supplementary Fig. S2).

LBH589 induces NK cell-mediated cytotoxicity by
upregulation of genes related to NKG2D

Assessment of drug effects on immune-response-related path-
ways vyields important insight alterations that may relate
to immune involved combination therapy. The epigenetic
therapy is potential to increase the effect of immunotherapies.
To investigate the impact of LBH589 on the sarcoma cell lines
at the molecular level, we carried out transcriptome analysis
(RNA-seq). Gene set enrichment analysis identified some sig-
nificantly induced pathways related to immune signaling. The
natural killer cells related cytotoxicity pathway was the most
of these altered pathways (Fig. 3A). The notable differential
expression was the upregulation genes related to NKG2D
and antigen presentation, suggesting that LBH589 to be an
effective approach in terms of induction of natural killer
cell-mediated cytotoxicity pathway (Fig. 3B).

To confirm the effect of LBH589 on the expression of lig-
ands and receptors related to NK cell mediated cytotoxicity
pathway, we performed real-time PCR on two sarcoma cell
lines (HT1080 and SK-LMS-1). We noted a significant increase
on surface mRNA expression of MICA/MICB and ULBP1/2/3
after exposure to LBH589 (Fig. 3C and D). Consistent with
the results of mRNA expression, elevation of the MICA/
MICB protein expression levels following LBH589 treatment
was observed in FACS assay. Upregulation of expression of
MICA/MICB was further confirmed by flow cytometry (Fig.
3E and F). We noted that LBH589 did not significantly affect
expression of NK checkpoints, such as after co-cultured with
HT1080 and SK-LMS-1 (data not shown). Moreover, we also
detected the expression of these NK cell-mediated check-
points after treatment with LBH589 in SW872 and U2197,
and we found similar changes (Supplementary Fig. S3). These
data demonstrated that HDAC inhibitor LBH589 is able to
enhance the expression of NKG2D ligands including MICA/
MICB in sarcoma cell lines.

Wnt signaling pathway was most responsible for
NK cell-related cytotoxicity in sarcoma cell lines

Furthermore, the putative signaling pathways involved in
NK cell-related cytotoxicity in sarcoma cell lines were iden-
tified. We performed enrichment analysis on significantly
up- and downregulated genes, and KEGG defined significant
enrichment as p.adj < 0.05. The results of the enrichment are
depicted in Fig. 4A. Then, using western blot analysis, we
discovered that LBH589 stimulation activated practically all
of these signaling pathways, including PI3K/AKT, MAPK/
ERK, JAK/Stat3, and Wnt/-catenin pathways (Fig. 4B).
Then, we examined whether inhibiting potential signaling
pathways in sarcoma cells could result in a decrease in con-
stitutively produced MICA/MICB. As illustrated in Fig.
4C and D, treatment with inhibitors of the JAK/STAT3
(Ruxolitinib), MAPK (SB203580), Wnt/B-catenin (ICG001),
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and PI3K/AKT (LY294002) signaling pathways all de-
creased the MICA/MICB level in LBH589 treated sarcoma
cells, but the most significant effect was observed with the
Wnt/pB-catenin inhibitor. To further understand the role of
LBHS589 on promoter-driven expression of B-catenin, we
designed primers targeting the f3-catenin promoter for ChIP-
qPCR. We observed a significant enrichment of H3K27ac
in the upstream 2455-2340 bp 5’-flanking region of the
[B-catenin promoter compared with negative control (Fig.
4E). Taken together, these data revealed that LBH589 en-
hanced the expression of B-catenin by acetylation of its pro-
moter, resulting in constitutive upregulation of MICA/MICB
in sarcoma cells.

Inhibition of Wnt/B-catenin pathway weaken the
effect of increased NK cell-induced lysis of sarcoma
cells by LBH589 stimulation

To demonstrate the role of the Wnt/B-catenin pathway, we
first investigated the effect of LBH589 on NK cell-mediated
kill of sarcoma cells. HT1080 and SK-LMS-1 cells were in-
cubated with LBH589 or LBHS589&ICG001 for 24 h. The
control group was treated with DMSO. The cytotoxicity of
NK cells was investigated using two NK cell sources for the
experiments. The established NK92 cell line was known to
exhibit high NK cytotoxicity and has been widely used in in
vitro and mouse studies [45, 46]. The primary NK cells iso-
lated from the peripheral blood mononuclear cells (PBMCs)
had a purity of higher than 90% of CD3- CD56* NK cell
markers, which had been confirmed by flow cytometric ana-
lyses (data not shown). The lactate dehydrogenase (LDH)
release-based NK cytotoxicity test was applied to detect NK
cell-mediated cytotoxicity. As shown in Fig. 5, treatment of
sarcoma cells with LBH589 showed higher sensitivity to NK
cell lysis than untreated control cells (mean = SD: 56 = 3%
vs. 31 = 4% at E/T 8:1, P < 0.05). The enhancing effect of
LBHS589 was blocked by Wnt pathway inhibitor ICG0O01.
These findings support that LBH589 activated the NK cell
through the Wnt/B-catenin signaling pathway in soft tissue
sarcoma i7 vitro.

LBH589 improves the anti-tumor effects of NK-92
cells in bearing HT1080 murine models

NOD/SCID mice bearing HT1080 sarcoma cells were util-
ized to determine the therapeutic efficacy of LBH589 com-
bined with NK-92 cells. HT1080 cells were subcutaneously
injected into NOD/SCID mice on day 0. Approximately
7 days later, mice were randomized divided into four
groups (7 = 8 per group), including group did not receive
any treatment but A. PBS control, B. group consisted of
xenografted mice that receive LBH589 (10 mg/kg weekly,
three doses on days 7, 14, 21), C. group consisted of mice
that received NK-92 cells (107 cells weekly, three doses on
days 7, 14, and 21), and D. combination group received
both LBH589 and NK-92 cells. Engraftment of HT1080
cells in NOD/SCID mice was confirmed by BLI on day 14.
As shown in Fig. 6A and B, treatment with LBHS589 sig-
nificantly enhanced the ability of NK-92 cells to inhibit
the growth of tumors. The combination group showed a
significantly decreased tumor burden (p < 0.001) compared
with that of the PBS control group (Fig. 6B). Furthermore,
immunohistochemical analysis revealed that LBHS589
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Figure 3: LBH589 increased NK cell-mediated cytotoxicity. (A) The GSEA result indicated an enrichment of gene sets related to NK cell-related
cytotoxicity. (B) Heatmap showed the differentially expressed genes following LBH589 treatment. (C, D) Real-time g-PCR analysis showed the effects
of LBH589 treatment on the expression of NKG2DL in STS cells (mean + SD, n = 3). (E, F) Flow cytometry analysis of surface levels of MICA/B

on LBH589(10 and 20 nM) treatment HT1080 cells (left) and SK-LMS-1 cells (right) and quantification. Data were mean + SD of three independent
experiments. *P < 0.05, ** P < 0.01, *** P < 0.001 (two-tailed unpaired t-test).

significantly reduced tumor cells proliferation compared
with the control group and group treated with NK-92
cells alone (Fig. 6C) and upregulated expression of MICA/
MICB (Fig. 6D). Moreover, western blot of related down-
stream molecules of the Wnt/pB-catenin signaling pathway
was performed to confirm the activation of this pathway in
the group treated with LBH589 compared with the control
group in vivo (Fig. 6E).

Discussion

The present study was conducted to elucidate the precise
mechanism via which LBH589 modulates the NK-cell based
cytotoxicity and to determine whether LBHS589 is effective as
an anticancer agent in STS. The present results showed that
LBHS589 increased the expression of MICA/MICB by activating
Wnt/B-catenin signaling pathway. The upregulation of MICA/
MICB enhanced the NK cell-induced lysis of sarcoma cells in
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Figure 4: \Wnt/p-catenin pathway was critically implicated in NK cell-related cytotoxicity induced by LBH589. (A) KEGG analysis of the enriched pathways
in STS cells with LBH589 treatment. (B) Proteins in the PISK/AKT pathway, MAPK pathway, JAK/STAT3 pathway, and Wnt/g-catenin pathway were
analyzed by Western blot after STS cell lines treated with (+) or without (=) LBH589 (20 nM). The results showed that LBH589 activated \Wnt/B-catenin
pathway in HT1080 and SK-LMS-1 cells. (C, D) Flow cytometry analysis of surface levels of MICA/B on LBH589 and inhibitors of JAK/STAT3 (Ruxolitinib),
MAPK (SB203580), Wnt/p-catenin (ICG001), and PIBK/AKT (LY294002) signaling pathways treated HT1080 cells (C) and SK-LMS-1 cells (D) and
guantification. Data were mean + SD of three independent experiments. *P < 0.05, ***P < 0.001 (two-tailed unpaired t-test). (E) Histone acetylation in
p-catenin promoter. HT1080 cells and SK-LMS-1 cells were treated with LBH589 (20 nM) for 24 h and subjected to ChlIP assay using anti-acetyl-histone
H3K27(Ac-H3K27) antibody followed by g-PCR analysis using primers targeting -catenin promoter region.

The histone deacetylases (HDACs) have been approved as
promising therapeutic targets as their inhibition may reverse
dysregulated epigenetic states associated with cancer [23, 47].
Various studies have reported that HDAC gene family was

vitro and in vivo. Therefore, our results suggest that LBH589
reduces STS progression and that it is a potential anticancer
agent for the treatment of STS as well as a promising adjuvant
for NK cell-based immunotherapy in STS.
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Figure 5: Inhibition of Wnt/p-catenin pathway reversed the enhanced NK cell cytotoxicity induced by LBH589. STS cell lines were co-cultured with
NK-92 cells and primary natural killer (pNK) cells from healthy donors at effector/target (E/T) ratios: 12:1, 6:1, and 3:1. Red, black, and blue lines indicate
the cytotoxicity of NK cells alone, NK cells with Wnt/B-catenin inhibitor (ICG001), and control group, respectively. NK cytotoxicity to STS cell lines was
assessed by LDH-release assay. All data are compared at *P < 0.05, **P < 0.01, ***P < 0.001. All data were presented as the means + SD in three

independent experiments.
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Figure 6: Treatment with LBH589 facilitated the anti-tumor effect of NK cells. (A) Bioluminescent images and (B) Tumor burden of HT1080-bearing NOD/
SCID mice on specific day after treatment with PBS, LBH589, NK-92 cells, and LBH589 combination with NK-92 cells. All data were compared at *P <
0.05 and presented as the means + SD in three independent experiments. (C) IHC staining of Ki67 indicated the anti-tumor effect of LBH589 and NK-92
cells, and combination treatment showed the most significant effect. Quantification of Ki67 staining in different groups was shown in the bar graph.
Data were analyzed using one-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.01 (D) MICA/B was assessed by immunohistochemistry after treatment
with LBH589. (E) Western blot analysis of proteins in Wnt/p-catenin pathway in PBS and LBH589 treated tumor tissues. Visualization was conducted
using light microscopy (40x and 200x).

extensively amplified in different types of cancer and their Panobinostat (LBH589), a non-selective HDAC inhibitor,
corresponding specific inhibitors showed potential anticancer has demonstrated anti-tumor activity in lymphoma, prostate
effect [22, 48]. In this project, we reported that expression of cancer, breast cancer, and other solid hematological malig-
HDAC gene family was increased at different levels in many nancies [49-51]. We found that LBH589 effectively inhibited
types of cancers including sarcoma, indicating that pan- STS cell growth in a dose-dependent manner. Moreover,
HDAC inhibitors could be potential antitumor agents. colony formation ability was significantly suppressed in STS
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cells. These observations are consistent with those previous
studies reporting the role of LBH589 in antitumor activity
[52, 53].

As an important component of innate immune response,
natural killer (NK) cells play an important role in anti-
tumor immune response and several studies have shown
that NK cell-mediated immunotherapy may be a promising
option for the treatment of solid tumor [8]. It has been
proved that HDAC inhibitors (HDACI) could upregulated
the expression of NKG2D ligands (NKG2DLs) on cancer
cells to enhance the NK cell-mediated cytotoxicity [30-32,
34-36]. In our study, transcriptional genes expression alter-
ation on LBHS589 treatment showed that genes related to
NK cell-mediated lysis were transcriptionally modulated.
Real-time PCR and FACS analysis were performed to con-
firm that MICA/MICB was most significantly upregulated
by LBHS589. Previous research found that HLA class 1
allotypes enhance the NK cell cytotoxicity [54-56]. In our
study, in addition to MICA/B, HLA-A, -B was increased by
LBHS589 in STS cell lines. HLA-C could also be upregulated
in HT1080, SK-LMS-1, and U2197, but not in SW872. We
analyzed that this difference might be due to the heterogen-
eity of the cells, the different pathways in which HLA-C was
regulated. To further investigate the underlying pathways
of LBH589 on upregulation of MICA/MICB, we performed
KEGG analysis of the enriched pathways and measured as-
sociated protein expression levels. Together with the Ch-IP
assay, these results indicated that LBH589 enhanced the ex-
pression of MICA/MICB via upregulation of Wnt/f3-catenin
pathway, though a previous study showed that LBH589
inhibits Wnt/pB-catenin signaling pathway [51]. Based on
the above results, we tested the effect of LBH589 on cyto-
toxicity of NK cell targeting STS cell lines i1 vitro and in
vivo. LBHS589 improved the anti-tumor effects of NK-92
cells in bearing HT1080 murine models while inhibition of
Wnt/B-catenin pathway weaken the effect of increased NK
cell-induced lysis of sarcoma cells by LBH589 stimulation,
which has not been investigated in other researches. These
results implicated combination LBH589 with adoptive NK
cell therapy as potential treatment for STS. However, the
mechanism in which f-catenin regulates the expression
of MICA/MICB, and whether LBHS589 inhibits tumor in
vivo by enhancing the cytotoxicity of NK cell in mice with
normal immunity, requires further studies. Therefore, the
precise mechanism that LBH589 enhance the cytotoxicity of
NK cell via Wnt/B-catenin signaling in STS requires further
investigation.
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