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Abstract

Aims: Histone deacetylases inhibitors have shown favorable antitumor activity in
clinical investigations. In the present study, we assessed the effects of a novel
hydroxamic acid-based HDAC inhibitor, SB939, on breast cancer metastasis and
tumor growth and characterized the underlying molecular mechanisms.

Main methods: MTS, Wound-healing, and Transwell chamber invasion assays were
used to detect the inhibition effects of SB939 on proliferation, migration, and invasion
of breast cancer cells. Western blot, cellular immunofluorescence, and EMSA were
used to explore the molecular mechanism of SB939 in suppressing breast cancer
metastasis. MDA-MB-231 subcutaneous tumor-bearing model of nude mice and the
spontaneous metastasis model of breast cancer were both applied to verify in vivo
anti-tumor growth and anti-metastatic effects.

Key findings: Our results demonstrated that SB939 at 0.5~1 pmol/L markedly
impaired the chemotactic motility of breast cancer cells. SB939 reversed
epithelial-mesenchymal transition (EMT) process, as evidenced by upregulation
E-cadherin expression and downregulation expressions of N-cadherin and vimentin
through increasing the levels of ac-histone H3 and H4 and drecreasing the
expressiongs of HDAC 5 and 4. This cascade inhibition mediated by SB939 was well
interpreted by inactivating phosphorylation of STAT3, blocking its DNA-binding
activity, and decreasing the expressions of STAT3-dependent target genes, including
MMP2 and MMP9. Furhtermore, we found that SB939 significantly inhibited breast
cancer metastasis and tumor growth in vivo and showed superior anti-tumor properties
compared with SAHA in two breast cancer animal models.

Significance: Our findings indicate that SB939 may be an effective therapeutic option
for treating advanced breast cancer.
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Introduction

Worldwide, approximately 2.1 million new female breast cancer cases were
diagnosed in 2018, accounting for almost 11.6% of all cancer cases. The disease is the
most commonly diagnosed cancer and is the leading cause of cancer death [1]. Breast
cancer is a complex heterogeneous disease, and its occurrence and development are
biological processes with multiple factors [2].

The majority of breast cancer mortality is due to the development of metastases at
distant sites [3]. During metastasis, tumor cells undergo epithelial-to-mesenchymal
transition (EMT), a process by which epithelial cells lose their cell-cell adhesion
properties and polarity and acquire a migratory and invasive mesenchymal phenotype
[4]. Mounting evidence has demonstrated IL-6/STAT3, TGF-B/SMAD, Wnt, and
Notch signalling pathways are involved in this process in breast cancer [5-7].

Accumulating evidence has indicated that epigenetic changes play essential roles
in the development of breast cancer [8]. Histone acetyltransferases (HATs) and
histone deacetylases (HDACs) are necessary enzymes that regulate the dynamic
balance of histone acetylation and deacetylation. Dysregulation of histone acetylation
and deacetylation is associated with cancer progression. Aberrant HDAC expression
has been linked to various cancer types, including breast cancer, gastric cancer, and
acute myeloid leukemia [9,10]. Histone deacetylase inhibitors (HDACI) are a group
of potent epigenetic drugs that structurally diversified, inhibits HDACS, increase
histone acetylation and thereby alter gene transcription. In single agent or combined
with traditional chemotherapeutics exerted anti-neoplastic characteristics through
cell-cycle arrest, inhibition of migration and invasion, induction of differentiation and
apoptosis in many types of cancer cells [11-13]. Based on their chemical structure,
four classes of HDACIis have been identified, including short-chain fatty acids,
hydroxamates, benzamides, and cyclictetrapeptides. The short-chain fatty acid sodium
butyrate, the hydroxamic acid trichostatin A and suberoylanilide hydroxamic acid,
and other compounds from structurally different families, such as LBH589, valproic

acid, and MS-275, have shown favorable antitumor activity with low toxicity in



clinical investigations [9]. Currently, several HDACIs are being used as single agent
or combined with traditional chemotherapeutics in clinical trials for metastatic breast
cancer [14-16]. However, the molecular mechanisms for the anti-cancer activity of
HDIs have not been fully resolved.

Pracinostat (SB939), a novel oral, hydroxamic acid-based HDACI, acting on class
I, I, and IV HDACs has better pharmacokinetic, physicochemical, and
pharmaceutical properties than other inhibitors, such as vorinostat (SAHA) [17]. In
the previous study, Kim SH et al. revealed that SB939 shows partial efficacy against
4T1Br4 metastasis to brain in breast cancer [18]. However, the other bio-functions
and further mechanisms of SB939 against breast cancer have not been reported.

In this study, we demonstrated that SB939 inhibited proliferation, migration, and
invasion in multiple human breast cancer cells by IL-6/STAT3-mediated EMT
signalling pathways in vitro and in vivo. Interestingly, SB939 had shown much
stronger anti-metastatic activity in vitro and in vivo than SAHA. Our results indicate
that SB939 is a promising anti-metastatic HDACI that can be further optimized as a

therapeutic agent for treating breast cancer.



MATERIALS AND METHODS

Chemicals and reagents

SB939 and SAHA were purchased from Selleck Chemicals (Shanghai, China).
Both reagents were dissolved in dimethyl sulfoxide (DMSO) as 20 mmol/L stock
solutions and stored at -80°C. Matrigel was purchased from Corning Bioscience
(Shanghai, China). Antibodies against phospho-STAT3 (Tyr705), acetyl-histone H3,
acetyl-histone H4, and HDACS and an Epithelial-Mesenchymal Transition Antibody
Sampler Kit were purchased from Cell Signalling Technology Inc. Antibodies against
HDAC1, HDAC2, HDAC3, and HDAC4 were purchased from Argobio (Shanghai,
China). All other reagents were obtained from Sigma-Aldrich (Sigma-Aldrich, Inc.,

Shanghai, China).
Cell lines and cell culture

The breast cancer cell lines MDA-MB-231 and MCF-7 were purchased from the
American Type Culture Collection. T47D, BT549, and MCF-10A cells were a gift
from Dr Mingyao Liu (The Institute of Biomedical Sciences and School of Life
Sciences, East China Normal University, Shanghai, China). All of these cells were
cultured in RPMI-1640 medium or DMEM supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Cells were maintained at 37°C in a humidified

5% COs incubator.

Cell growth inhibition assay

An MTS assay was used to determine cell viability, as previously described
[19,20]. Breast cancer cells were seeded at a density of 4 to 5x 10° cells per well in
96-well plates and incubated overnight at 37°C. Different concentrations of SB939 or
SAHA were used to treat the cells for 48 h. Then, 20 pl of MTS solution was added to
each well, and the plates were incubated for 1.5-2 h at 37°C. Cell viability was
evaluated by measuring the absorbance of each well at 490 nm with a microplate

reader (Bio-Red, USA).

Wound healing assay



A wound-healing assay was performed as described previously [19,21]. Breast
cancer cells were seeded in 6-well plates. When cancer cells grew to 80% confluence,
“wounds” were created with a sterile 200 uL pipette tip. Next, fresh 5% serum
medium or different concentrations of SB939 or SAHA were added. After 24 h of
incubation, the cells were fixed with 4% paraformaldehyde. Images of cells were
taken using an inverted microscope (TE2000, Nikon, Japan) at 100x magnification.
Migrated cells were counted manually, and the inhibition percentage was calculated as

a percentage of the untreated group (100%). The assay was repeated three times.
Transwell invasion assays

A cell invasion assay was performed, as described previously [22]. A total of 1x
10°> MDA-MB-231 cells in 150 pL of medium without FBS were added to the upper
chamber, and membranes (8 um pore size, 6.5 mm diameter, Corning) coated with
Matrigel (BD Biosciences), and 600 pL of medium with 10% FBS were added to the
bottom. Different concentrations of SB939 and SAHA were added to both chambers.
After 24 h of incubation, the cells that migrated to the bottom of the membrane were
fixed with 4% paraformaldehyde and stained with 0.5% crystal violet solution. The
migrated cells were counted under an inverted microscope. The experiment was

repeated three times.

Three-dimensional (3D) on-top assay

A 3D on-top assay was performed as previously described [19]. Briefly, Matrigel
was added to the 48-well plate and left in a CO; incubator for 30 min to solidify.
MDA-MB-231 cells (2 x 10%) were resuspended in 100 puL of DMEM with 20%
Matrigel and SB939 or SAHA and then seeded on the solidified Matrigel. The on-top
Matrigel medium was changed every two days. The experiment was repeated

independently three times.
Western blotting analysis

Western blot was performed as described previously [19,20]. Cells were lysed with
RIPA buffer containing PMSF and proteinase inhibitor. The protein concentrations

were determined using a BCA assay kit (Sigma). Denatured proteins were then



separated by 8-12% SDS-PAGE and transferred to PVDF membranes. The
membranes were blocked with 5% BSA for 1-2 h and incubated with specific primary
antibodies at 4°C overnight. The next day, the membranes were incubated with
HRP-conjugated anti-rabbit or anti-mouse secondary antibodies for one hour. The
specifically bound antibodies on the layers were detected with an ECL reagent. Three

independent experiments were carried out in triplicate.
Electrophoretic mobility shift assay (EMSA)

The DNA binding activity of STAT3 was determined using an Odyssey Infrared
STAT3 EMSA Kit (LI-COR Biosciences, Lincoln, NE, USA) according to the
manufacturer’s instructions. The STAT3 IRDye 700 infrared dye-labeled
oligonucleotides were 5-GATCCTTCTGGGAATTCCTAGATC-3’ and
3’-CTAGGAAGACCCTTAAGGATCTAG-5’ (boldface indicates the STAT3-binding

sites).
Immunofluorescence assay

A total of 5 x10* MDA-MB-231 cells were seeded onto round glass coverslips in
24-well plates and treated with or without SB939 for 24 h, followed by stimulation
with 100 ng/ml IL-6 for four hours. The cells were fixed with methanol,
permeabilized with 0.3% Triton X-100, and blocked with 1% BSA. Next, the slides
were incubated overnight at 4°C with rabbit anti-E-cadherin, anti-N-cadherin, and
mouse anti-STAT3 antibodies. The next day, the cells were incubated with
FITC-conjugated goat anti-mouse or anti-rabbit 1gG (Abbkine) for one hour. The
chamber slides were then mounted with DAPI (Solarbio) for 5-10 min at room
temperature. The images were captured using a fluorescence microscope (Leica

DM2000, Germany).
Animal models

All animal care and experimental studies were performed according to the
guidelines and animal protocols approved by the Institutional Animal Care and Use
Committee of Ningxia Medical University. Female BALB/c athymic nude mice (6 ~ 8

weeks) were bred and maintained at the Experimental Animal Center of Ningxia



Medical University.

For the spontaneous metastasis mouse model, MDA-MB-231 cells (3 x 10°
were suspended in sterile PBS (100 uL) and injected into the 4th abdominal mammary
fat pad of each BALB/c mouse. On the seventh day, the mice were divided randomly
into three groups (n =7 per group) and received oral SB939 (25 mg/kg), SAHA (25
mg/kg) or DMSO + corn oil (control group). Tumor volumes were measured every
other day and calculated according to the formula V=L xW? x 0.52, where L and W
refer to the length and width, respectively. After 42 days, when tumor volume of
control group mice reached 1200 mm®, all mice were sacrificed. The tumors and lungs
were excised for further study. Tumor weights were measured, and lung metastasis
nodule numbers were counted manually using a dissecting microscope by three
individuals who did not have personal biases regarding the current experiment. The
lungs were prepared for H&E staining. The tumors were then made for western
blotting and immunohistochemistry analyses.

For the subcutaneous tumor-bearing model, MDA-MB-231 cells (3x10° cells per
mouse) were injected into the axilla of the mice. When tumors reached approximately
100 mm®, the mice were divided randomly into three groups (n = 6) and received oral
SB939 (25 mg/kg), SAHA (25 mg/kg) or DMSO + corn oil (control group) every two
days. After four weeks of treatment, the mice were sacrificed, and the tumors and

major organs were harvested, weighed, and photographed.

Immunohistochemistry (IHC) analysis

Immunohistochemistry analysis was performed as previously reported [23].
Tumor tissues and lungs were excised, fixed, and embedded in paraffin. The sections
were stained with anti-Ki-67 and anti-CD31 antibodies. Images were obtained with a

Leica microscope (Leica, DM4000b).

H&E staining

H&E staining was performed as previously reported [24]. Lung was fixed and

paraffin-embedded, and the sections were subjected to H&E staining.

Statistical analysis



Statistical comparisons between groups were conducted using one-way ANOVA
followed by the Dunnet’t test. The data are shown as the mean £ S.D. or mean +
S.E.M., as indicated in the figure legends. Differences were considered statistically

significant when P < 0.05.

Results:

SB939 is a broad-spectrum HDACi

Tumor proliferation is one of the critical steps in the progression and development of
cancer [25]. We analyzed cell viabilities in different breast cells (MDA-MB-231,
MCF-7, T47D, and MCF-10A ) by MTS assay. As shown in Figure 1A, SB939
inhibited cell proliferation in three different breast cancer cell lines, and the ICs
values of SB939 in MDA-MB-231, MCF-7, and T47D cells were 10.32 umol/L,
30.98 pmol/L and 5.34 pmol/L respectively. It is worth highlighting that SB939
showed less toxicity on MCF-10A cells with ICsy values for 81.58 pumol/L. Breast
cancer cells were more sensitive to SB939 than to human normal breast epithlial cells
MCF-10A, and the inhibitory effects of SB939 on cancer cell proliferation were much
better than SAHA. MDA-MB-231 cell morphological changes were detected by
crystal violet staining (Figure 1B). Our results suggested that SB939 at tested
concentrations (0.5~15 umol/L) dose-dependently reduced the cell numbers and
altered the cell morphology compared with the control conditions and SAHA. The
chemical structure of SB939 is shown in Figure 1C.The acetylation of histones H3
and H4 is a common hallmark of HDAC inhibition [26]. Therefore, we chose the
lower drug concentration (0.1~1 umol/L) to determine the effect of SB939 on H3 and
H4 acetylation by western blot assay (Figure 1D and Supplemental Figure 1A and B).
Compared to SAHA at the higher concentration (2.5~10 pmol/L), SB939 at the lower
concentration (0.5~1 umol/L) significantly increased the protein levels of acetylated
H3 and H4 (P<0.01). Moreover, we studied the effect of SB939 on HDACs
expression. As shown in Figure 1E and Supplemental FigurelC and D, treatment with

SB939 (0.5~1 umol/L;P<0.001) decreased the expression of HDACs in a



dose-dependent manner, especially on HDAC5 and HDACA4. The results from the

initial assays suggest that SB939 acts as a broad-spectrum HDACI and has potent

antitumor activity against breast cancer.
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Figure 1. SB939 is a broad-spectrum HDACI. (A) Breast cell lines (MDA-MB-231, MCF-7,
T47D, and MCF-10A) were treated with indicated concentrations of SB939 or SAHA. After 48 h,
the MTS assay was performed. The bars indicate the mean+SD. (B) crystal violet staining assay
was detected MDA-MB-231 cell morphological changes. (C) Chemical structure of SB939. (D)
Acetylated histone H3 (Ac-H3) and Acetylated histone H4 (Ac-H4) protein levels were detected
by western blot. SAHA was used as a positive control. Actin was used as the loading control. (E)
The breast cancer cell line was treated with different concentrations of SB939 or SAHA for 24 h,
and then whole-cell lysates were collected. Western blot assays were performed using indicated

antibodies.

SB939 has potent metastasis-inhibiting effects on breast cancer cells

Given the importance of tumor cell migration and invasion in the process of
tumor metastasis [27], we further evaluated the potential impact of SB939 on breast
cancer cell migration. The results showed that treatment with SB939 (0.5~1 umol/L,
P<0.01) remarkably impaired the chemotactic motility of breast cancer cells
(MDA-MB-231, MCF-7, BT-549, and T47D) in both Wound-healing and Boyden

chamber assays (Figure 2 and Figure 3A). The invasive cell numbers of



SB939-treated breast cancer cells was much less than that of the control group and

SAHA (P < 0.01).
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Figure 2. Effects of SB939 on breast cancer migration. SB939 inhibited cell migration in breast
cancer cell lines by Wound healing assay. Data were presented as mean * s.d, and the significance
between different groups was analyzed by One-Way ANOVA. *P < 0.05. **, P<0.01 *** P
<0.001.

When highly metastatic breast cancer cells are cultured in 3D matrix glue, they
will form irregular clones and "extend" invasive pseudopods into the matrix gel [28].
Therefore, the formation of these pseudopodia partly reflects the infiltration capacity
of breast cancer cells. In our three-dimensional cultures, SB939 (0.5~1 pumol/L)
inhibited MDA-MB-231 chemotactic motility, as few breast cancer cells formed 3D
clusters with cells protruding into the surrounding matrix (Figure 3B).

Numerous studies have suggested that EMT is a pivotal step in breast cancer
metastasis [9]. To investigate the effect of SB939 on MDA-MB-231 and MCF-7 cell
EMT, we performed western blot and immunofluorescence assays. The results
showed that SB939 significantly upregulated the expression of E-cadherin while
downregulating the expression of N-cadherin, vimentin, and p-catenin (Figure 3C and
D and Supplemental Figure 2A and B) with or without IL-6 (P<0.001). Altogether,
those data suggested that SB939 shows dose-dependent inhibition effects on breast

cancer cell metastases.
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Figure 3. SB939 displays potent tumor metastasis-inhibitory effects on breast cancer cells. (A)
SB939 inhibited cell invasion in the MDA-MB-231 breast cancer cell line. The bars indicate the
mean£SD. Statistically significant differences, **, P<0.01 *** P <0.001. (B) 3D on-top assay.
MDA-MB-231 cells were plated onto indurated Matrigel. After 30 minutes, the DMEM medium
containing 20% Matrigel and different concentrations of SB939 or SAHA was added on top of the
cells. The Matrigel-medium mixture was replaced every other day. Four days later, cells were
photographed. Scale bar, 40 um. (C) 5x10* MDA-MB-231 cells were seeded on the slider. Cells
were treated with SB939 for 24 h and were stimulated with 1L-6(100ng/mL) for 4 h, then fixed,
and immunofluorescence analysis with the indicated antibodies. Scale bar, 40 um. (D) The effect
of SB939 on EMT marked protein. Immunoblotting analysis was performed with indicated

antibodies.

SB939 inhibits STAT3 signalling and nuclear translocation in breast

cancer cells

Signal transducer and activator of transcription 3 (STAT3) is an important
transcription factor that is involved in the occurrence and development of malignant
tumors [30]. To investigate the effect of SB939 on the constitutive activation of
STAT3, MDA-MB-231 and MCF-7 cell lines were treated with SB939 for 24 h and

subjected to p-STAT3 immunoblotting. As shown in Figure 4A and Supplemental



Figure 2C and D, SB939 suppressed p-STAT3 expression in a dose-dependent manner
but did not affect total STAT3 expression in the cell lines examined (P<0.001).
Moreover, we also found that SB939 can suppress the expression of IL-6-induced
STAT3 phosphorylation in a dose-dependent manner (Figure 4B and Supplemental
Figure 3A and B). The above experiments indicated that SB939 effectively inhibited
STATS3 activation. Previous studies demonstrate STAT3 is a transcription factor that
must enter the nucleus to be activated. Next, we further evaluated whether SB939
suppressed STAT3 DNA-binding activity and its nuclear translocation by using
EMSA and immunofluorescence assays. Our data suggested that treatment with
SB939 dose-dependently inhibited the STAT3 DNA binding activity (Figure 4C) and
decreased IL-6-induced STAT3 nuclear accumulation (Figure 4D) in MDA-MB-231
cells.

Matrix metalloproteinases (MMPs) also play a key role in tumor invasion and
metastasis and are essential target genes downstream of STAT3. Our data showed that
SB939 reduced MMP2 and MMP9 expression (Figure 4E and Supplemental Figure
3C and D, P<0.01). These results provide evidence that SB939 specifically inhibits
STATS3 tyrosine phosphorylation and decreases the expression of STAT3 downstream

target genes by blocking STAT3 DNA binding activity in breast cancer cells.
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Figure 4. SB939 inhibits STAT3 signaling and nuclear translocation in the breast cancer

cells. (A) After treatment with SB939 or SAHA for 24 h, cell extracts were prepared and applied



to immunoblotting with phospho-STAT3 (Tyr-705). B- Actin was used as a loading control. (B)
Western blot detected that treatment with SB939 inhibited STAT3 phosphorylation (Tyr-705) with
or without IL-6 induction in MDA-MB-231 and MCF-7 cells. (C) MDA-MB-231 cells were
treated with different concentrations of SB939. EMSA assay was performed to analyze STAT3
DNA-binding activity. (D) Immunofluorescence analysis of STAT3. MDA-MB-231 cells were
treated with various levels of SB939 for 24 h, stained for STAT3(green), and nuclei were stained
with DAPI (blue), then observed using a LEICA fluorescence microscope. Scale bar, 40 um. (E)
Breast cancer cells were pretreated with SB939 for 24 h. Cells were then lysed and applied to

immunoblotting with indicated antibodies. Actin was used as a loading control.

SB939 inhibits tumor growth and metastasis in a mouse orthotopic

implantation model

To confirm our in vitro observations, we established a spontaneous metastasis
model of the mammary fat pads of female BALB/c nude mice with one highly
aggressive human breast cancer cell line MDA-MB-231. When tumors formed, the
nude mice were randomized to receive either control (DMSO+cornoil), SB939 (25
mg/kg), or SAHA (25 mg/kg) orally every other day. The used dosage of SB939 was
chosen according to published literature[31-33]. After 42 days, when tumor volume of
control group mice reached 1200mm?, all mice were executed. As presented in Figure
5A, B, and C, we found that mice treated with SB939 had significantly smaller tumor
volumes and weights than the control group and SAHA treatment group (P<0.01). On
the 42 day, all mice were executed, and their lungs were removed. As shown in Figure
5 D and E, the numbers of lung metastasis nodules were fewer in the SB939 treatment
group than in the control and SAHA treatment groups (P<0.01). Notably, Western blot
analysis showed that the acetylation levels of histone H3 and H4 (P<0.001) in the
tumor tissues were increased in both SB939 and SAHA-treated groups (Figure 5F and
Supplemental Figure 4A and B ). At the same dose, the acetylation levels of histone
H3 and H4 in the SB939-treated group were much higher than SAHA, confirming that

stronger HDAC inhibitory effect of SB939 on breast cancer in vivo. Moreover, we



found that SB939 inhibited phospho-STAT3 activation, E-cadherin and N-cadherin
(Figure 5F and Supplemental Figure 4C andD and E ). These results are consistent

with our in vitro results.
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Figure 5. SB939 inhibits tumor growth and metastasis in a spontaneous metastasis model in
mice. (A) Tumor volume was measured every other day. Statistically significant differences, *P
<0.05, **P<0.01. (B, C) Tumors' tissue was removed and weighed. Statistically significant
differences, *P< 0.05, **P<0.01. (D, E) Lung metastasis nodules were observed, and lung
metastasis nodules were counted manually. Statistically significant differences (Student's t-test),
*P< 0.05, **P<0.01. (F) Acetylated histone H3 (Ac-H3) and acetylated histone H4 (Ac-H4)
protein level, STAT3 phosphorylation E-cadherin and N-cadherin in tumor tissue were detected
using western blot analysis.

During treatment, body weights were measured every other day. The body weights
of the mice were not significantly changed after treatment (Figure 6A). When the skin
of each mouse was pulled back to expose the internal organs, no significant changes
in mouse visceral color were found after treatment (Figure 6B). Our results indicated
that SB939 caused less toxicity in mice at the test concentrations.

Besides, we found that SB939 suppressed tumor angiogenesis, as shown in Figure
6C. IHC analysis showed that SB939 significantly reduced CD31 and Ki-67 levels in
vivo (Figure 6D). These results may imply that SB939 showed superior



pharmacodynamic properties compared with SAHA in vivo.
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Figure 6. Effects of SB939 on toxicity and angiogenesis in mice. (A) The body weight of
control and treated mice were recorded and analyzed once a day. (B) After 42 days of treatment,
the image of major organs was shown. (C) Neovascularization was observed after 42 days. (D)

IHC staining of CD31 and KI-67 in metastatic lung tumors.

SB939 inhibits tumor growth in a breast cancer subcutaneous tumor

model

As SB939 has anti-proliferation and anti-migration effects on different breast
cancer cells in vitro, we investigated the preliminary anticancer efficacy of SB939 in
vivo. A BALB/c nude mouse MDA-MB-231 subcutaneous xenograft model was
established to investigate antitumor growth activity. Mice were given oral gavages of
SB939 (25 mg/kg) or SAHA (25 mg/kg) for 28 days. SB939 significantly inhibited
tumor volume (Figure 7A) and weight (Figure 7B and C). The antitumor growth
effect of SB939 was better than that of SAHA. The percent tumor growth inhibition
(TGI) of SB939 was 50% in the 25 mg/kg group, and that of SAHA was 32% in the
25 mg/kg group. No significant changes in mice body weights (Figure 7D) or organ
color (Figure 7E) were observed after SB939 and SAHA treatment. These results
suggest that the mice could tolerate the effective doses of SB939. We also found that

SB939 treatment was well correlated with angiogenesis inhibition (Figure 7F).



Collectively, these results indicated that the SB939-mediated suppression of breast

tumor growth in vivo was associated with decreased neovascularization.
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Figure 7. SB939 suppresses tumor growth of mice in a subcutaneous tumor model. (A)
SB939 inhibited tumor growth as measured by tumor volume Statistically significant differences,
*P <0.05, **P<0.01. (B) The cartogram of tumor weight in each group was shown, *P <0.05,
**P<0.01. (C). The image of the tumor tissue in each group was shown. (D) Mice body weight
was measured by scales once a day. (E) After four weeks of treatment, the image of major organs

was shown, and there was no detectable toxicity. (F) Neovascularization was observed after four

weeks.



Discussion

Breast cancer is the second leading cause of cancer death among women
worldwide. Currently, increasingly researches have shown that HDACs have become
attractive targets in tumor target therapy [34]. However, no HDACi has been
approved by the FDA for breast cancer treatment. So far, 62 HDACIs have been
registered in ClinicalTrials for breast cancer treatment [35]. More importantly, clinical
data show that HDACis have good tolerance and limited toxicity in addition to their
antitumor activity [36, 37]. In this study, we describe a novel hydroxamic acid-based
HDACI, SB939, showed good anti-breast cancer growth and metastasis in vitro and in
Vivo.

Although Kim SH et al. Reported that SB939 could significantly inhibit the
orthotopic growth of breast tumor brain metastases [18]. But there was further study
needed to reveal its bio function and anti-cancer mechanisms. In this study, we
showed the crucial findings that a low concentration of SB939 inhibits several
characteristics of cancer in vitro, including tumor cell migration and invasion. The
MTS assay results showed that SB939 inhibited cell proliferation in a dose-dependent
manner. In addition, the effect of the tested SB939 on non-tumorigenic human breast
epithelial cells MCF-10A was also determined to assess for the cytotoxicity to normal
cells. We found that MCF-7, T47D cells, and MDA-MB-231 cells were more
sensitive to SB939 than MCF-10A cells. The results indicated SB939 exerted less
cytotoxicity. When further comparing the effect of SB939 and SAHA on breast cancer
cell migration and invasion, interestingly, SB939 at the lower concentration of
lumol/L was found to inhibit the migration and invasion of breast cancer cells
dramatically. We discovered that SB939 significantly increased the acetylation of
HDAC-related biomarkers, such as histones H3 and H4, and inhibited the expressions
of HDAC:s, especially on HDACS5 and HDACA4. These results suggest that SB939 is a

broad-spectrum pan-HDACI and that SB939 has stronger anti-metastatic activity than



SAHA.

EMT plays a crucial step in the tumor invasion and metastasis process and
includes a common molecular mechanism of tumor metastasis [38-39]. During EMT,
epithelial cells lose their cell polarity and cell-cell adhesion; ultimately, they become
mesenchymal cells and acquire migration and invasion properties, which are
characterized by intercellular adhesion loss, epithelial cell marker protein
downregulation and mesenchymal cell marker upregulation [40]. Recent reports
indicate that the 1L-6/JAK/STAT3 pathway plays a pivotal role in the occurrence and
development of breast carcinoma. STATS3, a latent self-signaling transcription factor,
is activated by certain interleukins (e.g., IL-6) and growth factors, which can be
further activated by non-receptor tyrosine kinase JAK2, and c-Src family kinase.
Upon activation, STAT3 undergoes phosphorylation, homodimerization, nuclear
translocation, and DNA binding, which subsequently leads to transcription of various
target genes involved in regulating cell survival, angiogenesis, metastasis, immune
evasion and inflammation in tumor microenvironment [41,42]. To date, 18 HDAC
family members have been identified and classified into four groups based on their
homology to yeast histone deacetylases: Class | (HDACL, 2, 3 and 8), Class Il
(HDACA4, 5, 6, 7, 9 and 10), Class 1l (SIRT1-7) and Class IV (HDAC11). Studies
have shown that the activities of HDAC1 and HDAC?2 are directly involved in the
negative regulation of STAT3 transcriptional activity [43]. Moreover, other studies
have found that HDAC3 knockdown markedly decreases both tyrosine (Y705) and
serine (S727) phosphorylation of STAT3 [44]. However, little has been reported that
how HDAC4 and HDACS affect STAT3 phosphorylation. Only one study has shown
that HDACS acts directly on STAT3—via reciprocal STAT3 deacetylation at Lys685
and phosphorylation at Tyr705—presents a critical step in STAT3 transcriptional
activation and leptin signalling [45]. In this study, we found that SB939 markedly
inhibited expressions of HDAC5 and HDAC4. We also investigated the molecular
mechanism and found that SB939 markedly inhibited endogenous and IL-6-induced
STAT3 phosphorylation in MDA-MB-231 and MCF-7 breast cancer cells, as well as

STAT3 transportation into the nucleus, at an adequate concentration of 0.5-1 umol/L



We found that SB939 increased E-cadherin expression and suppressed N-cadherin
expression induced by IL-6 by immunofluorescence assay. These results suggested
that SB939 might block HDAC5 to act directly on STAT3 and restrain the
phosphorylation of STAT3 to reverse EMT progression to suppress breast cancer
metastasis. The specific mechanism of how SB939 affects STAT3 phosphorylation
through HDAC4 and HDACS will be further investigated in our next work..

In the above studies, we found that SB939 can significantly inhibit the invasion
and metastasis of breast cancer, and its inhibitory effect was better than that of the
positive control drug SAHA. To evaluate the anti-breast cancer growth and metastasis
activity of SB939 in vivo, we established a spontaneous metastasis model and
subcutaneous tumor model in nude mice. In the former one, we found that SB939 (25
mg/kg) can effectively inhibit breast tumor metastasis to the lungs and reduced
p-STATS3 expression and increased levels of acetylated histones H3 and H4 in tumor
tissues. These results indicate that the bio-functions of SB939 may be target-specific.
We also found that SB939 can effectively inhibit breast tumor growth in a
tumor-bearing nude mice model. The body weights and visceral color of nude mice
were not significantly different between the SB939 treatment group and the control
group, indicating that SB939 has low toxicity at this tested concentration. Considering
all these findings, SB939 may be a promising candidate for anticancer drugs. However,
further investigations are needed to substantiate this hypothesis carefully.
Conclusion

Our results demonstrate that HDAC inhibitor SB939 can inhibit the growth and
metastasis of breast cancer in vitro and in vivo, and its inhibitory effect is superior to
that of the positive control drug SAHA. It is also proved that SB939 might block
HDACS which acts directly on STAT3 to restrain the phosphorylation of STAT3 to

reverse EMT progression to suppress breast cancer metastasis Our study provides a

theoretical basis for the treatment of breast cancer.
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Highlights

o EMT plays a key step in the tumour invasion and metastasis process.

e IL-6/STATS3 has been shown to play an important role in inducing the EMT.
o HDACIs have become attractive targets for metastatic breast cancer.

o SB939 showed superior anti-metastatic properties compared with SAHA.



