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Abstract: Epigenetic modifications play crucial roles in regulating the self-renewal and differentiation of hematopoi-
esis. 4SC-202, a novel inhibitor of histone lysine-specific demethylase 1 (LSD1) and class | histone deacetylases
(HDACs), is a potential therapeutic agent to treat myelodysplastic syndrome (MDS). However, it remains unclarified
of the mechanism of 4SC-202. In the study, we found that 4SC-202 treatment could inhibit cell viability, induce
apoptosis and cause G2/M cell cycle arrest in MDS cell line SKM-1. Heme oxygenase-1 (HO-1) was correlated with
disease progression and chemotherapy resistance. Here, we reported that 4SC-202 could down-regulate the ex-
pression of HO-1, and up-regulation of HO-1 could significantly attenuate the 4SC-202-induced apoptosis in SKM-1
cells. In addition, the activation of NF-kB pathway was suppressed by 4SC-202, while up-regulation of HO-1 sig-
nificantly weakened the 4SC-202-induced suppression of the NF-kB pathway, thereby attenuating the efficacy of
4SC-202. However, down-regulation of HO-1 enhanced the sensitivity of 4SC-202 against SKM-1 cells. Moreover,
SKM-1 cells were transfected with HO-1 overexpression lentivirus, subsequently injected into the tail vein of NOD/
SCID mice, followed by administration of 4SC-202 in mice. As a result, up-regulation HO-1 could partially attenuate
4SC-202-suppressed MDS cells growth in NOD/SCID mice. In conclusion, 4SC-202 could induce apoptosis via the
NF-kB pathway, and our present finding may provide a novel therapeutic strategy for MDS.
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Introduction

Myelodysplastic syndrome (MDS) is a clonal
disease of pathological hematopoiesis, which
can be easily transformation into acute myeloid
leukemia (AML). MDS is mainly characterized
by the presence of peripheral cytopenia, accu-
mulation of primary cells, dysplastic hemato-
poietic differentiation, but lacks the character-
istics of acute leukemia. Currently, convention-
al chemotherapy can relieve cytopenia, improve
quality of life and delay disease progression,
however, MDS patients are threatened by poor
prognosis in the case of chemotherapy resis-
tance. Despite the long-term survival in 30%-
40% MDS patients via allogeneic hematopoiet-
ic stem cell transplantation (allo-HSCT), most
MDS patients are elderly and allo-HCST itself

causes serious complications and mortality [1].
Therefore, it is urgently required to explore fea-
sible therapeutic approaches in MDS in clinical
practice. Epigenetic modifications play crucial
roles in regulating the self-renewal and differen-
tiation of hematopoiesis, which are also the
main oncogenic cause of MDS and AML. Over
the past decade, several epigenetic regulators
have been developed and assessed in preclini-
cal and clinical studies. In addition to hypo-
methylating agents in this category, inhibitor of
the human histone lysine-specific demethylase
1 (LSD1) is considered as the most promising
epigenetic approach ameliorating MDS and
AML, which invokes the myeloid development
programs [2-4]. The overexpression of LSD1
has been reported in approximately 60% of
MDS patients [2]. In a spectrum of LSD1 inhibi-
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tors combined with conventional chemotherapy
agents, LSD1 inhibitors reactivate myeloid dif-
ferentiation in AML and MDS cells that are not
spontaneously susceptible to chemotherapy,
but hardly affect normal hematopoietic stem
cells [5]. Moreover, LSD1 has been reported to
block myeloid maturation and to promote ma-
lighant hematopoiesis and the development
and reproduction of leukemia [6-8], which is an
extremely safe strategy for regeneration of nor-
mal hematopoiesis stem cells.

LSD1, also known as KDM1A, AOF2 or BHC110,
is the first discovered histone demethylase and
mainly acts on histone 3 lysine 4 methylation
1/2 (H3K4mel/2) and histone 3 Lysine 9
methylation (H3K9me1/2) [9]. H3K4 methyla-
tion is a hallmark of active transcription, while
H3K4 demethylation acts as a transcriptional
co-repressor [5]. Among them, H3K4me2 is a
marker for both activity enhancer and promoter
[10]. LSD1 is involved in different complexes to
promote H3K4 demethylation and to form chro-
matin into an inhibitory conformation, such as a
CoREST transcriptional repressor complex
composed of LSD1 and histone deacetylase
1/2 (HDAC1/2). LSD1 is abnormally blind to
super-suppressor gene. Silencing LSD1 acti-
vates GFI-1, which is identified as the signature
of LSD1 super-enhance activation, thereby hin-
dering MDS and MDS-associated leukemia
oncogenic programs [3, 11]. GFI-1 can bind
with histone deacetylases to trigger transcrip-
tional repression and is associated with
HDAC1/2/3. The signal that promotes LSD1
demethylation activity is the local deacetylation
marker on histone H3 removed by the LSD1
downstream gene HDAC1/2 [12-14]. HDAC
removes acetyl groups from lysine in histones,
thereby repressing DNA transcription [15].
Co-treatment of LSD1 antagonist and HDACs
inhibitor could significantly improve the survival
of mice engrafted with human AML cells, with-
out any toxicity [14]. Targeting the COREST com-
plex with dual HDACs and LSD1 inhibitors is
also effective by slowing tumor cell growth in a
melanoma mouse xenograft model [16]. The-
refore, we postulated that co-inhibition of LSD1
and HDACs would synergistically activate re-
pressed genes, thereby inducing apoptosis and
causing cell cycle arrest in MDS cells.

4SC-202 is a novel oral benzamide type of
LSD1 and class | HDACs inhibitor (HDAC1/2/3)
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[17]. 4SC-202 has been evaluated in phase |
clinical trials in patients with advanced hema-
tologic malignancies including MDS, which has
revealed that 4SC-202 is safe, well tolerated
and has good anti-tumor activity [18]. In addi-
tion, the action mechanism of 4SC-202 has
been recently elucidated in cutaneous T cell
lymphoma cells [19]. However, the mechanism
remains unclear in MDS cells. Overexpression
of heme oxygenase-1 (HO-1) has been docu-
mented in hematological malignancies, which
is also correlated with disease progression
and chemotherapy resistance [20-22]. Indeed,
HO-1 is highly expressed in MDS and clearly
associated with MDS risk stratification, and
HO-1 silencing enhances the sensitivity of
hypomethylate agents against MDS cells both
in vitro and in vivo [22, 23]. Our group has previ-
ously demonstrated that the expression level of
HO-1 is regulated by GFI-1 or HDAC1/2/3 [24-
26]. In addition, we have also shown that inhibi-
tion of NF-kB pathway could down-regulate the
expression of HO-1 in our previous study [27].
Constitutive NF-kB is activated in bone marrow
samples from high-risk MDS patients, which
plays a crucial role in the transformation of
MDS into AML. NF-kB pathway suppression by
inhibitor OBY11-7082 or p65 siRNA can rapidly
induce apoptosis in MDS cells by up-regulating
NF-kB targeting proapoptotic genes, followed
by release of caspase activators cytochrome C
by mitochondria and activation of caspase-
dependent apoptotic genes [28]. LSD1 has
also been reported to produce 8-oxoG and to
activate transcription factor NF-kB, and target-
ing LSD1 can inhibit the activation of NF-kB
pathway [29, 30]. Therefore, we hypothesized
that 4SC-202 induced apoptosis through the
NF-kB /HO-1 pathway.

Materials and methods
Reagents and antibodies

4SC-202 was purchased from Med Chem Ex-
pression (New Jersey, USA). HO-1 inhibitor Znpp
was purchased from Cayman Chemical (Ann
Arbor, MI, USA). HO-1 activation Hemin was
obtained from Sigma (St. Louis, MO, USA). Anti-
LSD1, anti-B-actin, anti-HO-1 and secondary
antibodies (HRP-conjugated goat anti-rabbit or
anti-mouse) were purchased from MDL biote-
ch (Beijing, China). Primary antibodies against
HDAC1/2/3, H3K4me2, cleaved-caspase-3, cl-
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Table 1. Characteristics of MDS patients

Medical University as well

as all specimens were col-

Patient No. Karyotype Age BM(E/!?StS Cytopenia IPSS cIasZ\i/fl;'cc;tion lected after written in-
1 46, XX 39 5.9 2 1 RAEB-1 formed consent accord-
5 46, XY 65 9 3 1 RAEB-1 ing to t'he Declaratior.\ of
3 46, Xx 20 . 3 1 RAEB-1 Helsinki. -These patien-

ts were diagnosed of us-
4 46, Xy 7 6.99 2 1 RAEB-1 ing WHO Classification in
5 46, XX 61 7.80 2 1 RAEB-1 Table 1. Bone marrow mo-
6 486, XY 38 939 3 1 RAEB-1 nonuclear cells were sep-
7 46, XX 61 10 2 2 RAEB-1 arated from by Ficoll (So-
8 46, XY 75  10.39 2 2 RAEB-1 larbio, Beijing, China) gra-
9 46, XY 85 5.89 3 2 RAEB-2 dient centrifugation. Th-
10 46, XX 41 18.8 3 2 RAEB-2 is study was approved by
11 46, XY 49 20 3 2 RAEB-2 the institutional review
12 46, XY 50 8.44 3 2 RAEB-2 bo-ard of The Affiliated
13 46, XX 81  12.89 3 2 RAEB-2 Ho-spital of Guizhou Me-
14 46,y 53 11 3 2 RAEB2 dical University.
15 46, XY 70 23 3 NA  RAEB-t/AML Immunocytochemistry
16 46, XY 51 4.81 2 NA RAEB-t/AML
17 46, XY 55 23 3 NA RAEB-t/AML Bone marrow mononucle-
18 46, XY 57 76 2 NA  RAEB-t/AML ar cells were rinsed in
19 46, XX 36 2172 3 NA  RAEB-t/AML PBS and fixed by incuba-
20 46,XY 63 34 3 NA RAEB4/AML  ton with 4% formalde-
21 46, XY 54 39 3 NA  RAEB-/AML hyde in PBS for 30 min at

room temperature. Cells
22 46, XY 48 22 3 NA  RAEB-t/AML .

were deparaffinized and
23 46, XY, 1(9;22) 61 10 3 2 RAEB-2 pretreated with 10 mM
24 46, XX,1[8;2] 30 15 3 2 RAEB-2 citrate (pH 6.0; Zymed,
25 47, XX, +der (5) 25 8 3 1.5 RAEB-1 South San Francisco, CA,
26 47, XY, +8 68 8.9 2 1.5 RAEB-1 USA) in a steam pressure
27 46, XY, del (5q) 77 45.97 3 NA RAEB-t/AML cooker (Decloaking Cha-
28 45, XX, -7 73 6 3 2 RAEB-1 mber; BioCare Medical,
29 45,XY,-7 76  13.31 3 3 RAEB-2 Walnut Creek, CA, USA)
30 45,XY,-7 77 29 3 NA  RAEB-/AML and subsequently washed
31 Complex 85 13 3 3 RAEB-2 in distilled water. All fur-
32 complex 81 1651 3 3 RAEB2 ther steps were perfor-

RAEB, refractory anemia with excess of blasts (5-9% BM blasts RAEB-1, 10-19% BM
blasts RAEB-2); RAEB-transform AML (RAEB-t/AM); NA, not applicable.

eaved-caspase-9, p21, CDK1, AC-H3, BCL-2,
BAX were bought from Santa Cruz (Heidelberg,
Germany). And antibodies p-p65°%¢ and p-IkB-
oS3/536 were bought from Cell Signaling Te-
chnology (Beverly, MA, USA).

Clinical samples

Bone marrow samples were obtained from
newly diagnosed MDS patients and MDS trans-
forming AML patients and from healthy indi-
viduals in the Affiliated Hospital of Guizhou
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med at room temperature
inahydrated chamber. Ce-
lls were pretreated with
Peroxidase Block (Dako
USA, Carpinteria, CA, USA) for 5 min to quench
endogenous peroxidase activity. Primary anti-
HO-1, LSD1 and HDAC3 antibodies were incu-
bated in the Dako diluent (Dako USA) for 1 h.
Cells were washed in 50 mM Tris (Tris (hydroxy-
methyl) aminomethane)-Cl (pH 7.4) and incu-
bated with horseradish peroxidase (HRP)-con-
jugated antibody solution (Beyotime Institute of
Biotechnology, Haimen, China) for 30 min. Af-
ter further washing, immunoperoxidase stain-
ing was developed with the chromogen diami-
nobenzidine (Dako USA), and cells were coun-
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terstained with Harris hematoxylin (Beyotime
Institute of Biotechnology, Haimen, China).

Cell culture

The high risk MDS cell line SKM-1 (obtained
from the Japanese Collection of Research Bio-
resources) was cultured in RPMI 1640 (Sigma,
USA) medium supplemented with 10% fetal
bovine serum (Ausgenex) and 1% penicillin/
streptomycin (Invitrogen, Carlsbad, USA) in a
5% CO, humidified atmosphere at 37°C.

Cell viability assays

Cells were seeded in 96-well plates, treated
with different concentrations of 4SC-202 for 24
or 48 hours, and lastly added 10 L cell count-
ing kit-8 (CCK-8) assay (Beyotime Institute of
Biotechnology, Haimen, China) to every well.
After incubator 1 h, absorbance values at 450
nm were measured with UV-1700 ultraviolet
spectrophotometer (Shimadzu, Japan).

Apoptosis assay

After incubation with drugs, SKM-1 cells were
harvested and washed with normal saline, then
double stained with Annexin V-FITC and propid-
ium iodide (7Sea Biotech, Shanghai, China)
according to the manufacturer’s instructions.
Apoptotic cells were measured by FACS calibur
flow cytometer (BD Biosciences, San Jose, CA,
USA).

Cell cycle analysis

After cells were treated with the drugs, cells
were harvested, washed and stained according
to the manufacturer’s instructions of cell cycle
detection kit (7Sea Biotech). DNA count of sam-
ples were analyzed by flow cytometer and
Multicycle software.

Quantitative real time PCR (gRT-PCR)

Total RNA was extracted from cells using Trizol
reagent (Invitrogen), followed by reverse tran-
scription with the use of Revertaid First Strand
cDNA Synthesis Kit (Thermo Scientific, Wal-
tham, Massachusetts, USA). Complementary
DNAs were detected by using a SYBR Green
PCR Master Mix (TianGen Biotech, Beijing,
China) on the quantitative real-time PCR using
SYBR Green Supermix (Bio-Rad, Hercules, CA).
All operations were followed by the manufac-
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turer’s instructions. The relative expression of
mRNA was calculated according to 2”-CT and
-actin was selected as the internal control.

Western blot analysis

Total protein was isolated by PMSF buffer and
IPRA (Solei Bao Technology Co., Ltd., Beijing,
China) according to the manufacturer’s instruc-
tions. Protein samples were loaded and sepa-
rated by 10% SDS-PAGE gel and subsequently
transferred onto PVDF membranes (Millipo-
re Corporation, Milford, MA, USA). The mem-
branes were blocked with 5% nonfat dry milk in
Tris-Buffered Saline Tween20 (TBST) for 2
hours and then incubated the primary antibod-
ies for 2 hours. After being washed by TBST,
incubated with secondary antibody and washed
with TBST again, all protein bands were visual-
ized with using the enhanced chemilumines-
cence (7Sea Biotech) and lastly detected with
Tanon 4200 automatic chemiluminescence im-
age analysis system (Tanon, Shanghai, China).
[-actin was used as internal reference.

Knock-down of LSD1 and HDAC3 by small in-
terfering RNA (siRNA)

siRNA against LSD1 and HDAC3 (si-LSD1/si-
HDAC3, China Quan Yang Biological Co., Ltd.,
Shanghai) respectively inhibited LSD1 and
HDAC3, and scrambled siRNA (NC) was used as
a negative control. Cells were transfected wi-
th siRNA and used transfection reagent of
Lipo6000™ (Beyotime Biotechnology, Shang-
hai, China) according to the manufacturer’'s
instructions. qRT-PCR was used to detect the
silencing of LSD1or HDAC3 expression.

Immunofluorescence staining

The p65 was examined by immunofluores-
cence. SKM-1 cells were plated on 6-well cul-
ture plates, Hemin or Znpp pretreated or left
untreated for 1 hour, incubated with 4SC-202.
Then the cells were rinsed in PBS and fixed by
incubation with 4% formaldehyde in PBS for 30
min at room temperature. After washing with
PBS, cells were permeabilized with PBS con-
taining 0.25% Triton X-100. The cells were
blocked in PBS containing 5% BSA for 30 min.
Next, with further washing, cells were incubat-
ed with a rabbit anti-P65 monoclonal antibody
for 24 hours at 4°C. After washing with PBS,
cells were incubated with FITC-conjugated goat

Am J Transl Res 2020;12(6):2968-2983



4SC-202 induces apoptosis in MDS via NF-kB/HO-1 pathway

anti-rabbit antibody (1:200) for 1 hour. Then,
the nucleus was stained with DAPI (4,6-dia-
midino-2-phenylindole) and cells were photo-
graphed by fluorescent microscopy.

Construction of recombinant lentiviral vectors
and transfection

Self-prepared recombinant lentivirus-V5-D-
TOPO-HO-1-EGFP(LV-HO-1) and its’ control vec-
tor lentivirus-V5-D-TOPO-EGFP(EV) were cotr-
ansfected into 293FT packaging cell line. After
the infection according to the manufacturer’s
instructions, the positivity of lentivirus-mediat-
ed HO-1 and transduction was observed by flu-
orescence microscopy and the transfection
rates were determined by gRT-PCR.

Xenograft transplantation

Female 5 to 6-week-old NOD/SCID mice were
purchased Beijing HEK Bioscience. 5 million
SKM-1 cells were a tail vein injection. At 2
weeks post-transplantation, peripheral blood
mononuclear cells from the recipient mice were
stained with anti-human CD45-PECY7 (BD
Biosciences) analyzed with FCM. Only the mice
with more than 0.1% human CD45-positive
cells in peripheral blood were randomly treated
with 4SC-202 (80 mg/kg/day) by oral adminis-
tration [3, 23]. We divided the successfully
transplanted mice into EV or LV-HO-1 mice non-
administration groups, EV or LV-HO-1 mice
administration groups and the human CD45*
content of the 4SC-202 administrator groups
were detected by FCM two weeks after admin-
istration. The survival of mice is represented by
a Kaplan-Meier plot. All animal experiments
were performed in accordance with the Na-
tional Institutes of Health Guide for the Care
and Use of Laboratory Animal and were app-
roved by the Biomedical Ethics Committee of
the Affiliated Hospital of Guizhou Medical
University.

Statistical analysis

GraphPad Prism 8.0 software (Graphpad So-
ftware, Inc, USA) was used to statistically ana-
lyze the data. All data are expressed as mean +
standard deviation. Statistical analysis was
performed using analysis of variance and t-test.
P<0.05 was considered statistically signifi-
cant.
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Results

The overexpression of LSD1, HDAC3 and HO-1
in MDS/AML patients

We collected a series of samples from MDS
and MDS-transformed AML patients. All pa-
tients were diagnosed and classified according
to the WHO classification (Table 1). To analyze
the expression of LSD1, HDAC3 and HO-1 in
during MDS progression, these samples were
classified into refractory anemia with excess
of blasts (RAEB) I/ll and RAEB-transform AML
(RAEB-t/AM) groups. The mRNA expression le-
vel of LSD1 was first detected qRT-PCR (Figure
1A), which revealed that mRNA expression
level of LSD1 was significantly higher in the
RAEBI/Il and RAEB-t/AML groups than normal
donors (P<0.01 and P<0.001, respectively).
Western blot further revealed that the prote-
in expression level of LSD1 was higher in MDS/
AML patients than normal donors overall (Fi-
gure 1B). Similarly, the expression of HDAC3
gene was detected by the same techniques in
the above samples, showing that the expres-
sion of HDAC3 was higher in the RAEBI/II and
RAEB-t/AML groups than normal donors (P<
0.01 and P<0.001, respectively). Meanwhile,
HO-1 gene expression was also detected in the
above samples. gRT-PCR analysis showed HO-1
overexpression in the RAEBI/Il and RAEB-t/
AML groups compared with normal donors
(P<0.05 and P<0.001, respectively), which was
further validated by Western blot (Figure 1A,
1B). In addition, the expression of LSD1, HO-1
and HDAC3 in normal donors and patients were
observed by immunocytochemistry. We obser-
ved higher expression of LSD1, HO-1 and
HDAC3 compared to normal donors (Figure
1C). Taken together, LSD1, HDAC3 and HO-1
were overexpressed in MDS/AML patients.

4SC-202 affected cell viability, apoptosis and
cell cycle in SKM-1 cells

4SC-202 is an inhibitor of LSD1 and class |
HDACs (HDAC1/2/3). To investigate the cellular
function induced by 4SC-202 in SKM-1 cells,
an acute myeloid leukemia cell line was estab-
lished in the leukemic phase during the pro-
gression of MDS to AML (MDS/AML). CCK-8
assay and flow cytometry using propidium io-
dide or Annexin V-staining were used to asses
impact of 4SC-202 on cellular viability, cell
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Relation expression of LSD1 =

Relation expression of HO-1

Control
Control RAEB-I/I RAEB-t/AML
"1 2 3475 6 7 8" 10 11 12!
HO-1 TESESESEEe., ratient13
HDAC3 —--b'“———-
B-actin i‘b-——"m“
Patient 14

Relation expression of HDAC3

Control RAEB-I/ll RAEB-t/AML

Figure 1. Expression levels of LSD1, HDAC3 and HO-1 in MDS/AML patients. A. qRT-PCR indicated that the mRNA
expression levels of LSD1, HDAC3 and HO-1 in MDS/MDS-AML transformed patients were higher expression com-
pared with control (normal donor). Dates were shown as mean + SD. *, P<0.05; **, P<0.01; ***, P<0.001. Sta-
tistical analysis was performed by the student’s t test. B. Western blot also determined that the protein levels of
LSD1, HDAC3 and HO-1 in MDS/AML patients were overexpression. C. The expression of LSD1, HO-1 and HDAC3 in
normal donors and patients were observed by immunocytochemistry. Brown represented the positive cell. Control
represented normal donor. B-actin was used as the loading control.

cycle progression and survival. CCK-8 assay
was performed to assess SKM-1 cell viability
after 4SC-202 treatment. As shown in Figure
2A, incubation for 24 or 48 hours affected cells
viability in a dose-dependent manner (0-4 uM)
(Figure 2A). After incubation for 24 hour, flow
cytometry showed that 4SC-202 could induce
apoptosis in SKM-1 cells in a dose-dependent
manner (0, 0.1, 0.3, 0.5, 0.7, 1 uM) (Figure 2B,
2C). Additionally, after incubation for 48 hours
under the same drug concentration, flow cytom-
etry showed more obvious cell apoptosis com-
pared with that of 24 hours (Figure 2D, 2E).
Then we examined the effects of 4SC-202 on
cell cycle progression. As a result, 4SC-202
could cause G2/M cell cycle arrest in a dose-
dependent manner (Figure 2F, 2G). Altogether,
these results demonstrated that 4SC-202 ex-
erted strong effects against SKM-1 cells th-
rough inhibiting cell viability, causing cell cycle
arrest in G/M phase and inducing cell apo-
ptosis.
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4SC-202 affected the expression of apoptosis-
and cell cycle-related proteins and decreased
HO-1 in SKM-1 cells

To further analyze the mechanism underlying
apoptosis and cell cycle progression, Western
blot was used to detect the expression of
4SC-202-related proteins, apoptosis-related
proteins and cell cycle-related proteins after
exposure with different concentration (0, 0.1,
0.3,0.5,0.7, 1 yM) or times (O, 6, 12, 24, 48 h).
As a result, 4SC-202 treatment gradually de-
creased the protein expression of LSD1, HDAC2
and HDAC3 in a dose- and time-dependent
manner. After 4SC-202 treatment at a concen-
tration of 0.5 uM for 24 hours, the expression
of HDAC1 protein began to decrease. Moreover,
acetylated histone 3 (AC-H3) and H3K4me2
expression was markedly increased. The pro-
tein expression of BCL-2 and CDK1 was gradu-
ally decreased, while BAX, cleaved caspase 3,
cleaved caspase 9 and p21 was significantly

Am J Transl Res 2020;12(6):2968-2983
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Figure 2. 4SC-202 suppressed cell viability, induced apoptosis and caused cell cycle arrest at G2/M phase in SKM-1 cells. A. Cells were treated with different con-
centrations of 4SC-202 (0-4 mM) for 24 h and 48 h. The OD values at a wavelength of 450 nm were detected by CCK-8 assay and the dates were analyzed by Graph-
Pad Primer 8. CCK-8 assay indicated that 4SC-202 reduced the growth of SKM-1 cells. B-E. Next, flow cytometry (Annexin V-FITC/PI staining) analysis showed that
the apoptotic rates were increased by 4SC-202 in a dose- and time-dependent manner. F, G. SKM-1 cells were exposed to 4SC-202 at the different concentration
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for 24 h. Flow cytometry analysis shown that 4SC-202 caused cell cycle arrest at G2/M phase in a dose- dependent
manner. All experiments were repeated three times. Dates were shown as mean + SD. *, P<0.05 versus control;
** P<0.01 versus control; *** P<0.001 versus control. Statistical analysis was performed by the student’s t test.

increased in a concentration- and time-depen-
dent manner, whereas the protein expression
of cleaved caspase 3 and cleaved caspase 9
were markedly increased in a dose- and time-
dependent manner (Figure 3A, 3C). Meanwhile,
the mRNA levels of LSD1 and HDAC3 were
detected by gRT-PCR at treatment with differ-
ent concentrations (0, 0.1, 0.3, 0.5, 0.7, 1 pyM)
of 4SC-202 for 24 h. After 4SC-202 treatment
at a concentration of 0.7 uM for 24 hours, the
expression of HDAC3 and LSD1 genes began
to decrease (P<0.01; P<0.05, respectively)
(Figure 3B).

In addition, we also found that 4SC-202 down-
regulated the protein level of HO-1 in a time- or
dose-dependent manner (Figure 3D, 3F). After
4SC-202 treatment at a concentration of 0.3
UM for 24 hours, the expression of HO-1 gene
was markedly decreased (Figure 3E). Hence,
cells were transfected with HO-1 overexpres-
sion lentivirus (LV-HO-1) and its empty vector
(EV). Transfection efficiency was subsequently
detected by fluorescence microscopy, and the
down-regulation level of HO-1 mRNA was mea-
sured by gqRT-PCR (Figure 3G, 3H). Meanwhile
we examined the change of apoptosis-related
protein, showing that HO-1 down-regulated the
expression of cleaved caspase9 protein, but
failed to change the protein levels of cleavage
caspase3, Bad, Bcl-2. However, after treatment
with 0.5 yM 4SC-202 for 24 h in transfected
cells, HO-1 could partially reverse the 4SC-202-
induced apoptosis-associated protein levels
(Figure 3I). Moreover, HO-1 significantly decrea-
sed 4SC-202-induced apoptosis rate (P<0.05)
(Figure 3J, 3K). Taken together, these data
demonstrated that up-regulation HO-1 partially
reversed the activity of 4SC-202 in SKM-1 cells.

4SC-202 induced cell apoptosis and de-
creased HO-1 expression via NF-kB pathway,
and HO-1 affected the efficacy of 4SC-202 in
SKM-1 cells

Constitutive activation of NF-kB in MDS cells
plays a crucial role in activating caspase-de-
pendent apoptotic genes. Hence, after incuba-
tion with 4SC-202, Western blot was utilized to
detect the expression of phosphorylated p65
(p-p65), phosphorylated IkB-a (p-IkB-), total
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p65 and total IkB-a protein. We found that the
protein levels of p-p65 and p-IkB-a were signifi-
cantly decreased in a concentration-dependent
pattern, while the protein levels of total p65
and total IkB-a protein remained unchanged
(Figure 4A). Similarly, treatment with 0.5 uyM
4SC-202 for different time (0, 6, 12, 24 and 48
hours), the protein levels of p-IkB-o0 and p-p65
were gradually decreased in a time-dependent
pattern (Figure 4B). The translocation of p65 is
known to be an important indicator of NF-kB
activation. Therefore, treatment with or without
0.5 uM 4SC-202, immunofluorescence staining
showed that translocation of p65 to the nucle-
us was blocked by treatment with 4SC-202
(Figure 4C). Collectively, 4SC-202 significantly
suppressed the NF-kB pathway.

Moreover, we further elucidated how these cel-
lular functions were caused by 4SC-202. In the
study, si-LSD1 was transfected into SKM-1
cells to silence LSD1, followed by determina-
tion of knockdown efficiency. SKM-1 cells were
treated with si-LSD1 or its empty siRNA (NC
siRNA) as a negative control to eliminate the
side-effects of transfection or RNA incorpora-
tion into cells. After incubation with si-LSD1 or
NC siRNA for 48 hours, LSD1 was significantly
silenced in the siLSD1 group, which was barely
changed in the NC group (Figure 4D). Western
blot was subsequently used to detect the
expression of NF-kB pathway and HO-1 proteins
in both NC and si-LSD1 groups, revealing that
the protein expression levels of p-p65 and
p-1kB-a of NF-kB pathway and HO-1 were signifi-
cantly down regulated in the si-LSD-1 group
than those in the NC group, and similarly the
protein levels of total p65 and total IkB-a
remained changed (Figure 4E). Meanwhile, we
also investigated the effects of HDAC1/2/3 on
4SC-202 activity. HDAC1 and HDAC2 are down-
stream genes of LSD1, thus, cells were trans-
fected with si-HDAC3 to silence HDAC3. We
also found that low HDAC3 expression repres-
sed the activation of NF-kB pathway and de-
creased the expression HO-1 (Figure 4F, 4G).
Our previous studies have shown that repress-
ing the activation of NF-kB pathway could
down-regulate HO-1 expression [27]. Hence,
after transfection with EV and LV-HO-1, cells
were treated with or without 4SC-202, followed
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Figure 3. 4SC-202 affected the expression of apoptosis- and cell cycle-related proteins and decreased HO-1 expression in SKM-1 cells. (A) Western blot analyzed
that the expression levels of LSD1, HDAC1/2/3, BCL-2 and CDK1 proteins were decreased and the expression levels of H3K4me2, AC-H3, cleavage caspase3/9,
BAX, and p21 proteins were significantly increased by 4SC-202. (B) The mRNA levels of LSD1 and HDAC3 were detected by gRT-PCR, showing that the mRNA levels
were suppressed after treatment with 0.7 uM 4SC-202 for 24 h. (C) Cells were exposed to 0.5 yM 4SC-202 for different time (0, 6, 12, 24, 48 h), and these above
proteins were also detected by western blot and the result was similar with (A). (D, E) Next, Western blot and qRT-PCR analyzed that 4SC-202 treatment suppressed
the expression levels of HO-1 in a drug-dependent manner. (F) Western blot also shown that 4SC-202 down-regulated the HO-1 protein level in a time-dependent
manner. (G) Fluorescence microscopy was used to detect the transfection rate of cells after transfection with HO-1 overexpression lentivirus or its empty control
vector. Green fluorescence represented the successful transfection of the virus. (H) gRT-PCR was used to detect mRNA levels of HO-1 after lentivirus transfection
and confirmed the up-regulation of HO-1 expression level. (I) Western blot analyzed that up-regulation of HO-1 could significantly attenuate the 4SC-202-induced the
levels of cleaved caspase3/9 and BAX proteins, meanwhile limit the 4SC-202-decreased the level of BCL-2 protein. (J, K) Flow cytometry was used to detect apop-
totic rate, which was analyzed by GraphPad Primer 8 after the same treatment in (l). The result indicated that up-regulation of HO-1 could significantly attenuate
the 4SC-202-induced the apoptotic rate. LV-HO-1 represented overexpression of HO-1; EV represented the control vector lentivirus. B-actin was used as an internal
reference. All experiments were performed in triplicate. Dates were shown as mean + SD. *, P<0.05 versus control; **, P<0.01 versus control; ***, P<0.001 versus
control; and #, P>0.05 versus control. Statistical analysis was performed by the student’s t test.
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Figure 4. 4SC-202 induced apoptosis and down-regulated HO-1 expression via NF-kB, and HO-1 affected the efficacy of 4SC-202 in SKM-1 cells. (A, B) Western blot
detected that 4SC-202 treatment inhibited the expression of p-p65 and p-lk-a but not total p65 and total IkB-o« in SKM-1 cells. (C) Cells were exposed to 0.5 yM
4SC-202 for 24 h. The translocation of p65 was determined by immunofluorescence staining (original magnification, x1,000). The merged images were obtained
after superposition of the green (P65) and blue (DAPI) channels. The images are representative of 3 separate experiments. (D) siRNA targeting LSD1 was used
for LSD1 silencing, followed by gRT-PCR to determine its transfection effect; siLSD1 represented siRNA targeting LSD1 and NC represented the negative control of
siRNA. (E) After transfection siRNA targeting LSD1 for 48 h, Western blot analyzed that LSD1 inhibited the expression of p-P65, p-IkB-&, and HO-1 proteins but not
total P65 and IkB-a. (F) siRNA targeting HDAC3 was used for HDAC3 silencing in cells, followed by qRT-PCR to determine its transfection effect. (G) Similarly, after
transfection siRNA targeting HDAC3 for 48 h, western blot analysis shown that HDAC3 down-regulated the expression of p-P65, p-IkB-&, and HO-1 proteins but not
total P65 and IkB-a in SKM-1 cells. (H) Cells were transfected with HO-1 lentivirus, and subsequently treated with or without 0.5 yM 4SC-202. Western blot detect
the expression levels of NF-kB pathway-related protein. (1) After cells were treated with Znpp or Hemin for 24 h, Western blot analysis shown that the HO-1 protein
level was decreased by Znpp while increased by Hemin. (J) After treatment with Znpp and Hemin with or without 0.5 uM 4SC-202 treatment for 24 h, western blot
was subsequently used to analyze the expression of NF-kB pathway-related protein, showing that Znpp further decreased the protein levels of p-P65 and p-IkB-,
which were increased by Hemin. (K) CCK-8 assay also indicated that Znpp enhanced 4SC-202-induced cell viability attenuation, while Hemin partially reversed the
efficacy of 4SC-202. (L, M) After the same treatment with (J), flow cytometry analysis suggested that Znpp enhanced 4SC-202-induced cell apoptotic rate (P<0.05),
while Hemin partially reversed 4SC-202-induced apoptotic rate (P<0.05) in SKM-1 cells. Total P-65 and total IkB-a proteins were considered as the internal refer-
ence of the NF-kB pathway of p-p65 and p-IkB-a, respectively, and -actin was used as a loading control. Dates were represented as mean * SD. *, P<0.05; **,
P<0.01; ***, P<0.001 and #, P>0.5. All experiments were repeated three times. Statistical analysis was performed by the student’s t test.
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by Western blot to detect the levels of NF-kB
pathway proteins. As a result, up-regulation of
HO-1 hardly affected the levels of NF-kB path-
way protein levels, which significantly attenuat-
ed 4SC-202-induced down-regulation of p-p65
and p-IkB-a protein levels (Figure 4H).

Regulation of HO-1 affects the sensitivity of
cancer cells against demethylation and other
chemotherapy drugs [22, 25, 26, 31]. To further
comprehensively determine how HO-1 affected
the activity of 4SC-202, cells were treated with
10 yM Hemin (@ HO-1 activator) or 0.05 uM
Znpp (an inhibitor of HO-1), followed by Western
blot to HO-1 protein level (Figure 4l). These
treated cells were also treated with 0.5 uM
4SC-202. We foundthatZnpp further decreased
the protein levels of p-P65 and p-IkB-«, which
were increased by Hemin (Figure 41J). After co-
incubation of 4SC-202 (0-4 uM) with Znpp or
Hemin, CCK-8 assay showed that Znpp en-
hanced 4SC-202-induced cell viability attenua-
tion, while Hemin partially reversed the efficacy
of 4SC-202 (Figure 4K). Under the same condi-
tion, Znpp enhanced 4SC-202-induced cell
apoptotic rate (P<0.05), while Hemin partially
reversed 4SC-202-induced apoptotic rate (P<
0.05) in SKM-1 cells (Figure 4L, 4M). Taken
together, 4SC-202 can regulate HO-1 to induce
apoptosis via NF-kB pathway, and HO-1 partial-
ly reversed the efficacy of 4SC-202 against
SKM-1 cells.

HO-1 partially reversed the inhibitory effects of
45C-202 on SKM-1 cell proliferation in vivo

Finally, SKM-1 cells transfected with LV-HO-1
and its empty vector (EV), were injected to the
tail vein of NOD/SCID mice. After confirming
successful engraftment in these recipient mice
at 14 days after transplantation, 4SC-202 was
orally administered at a dose of 80 mg/kg/day
for five consecutive days, followed by observa-
tion of the change in human CD45-positive
cells by flow cytometry. As a result, after 2
weeks of 4SC-202 administration, the propor-
tion of human CD34-positive cells were signifi-
cantly decreased, and we found that up-regula-
tion of HO-1 accelerated cell proliferation and
decreased the 4SC-202-inhibited MDS cell pro-
liferation (Figure 5A, 5B). Meanwhile, we ob-
served for 130 days and recorded the death
time of these mice, which was showed by
Kaplan-Meier plot. The survival curve indicated
that 4SC-202 effectively improved the survival
of recipient mice, however, up-regulation of
HO-1 delayed the time of 4SC-202-killing SKM-1
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cells (Figure 5C). These results indicated that
4SC-202 effectively inhibited MDS cell prolifer-
ation and HO-1 influenced the inhibitory effects
of 4SC-202 on SKM-1 cell proliferation in vivo.

Discussion

LSD1 blocks the differentiation of primary pro-
genitor cells, promotes abnormal hematopoie-
sis and drives the progression in MDS and
MDS-related leukemia [3]. Niebel D et al. have
found that LSD1 was highly expressed in MDS
and AML [2]. Similarly, here, we also found the
high expression of LSD1 in bone marrow from
MDS/AML patients compared with healthy con-
trols. LSD1 is associated with HDAC1/2, and
they formed a co-inhibitor to abnormally inhibit
some transcriptional genes, thereby repressing
DNA complication. Previous clinical trials have
shown that HDAC inhibitors are less effective in
treating MDS patients; and even if HDAC inhibi-
tors are combined with decitabine, the effica-
cy of decitabine is not improved in MDS patien-
ts [15]. However, in this study, co-inhibition of
LSD1 and HDACs exerted strong efficacy ag-
ainst SKM-1 cells. 4SC-202 is a dual inhibitor
against LSD1 and HDAC1/2/3. Wobser M et al.
have reported that 4SC-202 has the potential
to inhibit cancer cell growth independent of tar-
geting these epigenetic modifiers, and indepen-
dent of altering cellular transcription [19]. 4SC-
202 hardly decreased the expression of LSD1
in melanoma [16, 32-34].

We found that 4SC-202 or silencing LSD1 or
HDAC3 by siRNA could down-regulate the ex-
pression of HO-1 and inhibited the activation of
NF-kB pathway. In this study, up-regulation of
HO-1 attenuated 4SC-202-induce apoptosis.
Except for cleaved caspase9, HO-1 hardly di-
rectly regulated NF-kB pathway and other relat-
ed-apoptotic proteins, whereas HO-1 could sig-
nificantly attenuated 4SC-202-induced down-
regulation of BCL-2 protein, up-regulation of
cleaved caspase3/9 proteins and suppressed
activation of NF-kB pathway. It is reported that
HO-1 affects the sensitivity of cancer cells
against demethylation and others chemothe-
rapy drugs. To further comprehensively deter-
mine how HO-1 affected the activity of 4SC-
202, cells were treated with Hemin or Znpp.
When Znpp down-regulated HO-1 expression,
4SC-202-induced cell apoptotic rate was sig-
nificantly increased. However, 4SC-202-indu-
ced apoptosis was clearly decreased by Hemin.
HO-1 decreased the sensitivity of 4SC-202
against MDS cells, in turn a lack of HO-1 in-
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creased the sensitivity of 4SC-202-induced
repressed activity of NF-kB pathway in SKM-1
cells. Taken together, these results indicated
that the 4SC-202 could mediated HO-1-induced
apoptosis via NF-kB pathway, and HO-1 influ-
enced the effects of 4SC-202.

Next, we evaluated the therapeutic effect of
4SC-202 under the influence of HO-1 in vivo.
After SKM-1 cells were transfected with LV-HO-
1 and its empty vector (EV), cells were injected
into the tail vein of NOD/SCID mice. Two weeks
after transplantation, we determined if these
mice were successfully transplanted. The suc-
cessfully transplanted mice into were divided
into EV or LV-HO-1 mice non-administration
groups, EV or LV-HO-1 mice administration
groups. Human CD45* content of mice from the
4SC-202 administrator groups were detected
by flow cytometry two weeks after administra-
tion. As a result, CD45" cells were gradually
decreased over time, consistent with the result
of Sugino et al. [3], which suggested that up-
regulation of HO-1 delayed the time of 4SC-202-
killing SKM-1 cells. In addition, 4SC-202
improved survival rate while HO-1 decreased
survival rate in MDS mice. These results have
demonstrated that 4SC-202 is a potent inhibi-
tor of poor prognosis in MDS, which also further
confirms the mechanism of 4SC-202.

Collectively, 4SC-202, an inhibitor of LSD1 and
HDAC1/2/3, significantly inhibited cell growth
by causing cell cycle arrest at G2/M, inducing
apoptosis and decreasing HO-1 gene expres-
sion via the suppression of NF-kB pathway in
MDS cells. In addition, up-regulation of HO-1
expression attenuated the inhibitory effect of
4SC-202-induced activation of NF-kB pathway,
thereby attenuating the efficacy of 4SC-202,
but low HO-1 expression enhanced the efficacy
of 4SC-202in MDS cells. Hopefully, the present
study could provide a novel therapeutic strate-
gy in MDS.
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