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SP2509, a Selective Inhibitor of LSD1, Suppresses
Retinoblastoma Growth by Downregulating β-catenin
Signaling

Alan Jiang,1 Weiqi Wu,2,3 Caixia Xu,2,3 Longbing Mao,2,3 Sha Ao,2,3 Huifeng Guo,2,3

Xiantao Sun,4 Jing Tao,4 Yi Sang,1 and Guofu Huang1,2

1Jiangxi Provincial Key Laboratory of Tumor Metastasis and Precision Therapy, Center Laboratory, The Third Affiliated
Hospital of Nanchang University, Nanchang, Jiangxi, PR China
2Department of Ophthalmology, The Third Affiliated Hospital of Nanchang University, Nanchang, Jiangxi, PR China
3Medical Department of Graduate School, Nanchang University, Nanchang, Jiangxi, PR China
4Department of Ophthalmology, Children’s Hospital Affiliated to Zhengzhou University, Henan Children’s Hospital,
Zhengzhou Children’s Hospital, Zhengzhou, Henan, PR China

Correspondence: Guofu Huang,
Jiangxi Provincial Key Laboratory of
Tumor Metastasis and Precision
Therapy, Center Laboratory, The
Third Affiliated Hospital of
Nanchang University, 128 Xiangshan
Northern Road, Nanchang, Jiangxi
330008, PR China;
hgf2222@sina.com.

AJ and WW contributed equally to
this work.

Received: June 28, 2021
Accepted: November 11, 2021
Published: March 17, 2022

Citation: Jiang A, Wu W, Xu C, et al.
SP2509, a selective inhibitor of
LSD1, suppresses retinoblastoma
growth by downregulating β-catenin
signaling. Invest Ophthalmol Vis
Sci. 2022;63(3):20.
https://doi.org/10.1167/iovs.63.3.20

PURPOSE. To study the role of lysine-specific demethylase 1 (LSD1) in retinoblastoma (RB)
growth and to determine whether the LSD1 inhibitor SP2509 can inhibit RB progression.

METHODS. We detected the levels of LSD1 in 12 RB tissue samples, two RB cell lines (Y79
and Weri-RB1), and a retinal pigment epithelium cell line (ARPE-19). Overexpression
or knockdown of LSD1 was performed to examine the role of LSD1 in RB cancer cell
survival. In vitro and in vivo experiments were conducted to detect the antitumor effect
of SP2509, and the antitumor mechanism of SP2509 was examined by RNA sequencing
and Western blot.

RESULTS. LSD1 is overexpressed in RB tissues and cells and increases RB cancer cell viabil-
ity and colony formation ability. The LSD1 inhibitor SP2509 inhibits RB cell proliferation
in vitro and in vivo. Treatment with SP2509 increases the levels of dimethylated histone
3 lysine 4 (H3K4me2) and inhibits the expression of β-catenin signaling pathway–related
proteins in RB cells.

CONCLUSIONS. We demonstrated that LSD1 is overexpressed in RB cells and promotes RB
cell survival. The LSD1 inhibitor SP2509 exerted strong growth inhibition in vitro and in
vivo, which was at least partially mediated by suppression of the β-catenin pathway.
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Retinoblastoma (RB) is a rare, aggressive childhood
cancer, with a global incidence of 1:15,000 to 1:20,000

cases annually.1 Despite improvements in therapy with
local intravitreal or intra-arterial chemotherapy and a 5-year
survival rate of 97%, drug toxicity remains a major obstacle
in treating RB, especially with respect to the increased risk
of secondary malignant neoplasms.2–4 Thus, new therapeu-
tic options need to be explored.

Lysine-specific demethylase 1 (LSD1), also known as
KDM1A, demethylates mono- and dimethylated Lys4 and
Lys9 of histone 3 (H3K4 and H3K9) to mediate target
gene transcription.5,6 LSD1 is a component of multiple
large repressive complexes, including cofactor of RE1-
silencing transcription factor and nucleosome remodeling
and histone deacetylase, that coordinate histone acetyla-
tion and methylation to control target gene transcription.7

LSD1, which is highly expressed in several solid and hema-
tologic cancers, is directly correlated with worse prognosis,
and LSD1 inhibition significantly reduces tumor growth.8–12

Numerous preclinical statistical studies have confirmed that

LSD1 can selectively inhibit acute myeloid leukemia (AML)
and solid tumors, which has bolstered the subsequent
clinical application value of LSD1 antagonists for these
diseases.8,13

SP2509, a selective LSD1 antagonist, exerts significant
antitumor activity in a variety of cancers.14 In AML, SP2509
and the pan–histone deacetylase (HDAC) inhibitor panobi-
nostat exerted synergistic lethality against AML blasts. A
study of clear cell renal cell carcinoma by Jin Zhang
et al.15 revealed that SP2509 observably suppressed cell
proliferation, induced G1/S phase arrest, and mitigated
renal xenograft tumor growth. LSD1 has elevated expres-
sion in and is a therapeutic target for Ewing sarcoma.16

However, the role of LSD1 in RB and the mecha-
nism responsible for its therapeutic effect remain largely
unknown.

In this study, we explored the role of LSD1 in the progres-
sion of RB and demonstrated that the LSD1 inhibitor SP2509
partially blocked RB cell survival via suppression of β-
catenin signaling.
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TABLE 1. Clinical Features of Patients With RB

Characteristic Number

Sex
Male 5
Female 7

Laterality
OD 5
OS 7

Age, y
<3 7
≥3 5

Stage
II 2
IIN 1
III 3
IV 6

OD, OculusDexter, right eye; OS, OculusSinister, left eye.

MATERIALS AND METHODS

Study Approval and Patient Samples

Experiments involving human RB tissues were approved
by the Ethical Committee of The Third Affiliated Hospital
of Nanchang University (KY2021057). All human samples
were obtained from 12 patients with RB who underwent
surgery at the eye hospital of Wenzhou Medical University
and Zhengzhou Children’s Hospital. The clinical information
of the patients is summarized in Table 1.

Hematoxylin and Eosin Staining and
Immunohistochemistry

To examine the structure and LSD1 protein level, hema-
toxylin and eosin staining and immunohistochemistry (IHC)
were performed as described in our previous study.17 For
IHC, paraffin sections were heated at 60°C for 2 hours,
deparaffinized with xylene, and rehydrated with a graded
alcohol series. After they were boiled in Tris-EDTA for anti-
gen retrieval and treated with a 3% H2O2 solution to block
endogenous peroxidase activity, the sections were incu-
bated in the primary antibody against LSD1 (1:800, cat.
2184; Cell Signaling Technology, Danvers, MA, USA) at 4°C
overnight. The next day, the washed sections were incubated
in horseradish peroxidase–conjugated goat anti-rabbit IgG
(KIT-5010; Maixin, Fuzhou, China) at 37°C for 30 minutes.
The immunostaining signals were visualized by diaminoben-
zidine (DAB), and sections were counterstained with hema-
toxylin; two pathologists examined the stained sections. The
score for the percentage of positively stained cells was deter-
mined as follows: 0 (negative), 1 (<25%), 2 (26%–50%),
3 (51%–75%), and 4 (>75%); the staining intensity score
for LSD1 was defined as follows: 0 (negative), 1 (weak), 2
(moderate), and 3 (strong). The final immunoreactivity score
was calculated by multiplying the percentage of the stained
cells score and the intensity score.

Cell Culture and Reagents

Y79, Weri-RB1, ARPE-19, and 293T cells were purchased
from the Institute of Biochemistry and Cell Biology (Shang-
hai, China). Weri-RB1 cells were cultured in RPMI 1640
medium (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% fetal bovine serum (FBS) (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) and 1%

penicillin-streptomycin in a 37°C humidified incubator with
5% CO2. Y79, 293T, and ARPE-19 cells were cultured at 37°C
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Thermo Fisher Scientific,Waltham,MA, USA) containing 10%
FBS and 1% penicillin-streptomycin. SP2509 was purchased
from Selleck (Houston, TX, USA), and stock solutions were
diluted in DMSO at an initial concentration of 10 mM.

Lentivirus Acquisition and Stable Cell Line
Construction

The lentivirus packaging vectors used were packaging plas-
mid psPAX2 and envelope plasmid pMD2.G. HA-puro vector
containing the LSD1 coding region or empty vector was
cotransfected with the packaging vectors into HEK-293T
cells at a suitable ratio with the transfection reagent Lipo-
fectamine 2000 (Invitrogen, Thermo Fisher Scientific, Carls-
bad, MA, USA). After 48 hours, the supernatants were subse-
quently collected and filtered through a 0.45-μm filter (Milli-
pore, Temecula, CA, USA), and then concentrated virus with
8 μg/mL polybrene was used to infect Y79 cells for 24
hours. Stably infected cells were selected with 0.5 μg/mL
puromycin for 2 weeks, and the cells were collected and
subjected to Western blot used to detect the protein level of
LSD1.

Electroporation

For electroporation assays, Weri-RB1 cells (2 × 106

cells/well) were suspended in 200 μL Cytomix electropora-
tion buffer (90% RPMI-1640 + 10% DMSO) with 8 μL tar-
geted small interfering RNA (siRNA) or negative
control (NC) siRNA (160 μM). The sequences were as
follows: siLSD1#1, 5′-CUACAUCUUACCUUAGUCATT-3′

(sense), 5′-UGACUAAGGUAAGAUGUAGTT-3′ (antisense);
siLSD1#2, 5′-CAGCUGACAUUUGAGGCUATT-3′ (sense), 5′-
UAGCCUCAAAUGUCAGCUGTT-3′ (antisense). The suspen-
sions were transferred into 0.2-cm precooled electroporation
cuvettes, incubated on ice for 30 minutes, and electropo-
rated at 0.15 kV/975 μF/∞. Electroporation was carried
out using a high-voltage pulser (GenePulser Xcell; Bio-Rad,
CA, USA), after which cells were seeded in 6-well plates,
cultured for 48 hours, and then subjected to Western blot to
detect the protein level of LSD1.

Viability Assay

The viability of Y79 and Weri-RB1 cells was detected by an
methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay
as described previously.17 Briefly, cells were seeded in 96-
well plates (5000 cells/well) in the presence or absence of a
series of compounds at different concentrations for 24, 48,
72, and 96 hours. Then, 20 μL MTT (cat. C0009S, 5 mg/mL;
Beyotime, Biotechnology, Beijing, China) was added to each
well, and the plates were incubated for another 4 hours in
the dark. Finally, the formazan crystals were dissolved in
DMSO, and cell viability was assessed by evaluating the opti-
cal density of each well at 490 nm. Cell viability inhibition
was calculated using GraphPad Prism software (version 8.0;
GraphPad Software, La Jolla, CA, USA), and all experiments
were repeated three times.

RNA Extraction and Real-Time Polymerase Chain
Reaction

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and complementary DNA was obtained



LSD1 Inhibitor Suppresses Retinoblastoma Growth IOVS | March 2022 | Vol. 63 | No. 3 | Article 20 | 3

TABLE 2. Primer Sequences Used for RT-PCR Analysis in Our Study

Gene Forward Primer (5′ → 3′) Reverse Primer (5′ → 3′)

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
LSD1 TGACCGGATGACTTCTCAAGA GTTGGAGAGTAGCCTCAAATGTC
P16 GATCCAGGTGGGTAGAAGGTC CCCCTGCAAACTTCGTCCT
P19 AGTCCAGTCCATGACGCAG ATCAGGCACGTTGACATCAGC
P21 TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC
GADD45β TGCTGTGACAACGACATCAAC GTGAGGGTTCGTGACCAGG
MYC GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT
Cyclin D3 TACCCGCCATCCATGATCG AGGCAGTCCACTTCAGTGC

using the PrimeScript RT reagent kit (TaKaRa, Beijing,
China) according to the manufacturer’s protocol. The primer
sequences used in our study are shown in Table 2. All real-
time quantitative polymerase chain reaction (RT-PCR) was
performed with SYBR Green reagents on a CFX96 Real-Time
System (Bio-Rad, CFX96 optics module). Expression levels
were calculated relative to the level of the control gene using
the 2−��CT method.

Western Blot Assay

Cells were harvested and lysed in RIPA buffer (150
mM NaCl, 50 mM Tris Base, 50 mM EDTA, 1% NP40)
supplemented with protease inhibitor. Protein quantifica-
tion was performed using the Coomassie brilliant blue G-
250 method. Proteins were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis through 8% to
10% gels and transferred to 0.45-μm polyvinylidene fluo-
ride membranes (Millipore Corp., Bedford, MA, USA), which
were incubated with 5% skim milk for 1 hour to block
nonspecific binding sites. The membranes were then incu-
bated overnight at 4°C with the following primary antibod-
ies: anti-LSD1 (1:1000, Cell Signaling Technology, Danvers,
MA, USA, cat. 2184), anti–β-catenin (1:1000, ProteinTech,
Rosemont, IL, USA, cat. 51067-2-AP), anti-H3K4me2 (1:1000,
Cell Signaling Technology, Danvers, MA, USA, cat. 9725),
anti–β-actin (1:1000, Servicebio, cat. GB12001), anti–c-
MYC (1:1000, ProteinTech, cat. 10828-1-AP), anti–cyclin
D3 (1:1000, Cell Signaling Technology, Danvers, MA, USA,
cat. 2936), anti–caspase 3 (1:1000, Cell Signaling Technol-
ogy, Danvers, MA, USA, cat. 14220T), anti–cleaved caspase
3 (1:1000, Cell Signaling Technology, Danvers, MA, USA,
cat. 9664T), and anti-poly(ADP-ribose)polymerase (PARP)
(1:1000, Cell Signaling Technology, Danvers, MA, USA,
cat. 9532). The membranes were washed three times in
PBST (PBS containing 0.1% Tween) and incubated with the
appropriate secondary antibody (anti-mouse IgG, 1:15,000,
Promega, Madison, WI, USA, cat. W4021 or anti-rabbit IgG,
1:15,000, Promega, cat. W4011) at room temperature for 1
hour before the protein bands were visualized with chemi-
luminescence (Thermo Scientific, Waltham, MA, USA).

Cell Cycle Assay

Flow cytometry was used to evaluate the influence of
compounds on the cell cycle. Briefly, cells (10 × 105

cells/well) were plated in triplicate in a 12-well plate, incu-
bated for 48 hours, collected, washed two times with PBS,
and fixed with precooled 70% ethanol for 2 hours at 4°C
or −20°C overnight. Subsequently, the fixed cells were
centrifuged at 1500 rpm for 5 minutes and washed twice
with PBS again before they were incubated with 300 μL
of staining solution buffer containing 50 μg/mL propidium

iodide (PI) and 100 μg/mL RNase A for 15 minutes at room
temperature in the dark. The results were analyzed using
FlowJo 7.6 software (BD FACSCalibur; BD, NJ, USA).

Colony Formation Assay

A soft agar assay was used to analyze Y79 and Weri-RB1
cell colony formation. Before the experiment, high-pressure,
steam-sterilized 1.2%, 0.6% agarose (cat. 2276GR005;
BioFroxx, Germany) and 2× medium (RPMI 1640 with 40%
FBS, 2% P/S, DMEM with 40% FBS, and 2% Penicillin-
Streptomycin (P/S)) were prepared and cooled to 45°C. Agar
for coating the plate wells was made as follows: 1.2% soft
agarose with medium was mixed at a 1:1 ratio, and 500
μL was added per well of a 24-well plate and cooled at
room temperature for 30 minutes. For the upper agar layer,
cells were counted with a Cellometer Auto T4 (Nexcelom,
Lawrence, MA, USA) and diluted with 2× medium. Then,
medium containing 103–2 × 103 cells was mixed with the
same volume of 0.6% soft agarose and plated on top of the
agar layer coating the plate wells. After cells were cultured
for at least 2 weeks, the morphology of the colonies was
analyzed using cell staining, and the number of colonies
formed per well was quantified using ImageJ (National Insti-
tutes of Health, Bethesda, MD, USA) software. ARPE-19
cells were plated into 24-well plates and cultured in DMEM
containing a concentration series of SP2509. After 10 days,
cells were stained with 0.2% crystal violet for 30 minutes,
and then the colonies were photographed and counted.

Apoptosis Analysis Using Flow Cytometry

Apoptosis was evaluated using an Annexin V fluores-
cein (FITC)/PI double-staining cell apoptosis detection kit
(KeyGen Biotech, Nanjing, China, cat. KGA107). Briefly, the
cells were collected, washed twice with PBS, and then
resuspended in 300 μL binding buffer containing 3 μL
Annexin V FITC and 3 μL PI; the suspensions were incu-
bated for 15 minutes at room temperature. The samples were
analyzed using FlowJo software (BD FACSCalibur). FITC-
positive events represent apoptotic cells, and the apoptosis
ratio was calculated as the sum of the percentage of events
in the Q2 and Q3 regions. All experiments were repeated
three times.

RNA Sequencing Analysis

Y79 cells treated with 5 μM SP2509 for 48 hours showed the
greatest inhibition of cell growth, so we chose a concentra-
tion of 5 μM for subsequent experiments. Three biological
replicates of Y79 cells treated with 5 μM SP2509 or DMSO for
48 hours were prepared. The cells were washed three times,
and the supernatants were removed and frozen in liquid
nitrogen before they were sent to the Beijing Genomics
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FIGURE 1. LSD1 is overexpressed in RB tissues and cells. (A, B) Hematoxylin and eosin and IHC staining (A) and statistical analysis (B) of
LSD1 expression in human RB tissues and adjacent healthy tissues (n = 12). Student’s t-test, P < 0.0001. Scale bars: 500 μm, 200 μm, and
50 μm, respectively. (C, D) Quantitative PCR (C) and Western blot assays (D) indicated that the messenger RNA (mRNA) and protein levels,
respectively, of LSD1 in RB cells were higher than those in normal cells. The data are reported as the means ± standard deviations (n = 3),
Student’s t-test, *P < 0.05, ***P < 0.001.

Institute (BGI) on dry ice to construct a sequencing library
using the BGISEQ-500 platform. In this study, the BGI bioin-
formatics service system was used to confirm the signifi-
cance of differentially expressed genes (absolute value of
log2-ratio ≥1 and P ≤ 0.05). The differentially expressed
genes related to cellular biogenic activities were identi-
fied using heatmaps and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses.

Xenotransplantation Experiments

For most subcutaneous xenograft experiments involving
retinoblastoma, Y79 cells are usually injected subcuta-
neously into nude mice because these cells have stronger
tumorigenicity and a higher cell growth rate18,19; therefore,
we established a Y79 cell xenograft model in nude mice for
in vivo evaluation. All animal experiments were performed
according to protocols approved by Nanchang University
(KY2021057). Fourteen male BALB/C nude mice (18–20 g,
4–5 weeks old) were obtained from Hunan SJA Laboratory
Animal Co., Ltd. (Hunan, China) and housed in sterile condi-
tions at a temperature of 20°C to 25°C and 50% to 70%
humidity under a light/dark cycle of 12 hours with free
access to water and food. A total of 1 × 107 cells in 0.2
mL PBS (pH 7.4) and 30% (v/v) Matrigel matrix (Corning
Inc., Corning, NY, USA) were injected into the right submax-
illary region of the mice. Two weeks later, we evaluated
the tumor-bearing status of the mice and divided them into
two groups: the SP2509-treated group (intraperitoneal injec-

tion of SP2509 [25 mg/kg, once a day]) and control group
(intraperitoneal injection of an equal volume of vehicle [0.1%
DMSO]); mice continued treatment for 3 weeks. The tumor
volume and total body weights of the mice were measured
twice a week. The tumor size was calculated according to
the following formula: tumor volume (mm3) = (a × b2)/2,
where a is the length and b is the width of the tumor.

Statistical Analysis

All data are reported as the means ± standard deviations
as indicated in the figure legends, and the statistical signif-
icance of differences between two groups was determined
using the two-tailed Student’s t-test. All cell culture exper-
iments were performed at least three times independently.
P values <0.05 were considered statistically significant.

RESULTS

LSD1 Expression Is Increased in RB Tissues and
Cells

Prior reports have demonstrated that LSD1 is an ideal thera-
peutic target for a variety of cancers, such as AML8 and small
cell lung carcinoma20 owing to its high expression. Never-
theless, the underlying role of LSD1 in RB is unclear. There-
fore, we examined the levels of LSD1 in RB tissue samples
and RB cell lines (Y79, Weri-RB1). The IHC results showed
that LSD1 expression was significantly higher in RB tissues
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FIGURE 2. LSD1 overexpression promotes tumor growth, and knockdown of LSD1 suppresses cell proliferation in RB. (A) Y79 cells stably
overexpressing LSD1. (B) The MTT assay showing proliferation of cells overexpressing LSD1. The data are reported as the means ± standard
deviations (n = 3). Student’s t-test, *P < 0.05, **P < 0.01, (C) Colony formation assay showed the colony-forming ability of the indicated cells.
(D) Knockdown of LSD1 in Weri-RB1 cells by siRNA. (E, F) Cell viability and number of colonies produced in cells with LSD1 knockdown.
The data are reported as the means ± standard deviations (n = 3), Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.

than that in adjacent tissues (Figs. 1A, B). In addition, the
messenger RNA and protein levels of LSD1 were significantly
increased in RB cells compared with the negative control
retinal pigment epithelium cell line (ARPE-19) (Figs. 1C, D).
These data show that LSD1 was overexpressed in RB tissues
and cells.

LSD1 Overexpression Promotes Tumor Survival,
and Knockdown of LSD1 Suppresses Cell
Proliferation in RB

The influence of LSD1 on RB cell proliferation was subse-
quently investigated. Stable Y79 cells with LSD1 overexpres-
sion were constructed (Fig. 2A) and used to assess the abil-
ity to promote cell survival. The results of the MTT and
colony formation assays showed that high LSD1 expression
was favorable for cell proliferation (Figs. 2B, D). Overex-
pression of LSD1 weakly promoted cells from G1 phase to
S/G2 phase (Fig. 2C). To investigate the impact of down-
regulating LSD1 expression on cell proliferation, we trans-
ferred two small interfering fragments (siLSD1-1, siLSD1-
2) or NC siRNA into Weri-RB1 cells via electroporation
(Fig. 2E). MTT and colony formation assays demonstrated
that downregulation of LSD1 inhibited RB cell prolifera-

tion (Figs. 2F, G). Downregulation of LSD1 induced cell
cycle arrest at the G0/G1 phase (Fig. 2H). All of the above
results indicated that RB cell proliferation is regulated
by LSD1.

LSD1 Inhibitor SP2509 Suppresses the
LSD1-Induced Increases in Y79 and Weri-RB1 Cell
Proliferation In Vitro

SP2509 is a pan-HDAC inhibitor that has a potent antiprolif-
erative effect.21 Considering the above results, we performed
MTT and colony formation assays to determine whether
SP2509 inhibits RB cell proliferation. As a result, SP2509
inhibited Y79 and Weri-RB1 cell viability in a concentration-
and time-dependent manner. The IC50 values of SP2509
were 1.22 μM and 0.47 μM for 48 hours and 72 hours, respec-
tively, in Y79 cells, whereas Weri-RB1 cells with high LSD1
expression were more sensitive to SP2509 (IC50 values of
0.73 μM and 0.24 μM for 48 hours and 72 hours, respec-
tively). At the same concentration, the ability of SP2509 to
inhibit the viability of normal cells was reduced (Fig. 3A). As
shown in Figure 3B, RB cells but not normal cells exhibited
a significant decrease in the number of colonies after treat-
ment with SP2509 compared with that in the control-treated



LSD1 Inhibitor Suppresses Retinoblastoma Growth IOVS | March 2022 | Vol. 63 | No. 3 | Article 20 | 6

FIGURE 3. The LSD1 antagonist SP2509 reduces RB cell proliferation but has no significant influence on ARPE-19 under the same conditions.
(A, B) Proliferation of three cell lines (Y79, Weri-RB1, and ARPE-19) treated with SP2509 was evaluated by an MTT assay and a colony
formation assay. The data are reported as the means ± standard deviations (n = 3), Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.

cells. Consistent with the above results, SP2509 suppressed
LSD1-induced cell proliferation.

SP2509 Induces Cell Cycle Arrest at G0/G1 Phase
and Apoptosis of Y79 and Weri-RB1 Cells

The cell cycle distribution of RB cells was detected using
flow cytometry. As expected, the percentage of cells in
the G0/G1 phase gradually increased as the concentration
of SP2509 increased, and the percentage of cells in the
S/G2 phase gradually decreased (Figs. 4A, B). Collectively,
our results indicated that SP2509 induces cell cycle arrest
at the G0/G1 phase. Subsequently, apoptosis assays were
performed, and a higher percentage of RB cells in regions
Q2 and Q3 was observed after treatment with SP2509 for
48 hours. As shown in Figures 4C, D, Y79 cells treated with
0, 2.5 μM, and 5 μM SP2509 exhibited apoptosis rates of
15.07%, 20.14%, and 31.3%, respectively, whereas the apop-
tosis rates in Weri-RB1 cells treated with 0, 1, and 2 μM
SP2509 were 25%, 37%, and 39.64%, respectively. Western
blot analyses confirmed apoptosis induction via increased
levels of cleaved caspase 3 and PARP (Figs. 4E, F). Our results
indicate that SP2509 inhibits LSD1-induced cell proliferation
via arrest at the G1/S transition and subsequent apoptosis.

Treatment With SP2509 Induces H3K4me2
Expression and Inhibits β-catenin Signaling
Pathway-Related Protein Expression in Y79 and
Weri-RB1 Cells

RNA sequencing (RNA-seq) technology was used to eluci-
date the antiproliferative and proapoptotic mechanisms of

SP2509. Transcriptome analysis results showed that 2378
genes were markedly upregulated and 669 genes were
significantly downregulated (Fig. 5A), with Q values <0.001
and fold change ≥2. Among these genes, 75 genes were
highly correlated with cell growth and death (Fig. 5B). RT-
PCR was performed to confirm four upregulated genes, p16,
p19, p21, and GADD45β, and two downregulated genes,
C-myc and cyclin D3, and the results were consistent with the
RNA-seq results (Fig. 5C). KEGG pathway analysis revealed
that the inhibitory effect of SP2509 was associated with
genes involved in the Wnt signaling pathway (Fig. 5D).
Evidence from the literature states that LSD1 inhibition
promotes histone methylation,22 which we have confirmed.
Western blot assays illustrated that the protein levels of β-
catenin, C-myc, and cyclin D3 decreased after SP2509 treat-
ment (Figs. 5E, F). All of the above results indicate that
the antitumor mechanism of SP2509 is related to β-catenin
signaling.

SP2509 Exerts Significant Inhibition of Y79
Xenograft Growth

Due to the antiproliferative effect on RB cells in vitro,
we investigated the in vivo antitumor effect of SP2509 by
conducting subcutaneous xenograft experiments in BALB/c
nude mice. First, SP2509 (25 mg/kg/d, intraperitoneal injec-
tion) was shown to significantly suppress tumor growth
without affecting the total body weight of the animals
(Figs. 6A–D). We also assessed the Wnt/β-catenin signaling
pathway in vivo, and the protein levels of β-catenin, c-MYC,
and cyclin D3 were assayed by Western blot. The results
revealed decreased levels of β-catenin, c-MYC, and cyclin
D3, similar to the in vitro results (Figs. 6E, F).
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FIGURE 4. SP2509 induces cell cycle arrest at G0/G1 phase and apoptosis of Y79 and Weri-RB1 cells. (A, B) The cell cycle distribution was
assayed by flow cytometry, and SP2509 significantly induced G0/G1 cell cycle arrest in Y79 and Weri-RB1 cells. Each colored area in A
represents cells at different phases of the cell cycle: the green area represents cells in G1 phase, the yellow area represents cells in S phase,
and the blue area represents cells in G2/M phase. (B) Statistical results of the data from A. (C, D) Apoptosis of cells treated with SP2509 for
48 hours was evaluated via fluorescence-activated cell sorting (FACS). The data are reported as the means ± standard deviations (n = 3),
Student’s t-test, **P < 0.01, ***P < 0.001. (E, F) Western blot analysis of the levels of cleaved caspase 3 and PARP in two RB cell lines treated
with SP2509. The data are reported as the means ± standard deviations (n = 3), Student’s t-test, *P < 0.05, ***P < 0.001.

DISCUSSION

RB is the most common intraocular malignancy in children,
for which enucleation is the gold standard of treatment.23

Multimodal regimens that include chemotherapy, focal treat-
ment (such as transpupillary thermotherapy, cryotherapy
and laser photocoagulation), radiation therapy, and surgery
play a vital role in salvaging the globe. Nevertheless, vari-
ous side effects, such as induction of secondary tumors,
recurrence, and metastasis, are indicative of treatment fail-
ure; thus, new therapy strategies are urgently needed.

LSD1 overexpression has been shown to be associated
with poor prognosis in a variety of tumors, such as prostate,
lung, breast, and hematologic malignancies.24–28 However,
the effects and mechanisms of action underlying the role of

LSD1 in RB remain unclear. In the present study, we demon-
strated for the first time that the expression levels of LSD1
were significantly upregulated in primary RB tissues and RB
cells (Y79 and Weri-RB1) and confirmed that RB cell prolif-
eration is regulated by LSD1. Therefore, abnormal expres-
sion of LSD1 may also be significantly correlated with poor
prognosis in patients with RB. LSD1 has been a novel thera-
peutic target in a number of cancers, and its inhibitors have
great potential as anticancer therapies.29–31 We also showed
that suppressing LSD1 significantly inhibited RB prolifera-
tion both in vitro and in vivo; therefore, LSD1 may also be a
potential therapeutic target for RB.

The effect of LSD1 on cell cycle in RB cells was explored
to obtain a better understanding of the mechanism of
promoting tumor proliferation. As previously reported, LSD1
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FIGURE 5. Treatment with SP2509 increases H3K4me2 levels and inhibits the expression of β-catenin signaling pathway–related proteins
in RB cells. (A) RNA-seq was used to analyze the changes in mRNA expression profile of Y79 cells treated with SP2509. (B) Heatmap
analysis of genes related to cell survival in cells treated with SP2509. (C) Quantitative PCR analysis of four upregulated genes (p16, p19, p21,
and GADD45β) and two downregulated genes (C-myc and cyclin D3). *P < 0.05, **P < 0.01, ***P < 0.001. (D) KEGG pathway analysis of
upregulated and downregulated genes. (E, F) Western blot assays were used to analyze the expression of β-catenin pathway-related proteins,
LSD1, and H3K4/me2. The data are reported as the means ± standard deviations (n = 3), Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.

binding sites overlap significantly with those bound by the
S-phase gene transcription factor E2F1, promoting S-phase
entry and tumorigenesis.32 In our study, LSD overexpression
weakly promoted cells from the G1 phase to the S and G2
phases, and LSD1 knockdown induced cell cycle arrest at
the G0/G1 phase. The reason for weakly promoting S-phase
entry may be as strongly proliferative ability and highly LSD1
expression in Y79.

The development of LSD1 inhibitors for clinical treat-
ment of tumors is one of the most promising approaches
for cancer therapy.33 Moreover, understanding the underly-
ing antitumor mechanisms of inhibitors is important for the
effective treatment of patients. SP2509 is a novel LSD1 antag-
onist, and the literature states that SP2509 can significantly
inhibit viability in other types of cancer cells. In our study,
we demonstrated that SP2509 did not directly inhibit LSD1
expression but rather led to the accumulation of H3K4/me2
by inhibiting the activity of LSD1 in RB, which is consis-
tent with data reported in the literature.14 We also observed
that in multiple models of RB, SP2509 exhibited potent
inhibitory effects on cell proliferation and colony forma-
tion, induced G1/S phase arrest and apoptosis in vitro, and
ameliorated tumor growth in vivo. This suggests that SP2509
is a potential candidate for RB treatment. Previous work

has demonstrated that SP2509 targets JAK/STAT signaling
in various cancer cells34 and engages the endoplasmic retic-
ulum stress pathway in the treatment of Ewing sarcoma.16

In the present study, we observed that the antitumor
mechanism of SP2509 is at partially mediated by suppres-
sion of the β-catenin pathway. The protein expression of
P21, P16, and P19 was significantly altered in our study,
but additional research of biochemical mechanisms is still
necessary.

Cisplatin (DDP) is a well-known chemotherapy drug that
has been widely used to treat different types of cancers, such
as bladder cancer, head and neck cancer, sarcoma, and bone
cancer.35 It is also a common chemotherapeutic agent for
RB.36 Recently, chemotherapy drugs combined with other
drugs to enhance their efficacy, reduce toxicity, and over-
come drug resistance have gradually been introduced in the
treatment of cancer.37,38 In our study, we explored whether
SP2509 and cisplatin exerted synergistic effects and whether
the combination of these two drugs affects colony formation,
apoptosis, and the expression of apoptosis-related proteins.
No obvious synergistic effect between the two drugs was
found (data not shown), but further experiments on combi-
nations with other drugs, which may be more effective in
treating RB, need to be explored.
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FIGURE 6. SP2509 inhibits Y79 xenograft tumor growth. (A, B) Tumor size and total body weight measured at the indicated time points in
the two groups. (C, D) Tumor tissues were removed and weighed after 21 days of treatment. (E, F) Western blot assays were used to detect
the β-catenin, C-myc, and cyclin D3 protein levels in tumor tissues after 21 days of SP2509 treatment. (A, D, F) Student’s t-test, *P < 0.05,
**P < 0.01.

In conclusion, our study highlighted an important role of
LSD1 in promoting tumor growth in RB. LSD1 may serve as
a valuable target for treating patients with RB and clinical
translational research.
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