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Abstract. Lysine-specific demethylase 1  (LSD1) has been 
identified and biochemically characterized in epigenetics; 
however, the pathological roles of its dysfunction in mantle cell 
lymphoma (MCL) and T-cell acute lymphoblastic leukemia 
remain to be elucidated. In this study, we evaluated LSD1, and 
histone H3 lysine 4 (H3K4)me1 and H3K4me2 expression in 
patients with MCL and silenced LSD1 in JeKo‑1 and MOLT‑4 
cells, in order to define its role in JeKo‑1 and MOLT‑4 cell 
proliferation and apoptosis. We retrospectively analyzed the 
protein expression of LSD1, and mono- and dimethylated 
H3K4 (H3K4me1 and H3K4me2), and cyclin D1 and Ki67 in 
30 cases of MCL by immunohistochemistry. The correlation 
of LSD1, H3K4me1 and H3K4me2 with Ki67 was determined 
by statistical analysis. LSD1 was silenced by small interfering 
RNA (siRNA). Cell apoptosis and cell proliferation were detected 
by flow cytometry and 3-(4,5-dimethylthiazol‑2-yl)‑2,5-diphe-
nyltetrazolium bromide (MTT) assay. The protein expression 
levels of LSD1, histone methylated H3K4, histone acetylated 
H3, cyclin D1, apoptotic proteins, p15 and DNA methyltrans-
ferase 1 (DNMT1) were examined by western blot analysis. We 
demonstrated that LSD1 was upregulated, and that H3K4me1 
and H3K4me2 were downregulated in the cases with MCL, 
compared to those with proliferative lymphadenitis (p<0.05). 
LSD1 positively correlated with Ki67 in MCL  [Cohen's 
kappa (κ)=0.667, p<0.01]. There was no significant correlation 
between H3K4me1 and H3K4me2, and Ki67 (κ=-0.182, p>0.05, 
κ=-0.200, p>0.05). The silencing of LSD1 decreased the levels 
of the apoptosis-related proteins, Bcl-2, pro-caspase-3 and 
C-myc, and decreased those of DNMT1 and increased p15, and 
resulted in the loss of cell viability and the induction apoptosis. 

The silencing of LSD1 increased the expression of H3K4me1 
and H3K4me2, and histone acetylated H3 in the JeKo‑1 and 
MOLT‑4 cells. LSD1 siRNA also decreased cyclin D1 expres-
sion in the JeKo‑1 cells. On the whole, our findings demonstrate 
that the overexpression of LSD1 may be associated with the 
pathogenesis in MCL. We demonstrated that the silencing of 
LSD1 is capable of removing the mono- and dimethyl groups 
from H3K4, and upregulating the histone acetylation of H3 in 
JeKo‑1 and MOLT‑4 cells. The silencing of LSD1 inhibited cell 
growth and induced cell apoptosis. Of note, in JeKo‑1 cells, the 
silencing of LSD1 decreased cyclin D1 expression, which is one 
of the genes that contribute to the pathogenesis of MCL. LSD1 
may thus be a possible therapeutic target in MCL and acute 
lymphoblastic leukemia MOLT‑4 cells.

Introduction

In recent years, epigenetics has become a hot topic in cancer 
research. The balance of methylation and demethylation in 
epigenetic modification affects gene expression and cellular 
activity. Studies have demonstrated that aberrant histone lysine 
methylation in cancer is associated not only with the repression 
of chromatin related to specific genes, but also with the repres-
sion of large chromosomal regions (1). Epigenetic alterations in 
lysine-specific demethylase 1 (LSD1; also known as KDM1A) 
have been shown to play a key role in carcinogenesis (2). As LSD1 
belongs to the flavin-dependent amine oxidase family, LSD1 
specifically catalyzes the demethylation of mono- and dimeth-
ylated histone H3 lysine 4 (H3K4) and H3 lysine 9 (H3K9) 
through a redox process. LSD1 is overexpressed in many solid 
tumors such as breast, colon, neuroblastoma, bladder, small cell 
lung and prostate cancers (3-7) and plays an important role in 
leukemia (8), attracting steadily increasing attention as a major 
target for epigenetic drug discovery (9-11). To date, only few 
studies have implicated LSD1 in mantle cell lymphoma (MCL) 
and T-cell acute lymphoblastic leukemia (T-ALL) (12).

MCL is a type of non-Hodgkin's lymphoma  (NHL), 
comprising approximately 6% of all NHL cases. MCL cells 
generally overexpress cyclin D1 due to a t(11;14)(q13;q32) chro-
mosomal translocation, which plays an important role in the 
pathogenesis of the disease. These cases exhibit a higher prolif-
erative activity and a more aggressive clinical evolution (13). 
Conventional therapy leads to complete remission in only 
10-15% of patients. T-ALL, which accounts for 25% of cases 
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of adult ALL, is characterized by the malignant clonal expan-
sion of immature T-cell progenitors (14). These are aggressive 
malignancies that do not respond well to chemotherapy and 
have a poorer prognosis than their B cell counterparts.

In this study, we investigated the state of LSD1 and the 
histone methylation of H3K4me1 and H3K4me2 in MCL. We 
also examined the correlation of LSD1 and H3K4me1 and 
H3K4me2 with Ki67, which is prognostic marker in MCL. 
Furthermore, we silenced LSD1 using small interfering 
RNA (siRNA) and measured consequent histone modification, 
gene transcription, cell proliferation and apoptosis in JeKo‑1 
and MOLT‑4 cells.

Materials and methods

Patients and specimens. Surgical specimens from 30 patients 
with MCL obtained at the Zhangzhou Affiliated Hospital 
of Fujian Medical University, Zhangzhou, China between 
January  2005 and December  2010, were retrospectively 
collected for analysis. Lymphoid tissue samples were collected 
from all participants after obtaining written informed 
consent. This study was approved by the Ethics Committee of 
Zhangzhou Affiliated Hospital of Fujian Medical University. 
Diagnosis was made according to the WHO classification. In 
all 30 cases of MCL, cyclin D1 was overexpressed. Samples 
of patients with hyperplastic lymphadenitis (n=30) were used 
as controls. None of the patients had received radiotherapy or 
chemotherapy prior to surgery.

Antibodies. Antibodies for rabbit against human mono-
methylated  H3K4 (cat.  no.  07-436), dimethylated  H3K4 
(cat. no. 07-030) and trimethylated H3K4 (cat. no. 07-992), 
rabbit against human acetylation H3 (cat. no. 07‑677‑I), and 
rabbit against human LSD1 (cat. no. 07‑705) were purchased 
from Upstate Biotechnology (Lake Placid, NY, USA); anti-
bodies for cyclin D1 (EP12) and Ki67 (MIB1) were from (Dako, 
Glosrup, Denmark). Antibodies for Bcl-2 (cat. no.  sc-578), 
Bax (cat.  no.  sc-20067), pro-caspase-3 (cat.  no.  sc-22139), 
C-myc (cat. no. sc-4084), p15 (cat. no. sc-271791), DNMT1 
(cat. no. sc-514784) and β‑actin (cat. no. sc-8432) were from 
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Tissue microarray (TMA) construction and immunohistochem-
istry. The archival formalin-fixed and paraffin wax-embedded 
tissue blocks of 30 MCL and 30 hyperplastic lymphadenitis 
samples were removed by surgery. A representative tumor 
paraffin block  (donor block) was collected from each case, 
and two tissue cores (2 mm in diameter) were obtained using a 
trephine apparatus. Trephinated paraffin tissue cores were then 
arranged in a new recipient paraffin block (tissue array block). 
Cores containing tumors in >50% of the area were considered 
adequate. Immunohistochemical staining was performed using 
commercial polyclonal rabbit antibodies to histone demethy-
transferase LSD1, and mono- and dimethyl histone H3K4, Ki67 
and cyclin D1. Tissue array blocks were sectioned at a thickness 
of 4 µm and mounted on pre-coated glass slides. The sections 
were deparaffinized and hydrated prior to immunohistochem-
istry. The immunohistochemical SP method was performed 
according to the manufacturer's instructions. Tissues positive 
for all the purchased antibodies were used as positive controls. 

Negative control staining was carried out by substituting non-
immune rabbit and phosphate‑buffered saline (PBS) for the 
primary antibodies. The positive control exhibited brown color 
in the nuclei. Chevallier's semi-quantity system analysis was 
used in the calculation of the results of immunohistochemistry. 
For LSD1, mono and dimethylated histone H3K4, the results 
are presented as the sum of scores presenting color density and 
the percentage of stained cells. According to color density, non-
stained cells were scored as 0, slightly stained were scored as 1, 
intermediate-stained werescored as 2 and strongly stained were 
scored as 3. When the number of positive cells was <25, 25-50, or 
50-75, or >75%, the immunoreactivity was scored as 0, 1+, 2+, 3+ 
and 4+, respectively. The two scores of presenting color density 
and the number of positive cells were added for each slide. The 
sum that was 0 was negative, 1-2 was presented as +, 3-4 as ++, 
5-6 as +++, and 7 as ++++. If the sum of the two scores was <2, it 
was considered negative staining and >2 was considered positive 
staining. The scores of each patient group were averaged.

The Ki67 index was defined as the percentage of Ki67-
positive tumor cells in representative areas of the lymphoma. 
To count the number of Ki67-positive cells, 2 representative 
areas were selected. A representative area was defined not to 
contain residual germinal centers, hot spots of proliferation or 
proliferating T-cells. Hot spots of proliferation were areas of 
tumor cells of <2 high-power fields in size (field of vision at 
x400 magnification), which proliferate higher than the rest of 
the tumor. Counting was performed by one observer. The posi-
tive cells among 500 cells were counted using an eyepiece with 
a grid in a 40X objective. The Ki67 index was calculated as the 
percentage of positive cells by averaging the values obtained 
for the 2 areas (count-Ki67 index) with a semi-quantitative 
evaluation system, consisting of 4 levels: <10, 10-30, 30-50 and 
>50% labeled cells. Negative control staining was obtained by 
omitting the primary antibodies.

Cell culture. The human MCL JeKo‑1  (MCL) and 
MOLT‑4  (acute lymphoblastic leukemia) cell lines used in 
this study were purchased from the Shanghai Institute of Cell 
Bank (Shanghai, China). The cells were cultured in 10% fetal 
bovine serum, and RPMI-1640 containing 2 mM L-glutamine 
under 37˚C, saturated humidity and 5% CO2. The cells were 
subcultured every 3-5 days. The cells were seeded and treated 
with the desired siRNA concentrations in different time points.

siRNA and transfection. The cells were seeded with 5x104 cells 
in 96-well plates, and incubated for 2-4 days in standard 
medium in the presence of 10-20  nmol/l  siRNA directed 
against LSD1. The siRNA LSD1 sequences used in this study 
were as follows: siRNA LSD1 (sense, 5'-CCACGAGUCAAA 
CCUUUAUTT-3' and antisense, 5'-AUAAAGGUUUGACU 
CGUGGTT-3'), which was synthesized by Shanghai 
GenePharma  Co.,  Ltd.  (Shanghai, China); the cells were 
transfected using Lipofectamine™ 2000 according to the 
manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). 
Inducible JeKo‑1 and MOLT‑4 cells (1x105 cells/well) were 
seeded onto 24-well plates (Costar Life Science, Acton, MA, 
USA) and transiently transfected with the desired concentra
tions of LSD1 siRNA. All experiments were conducted in 
triplicate using independent cultures. Both total RNA and 
protein were extracted at 24 h after transfection.
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Reverse transcription-polymerase chain reaction (RT-PCR). 
Total RNA was extracted from samples of 1x106 cells using 
TRIzol reagent (Invitrogen). The quantity and quality of the 
RNA samples were measured by absorbance at 260 and 280 nm. 
RNA samples with an A260, A280 ratio of 1.8-2.0 were stored 
at -80˚C until use. Copy DNA synthesis was performed using 
an avian myeloblastosis virus reverse transcriptase kit, according 
to the manufacturer's instructions (Promega, Madison, WI, 
USA). β-actin was used as an internal control. The primers 
used in the PCR amplifications were: LSD1 forward, 5'-GTT 
GGAGAGTAGCCTCAAATGTC-3' and reverse, 5'-TGACC 
GGATGACTTCTCAAGA-3'; and β-actin forward, 5'-GAGA 
CCTTCAAGACCCCAGCC-3 and reverse, 5'-TCGGGG 
CATCGGAACCGCTCA-3'. In addition, the amplicon size 
was 155  basepairs  (bp), 404  bp for LSD1 and β-actin, 
respectively. The PCR reaction conditions were: 95˚C for 
30 sec, 60˚C for 30 sec, 72˚C for 40 sec, and was repeated 
32 cycles. PCR-amplified products were electrophoresed on 
1.5% (w/v) agarose gels with 1 µg/ml ethidium bromide. The 
experiments were repeated twice.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro 
mide (MTT) growth inhibition assay. To examine the effect of 
the silencing of LSD1 by siRNA on cell growth, cell viability 
assay was determined using MTT. The JeKo‑1 and Motl-4 cells 
were seeded at a density of 1x105 cells/well in 96-well culture 
dishes (Costar Life Science) and treated with siRNA directed 
against LSD1. This was followed by transfection (n=5) with 
the indicated concentrations of LSD1  siRNA at different 
time points in the JeKo‑1 and MOLT‑4 cells. Cell prolifera-
tion was measured by MTT assay (0.5 mg/ml; Sigma-Aldrich, 
St. Louis, MO, USA), which was accomplished as indicated. 
The spectrophotometric absorbance of the samples was deter-
mined using the Ultra Multifunctional Microplate Reader 
(Tecan, Durham, NC, USA) at 492 and 630 nm for absor-
bance (OD value). The inhibitionn ratio was also calculated. 
The experiment was repeated in triplicate. Cell proliferation 
rate (%) = (Aexperiment - Ablank)/(Acontrol - Ablank) x100%.

Evaluation of apoptosis by flow cytometry. Apoptosis assay 
was performed according to the manufacturer's instruc-
tions (BD  Biosciences, San Jose, CA ,USA). A total of 
1x106 cells/well were seeded in 6-well plates  (Costar Life 
Science) with sterile cover glass placed at the bottom of 
each well, and then transfected with negative control siRNA, 
or 40, 80 and 120 nmol/l of LSD1 siRNA for 24 h, while 
at at the logarithmic phase (for JeKo‑1 cells), and at 30, 60 
and 120 nmol/l LSD1 siRNA for 24 h (for MOLT‑4 cells). 
The cells were then resuspended in binding buffer and stained 
with Annexin V-FITC/propidium iodide (PI) following the 
manufacturer's instructions (BD Biosciences) by flow cytom-
etry (Epics-XL; Beckman Coulter, Inc., Brea, CA, USA). A 
total of 10,000 events/sample were acquired on the FACScan. 
Fluorescent commissions were collected through 5.30 
and 5.70 nm pass filters for FITC and PI, respectively. The 
measurements were performed independently at least 3 times 
with similar results.

Western blot analysis for the detection of the protein expres-
sion of LSD1, monomethylated H3K4, dimethylated H3K4, 

trimethylated H3K4 and Act-H3, and apoptosis-related 
proteins. Total protein lysis and western blot analysis were 
performed according to the instructions of the manufac-
turer (Pierce, Rockford, IL, USA). Briefly, the JeKo‑1 and 
MOLT‑4 cells were plated on culture dishes and transfected 
with LSD1 siRNA at the indicated concentrations for the 
JeKo‑1 and MOLT‑4 cells for 24 h. The control cells were 
incubated in medium with Na2CO3 using same the time points. 
Following transfection with siRNA LSD1, total proteins were 
prepared from each culture condition with lysis buffer (Pierce) 
containing freshly prepared protease inhibitors. Protein 
concentration was then measured using BCA protein assay 
(Pierce). Cell extracts were subjected to 12% SDS-PAGE 
and electrophoretically transferred onto nitrocellulose 
membranes. The membranes were incubated with monoclonal 
anti-mono-, di- and trimethylated histone H3K4, anti-histone 
acetylated H3, LSD1 (Upstate Biotechnology), Bcl-2, Bax, 
pro-caspase-3, C-myc, p15, DNMT1 and cyclin D1 (Santa Cruz 
Biotechnology, Inc.) antibodies. After being washed with TBS, 
the membranes were incubated with secondary antibodies 
conjugated with peroxidase [goat anti‑rabbit (cat. no. sc‑3837) 
and goat anti‑mouse (cat. no. sc‑395758) antibodies; Santa 
Cruz Biotechnology, Inc.]. The signal was then detected using 
the chemiluminescent detection system (Pierce) and analyzed 
by a color image analysis system  (AlphaDigiDoc; Alpha 
Innotech).

Statistical analysis. All statistical calculations were performed 
using SPSS version 18.0 for Windows software (SPSS, Inc., 
Chicago, IL, USA). Data are presented as the means ± SD. The 
t test was carried out to compare the levels of the parameters 
between 2 groups. Differences between the values were assessed 
for statistical significance using the Chi-square, Wilcoxon rank 
sum test, one-way analysis of variance (ANOVA) and repeated 
measure ANOVA to evaluate correlations between Ki67 
and LSD1, and H3K4me1 and H3K4me2. Agreement measure 
was calculated by Cohen's kappa statistic κ. The statistical 
level of significance was set at the 5% level (p<0.05).

Results

High expression of LSD1 and lower expression of methylated 
H3K4me1 and H3K4me2 in MCL. LSD1 expression is upregu-
lated in MCL cancer tissues. We first examined the expression 
levels of LSD1 in 30 MCL and 30 hyperplastic lymphade-
nitis (controls) by TMA staining. A high LSD1 expression was 
detected in the nuclei of malignant cells, while less staining 
was observed in the non-neoplastic tissues (Fig. 1). Specifically, 
high levels of LSD1 expression (score, 3+ to 4+) were observed 
in 15 out of the 30 (50.0%) cases of MCL, and in 17% (5 out 
of 30) of the controls, indicating a significant elevation of 
LSD1 expression in MCL (p<0.01) (Table I). The expression of 
H3K4me1 in the MCL cases was 33% (10/30), lower than that in 
the controls (71%; 23/30; p<0.01). The expression of H3K4me2 
in the MCL cases was 10% (3/30), lower than that in the contr
ols (47%; 14/30; p<0.01) (Table I). Thus, we hypothesized that 
LSD1 may play an important role in the pathogenesis of MCL.  
In addition, the expression of cyclin D1 in the MCL cases was 
100% positive, but that in the hyperplastic lymphadenitis cases 
was 100% negative.
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Correlation of methylated H3K4me1 and H3K4me2, and 
LSD1 with Ki67 in MCL. To evaluate the clinical significance 
of LSD1 overexpression in MCL, we examined whether the 
expression levels of LSD1, H3K4me1 and H3K4me2 correlated 
with Ki67, which is a poor prognostic factor in MCL. The Ki67 
labeling index was 100% in MCL [≤10, 66.7% (20/30; 11-30%, 
16.7% (5/30); 31-50%, 6.7 (2/30); and >50%, 10.0% (3/30)]. The 
mean index was 12.53±23.70%. In hyperplastic lymphadenitis, 
the Ki67 score was as follows: ≤10, 93.3% (28/30); and 11-30%, 

only 6.7%. The mean index was 1.97±2.70%, p<0.05 (Fig. 1 and 
Table II). To evaluate the correlation of LSD1, H3K4me1 and 
H3K4me2 with Ki67, we examined the correlation between LSD1, 
H3K4me1 and H3K4me2 with Ki67 by statistical analysis. The 
data indicated that the Ki67 labeling index positively correlated 
with LSD1 (κ=0.667, p<0.01). There were no significant correla-
tions between H3K4me1 and H3K4me2, and Ki67 (κ=-0.182, 
p>0.05, κ=-0.200, p>0.05) (Table III). This suggested that LSD1 
may be one of the prognostic factors in MCL.

Table I. Expression of LSD1, H3K4me1 and H3K4me2 in MCL cases.

	 MCL cases (n=30) 	 Control cases (n=30)
	 --------------------------------------------------------	 ---------------------------------------------------------
	-	  +	 2+	 3+	 4+	 Rate (%)	-	  +	 2+	 3+	 4+	 Rate (%)	 χ2	 P-value

LSD1	 0	 5	 10	 12	 3	 50.0	 2	 7	 16	 4	 1	 17	 7.5	 0.0062 
H3K4me1	 3	 3	 14	 9	 1	 33.3	 0	 1	 6	 19	 4	 71	 11.38	 0.0007
H3K4me2	 16	 6	 5	 3	 0	 10.0	 1	 8	 7	 12	 2	 47	 9.93	 0.0016

LSD1, lysine-specific demethylase 1; MCL, mantle cell lymphoma.

Table II. Expression of Ki67 in MCL cases.

	 Ki67
	 -------------------------------------------------------------------------------------------------------------------------------------------------------------------
	 ≤10%	 11-30%	 31-50%	 >50%	 Mean ± SD	 P-value

MCL, n (%)	 20 (66.7)	 5 (16.7)	 2 (6.7)	 3 (10)	 12.53±23.70	 <0.05
Control, n (%)	 28 (93.3)	 2 (6.7)	 0	 0	 1.97±2.70

MCL, mantle cell lymphoma.

Figure 1. Expression of H3K4me1, H3K4me2 methylation, lysine-specific demethylase 1 (LSD1), Ki67 and cyclin D1 in mantle cell lymphoma (MCL). H3K4me1, 
H3K4me2 methylation, LSD1, Ki67 and cyclin D1 were detected by immunohistochemistry. Tissue microarray (TMA) was constructed and immunohisto-
chemical staining was performed. Chevallier's semi-quantity system analysis was used in the calculation of immunohistochemistry results in histone H3K4me1, 
H3K4me2, LSD1 and cyclin D1. Ki-67 values obtained by the counting of 500 cells using an eyepiece with a grid in a 40X objective.
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Silencing efficiency by transfection of JeKo‑1 and MOLT‑4 
cells with LSD1 siRNA. At 24 h following transfection with 
the indicated concentrations of LSD1 siRNA into the JeKo‑1 
and MOLT‑4 cells, green fluorescence in the transfected cells 
was observed by an inverted fluorescence microscope, and 
transfection efficiency was calculated, which was 90±4.34 in 
the JeKo‑1 and 64±2.18% in the MOLT‑4 cells (n=5) (Fig. 2A). 
The amplification of LSD1 mRNA was decreased in a concen-
tration-dependent manner. The gray value (to β-actin) indicated 
that the amplification of LSD1 was 1.02±0.17 at 40 nmol/l, 
0.89±0.13 at 80 nmol/l and 0.13±0.04 at 120 nmol/l in the 
JeKo‑1 cells, compared to the controls (1.02±0.17, χ²=18.61; 
p<0.05) (Fig. 2B). Compared to the controls, the protein expres-
sion of LSD1 deceased in a concentration-dependent manner. 
Following transfection with 40, 80 and 120 nmol/l LSD1 siRNA 
into the JeKo‑1 cells for 24 h, the protein expression of LSD1 
was decreased 0.38-, 0.21- and 0.15-fold respectively. Following 
transfection with siRNA LSD1 at 120 nmol/l for 24 h, LSD1 
expression was decreased by 85.56% (Fig. 2C and D). The 
gray value  (to β-actin) indicated that the amplification of 
LSD1 was 0.302±0.083 at 30 nmol/l, 0.153±0.082 at 60 nmol/l 
and 0.091±0.024 at 120 nmol/l in the MOLT‑4 cells, compared 
to the controls  (0.967±0.124, p<0.05)  (Fig. 2B). Following 
transfection with siRNA LSD1 at 120 nmol/l for 24 h, LSD1 
expression was decreased by 67.67% (Fig. 2C and D).

Silencing of LSD1 inhibits cell proliferation and promotes the 
apoptosis of JeKo‑1 and MOLT‑4 cells. The inhibition of LSD1 
impaired the proliferation and induced the apoptosis of MCL 
cells in vitro. We performed a knockdown experiment using 
siRNA targeting LSD1, to further investigate the roles of LSD1 
in the proliferation and apoptosis of JeKo‑1 and MOLT‑4 cells. 
The silencing of LSD1 significantly suppressed the proliferation 
of the JeKo‑1 and MOLT‑4 cells. The cells were transfected with 
various concentrations of LSD1 siRNA for 24 h. We detected 
the OD value of JeKo‑1 and MOLT‑4 cells by MTT assay to 
generate cell growth curves. In the JeKo‑1 cell line, approxi-
mately 87.64±5.73%  proliferation was observed following 
transfection with LSD1 siRNA at 40 nmol/l, 70.23±2.57% at 
60 nmol/l, 55.41±4.24% at 80 nmol/l, 38.15±2.24% at 100 nmol/l 
and 28.72±1.82% at 120 nmol/l, compared to 98.42±1.12% 
in the controls (0 nmol/l) (p<0.01). In the MOLT‑4 cell line, 

approximately, 83.02±1.69% cell proliferation was observed 
following transfection with LSD1  siRNA at 30  nmol/l, 
65.72±2.16% at 60  nmol/l, 41.15±2.23% at 120  nmol/l, 
compared to 99.65±1.21% in the controls (0 nmol/l) (p<0.01). 
Cell proliferation decreased along with siRNA LSD1 trans-
fection in a concentration‑dependent manner  (Fig. 3A). In 
the JeKo‑1 cells, following transfection with LSD1 siRNA 
at 80  nmol/l, the cell proliferation rate was 83.56±4.51, 
54.14±4.15, 33.15±5.50, 25.42±7.85 and 17.50±5.32% at 12, 24, 
36, 48 and 60 h, respectively. In the MOLT‑4 cells, following 
transfection with LSD1 siRNA at 60 nmol/l, the cell prolifera-
tion rate was 65.72±2.16, 48.26±1.92 and 37.86±1.66%, at 24, 
48 and 72 h, respectively. LSD1 siRNA induced the loss of cell 
viability in a time-dependent manner (Fig. 3B).

To verify whether the LSD1 siRNA-induced cytotoxicity 
was due to the induction of apoptosis, Annexin  V-FITC 
labeling was performed following 24 h. In the JeKo‑1 cells, the 
apoptotic rate was 13.5±2.7, 34.2±4.4 and 44.5±6.3% following 
transfection with siRNA LSD1 at 40, 80 and 120 nmol/l for 
24 h, respectively, compared to the untreated cells (4.3±1.2%, 
F=33.41, p<0.01) (Fig. 4A). In the MOLT‑4 cells, the apoptotic 
rate was 12.16±1.74, 32.74±2.47 and 54.64±2.58% following 
transfection with siRNA LSD1 at 30, 60 and 120 nmol/l for 
24 h, respectively, compared to the untreated cells (3.35±1.26%, 
p<0.05)  (Fig.  4B). The apoptotic rate was increased in a 
concentration-dependent manner. We further investigated the 
expression of the apoptosis-associated proteins, pro-caspase-3, 
Bcl-2, C-myc and Bax. Our results revealed that the silencing 
of depletion of LSD1 induced the break-up of pro-caspase-3, 
Bcl-2 and C-myc significantly, and the upregulation of Bax. 
The silencing of the LSD1 gene with LSD1 siRNA in the 
JeKo‑1 cells at 40, 80 and 120 nmol/l for 24 h decreased Bcl-2 
expression 0.59-, 0.69- and 0.89-fold, respectively. The expres-
sion of pro-caspase-3 was decreased 0.13-, 0.25- and 0.52-fold, 
respectively. The expression of C-myc was also decreased 0.40-, 
0.49- and 0.73-fold, respectively. Bax was increased 1.80-, 
5.43- and 7.32-fold, respectively. A simlar effect was observed 
in the MOLT‑4 cells. In the MOLT‑4 cells, siRNA LSD1 also 
decreased DNMT1 expression, and increased p15 expres-
sion (Fig. 5).

Silencing of the LSD1 gene modulates histone methylation 
and acetylation, and downregulates cyclin D1. To examine 
our hypothesis, siRNA LSD1 was used to silence LSD1 gene 
expression, and this was found to upregulate methylated 
H3K4me1 and H3K4me2 in the JeKo‑1 and MOLT‑4 cells. 
The effect on histone lysine methylation was examined by 
immunocytochemistry using an antibody against H3K4me1 
and H3K4me2. Following transfection of the JeKo‑1 cells with 
LSD1 siRNA at 40, 80 and 120 nmol/l for 24 h, the expres-
sion of H3K4me1 was increased 1.18-, 1.66- and 2.01-fold, 
respectively compared to the untreated cells. The expres-
sion of H3K4me2 was increased 1.22-, 1.73- and 2.03-fold, 
respectively compared to the untreated cells. However, the 
expression of histone trimethylated H3K4me3 was not altered 
significnatly  (Fig.  6). The effects of siRNA  LSD1 in the 
MOLT‑4 cells were similar as those observed in the JeKo‑1 
cells (Fig. 6). These data indicate that LSD1 is probably a 
H3K4me1 and H3K4me2 demethylase. LSD1 siRNA increased 
the histone acetylation of H3 in the JeKo‑1 and MOLT‑4 

Table III. Correlation of LSD1, H3K4me1 and H3K4me2 with 
Ki67 in MCL.

	 LSD1	 H3K4me1	 H3K4me2
	 ------------------------	 ----------------------------	 --------------------
Ki67	 +	-	  +	-	  +	-

+	 10	 0	 2	 8	 0	 10
-	 5	 15	 8	 12	 3	 17
κ	 0.667	 -0.200	 -0.182
P-value	 <0.01	 >0.05	 >0.05

Ki67 >10% and LSD1, H3K4me1, H3K4me2 +++ to ++++ are given 
as positive. LSD1, lysine-specific demethylase 1; MCL, mantle cell 
lymphoma.
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cells. At 24 h following transfection with LSD1 siRNA, the 
expression of histone acetylation H3 increased 1.25-, 1.42- and 
1.56‑fold. As MCL is characterized by carrying the t(11;14)

(q13;q32)  translocation that leads to the overexpression of 
cyclin D1, we further examined the effects of siRNA LSD1 on 
cyclin D1. The expression of cyclin D1 was decreased 0.79-, 

Figure 2. (A) JeKo‑1 cells (left panel) were transfected with lysine-specific demethylase 1 (LSD1) small interfering RNA (siRNA) and after 24 h the transfec-
tion efficiency was examined under a fluorescence microscope. The transfection efficiency was 90±4.34% (n=5). MOLT‑4 cells (right panel) were transfected 
with LSD1 siRNA and after 24 h, the transfection efficiency was examined under a fluorescence microscope. The transfection efficiency was 64±2.18% (n=5). 
(B) mRNA expression of LSD1 following transfection with various concentrations of siRNA in JeKo‑1 and MOLT‑4 cells. At 24 h after transfection, the amplifi-
cation of LSD1 mRNA was decreased in a concentration-dependent manner. The amplification of LSD1 was 1.02±0.17 at 40 nmol/l, 0.89±0.13 at 80 nmol/l, and 
0.13±0.04 at 120 nmol/l in the JeKo‑1 cells, compared to the controls (1.02±0.17, χ²=18.61, p<0.05; upper panel). Compared to the controls, the protein expression 
of LSD1 was deceased in concentration-dependent manner. The amplification of LSD1 was 0.302±0.083 at 30 nmol/l, 0.153±0.082 at 60 nmol/l and 0.091±0.024 
at 120 nmol/l in the MOLT‑4 cells, compared to the controls (0.967±0.124, p<0.05; lower panel). (C) Following transfecton with siRNA LSD1 at the indicated 
concentrations for 24 h, the protein expression of LSD1 was decreased in a concentration-dependent manner in the Jako-1 and MOLT‑4 cells. (D) Relative protein 
density (*p<0.05 vs. 0 nmol/l).
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0.5- and 0.49-fold following transfection with siRNA LSD1 at 
the indicated concentrations (Fig. 6).

Discussion

LSD1 was the first histone demethylase to be identified, which 
belongs to the flavin-dependent amine oxidase family. It is 
composed of 3 domains, including an N-terminal SWIRM 
domain, a conserved motif shared by many chromatin regula-
tory complexes, an amine oxidase domain (AO domain) and 
a C-terminal Tower domain (15-17). LSD1 cooperates with 
CoREST, CtBP24 corepressor complex, demethylates histone 
H3K4 and H3K9 through this interaction (18-20) and regulates 
the expression of its target gene by this epigenetic modifica-
tion.

Epigenetic aberrations, including DNA methylation, 
histone modifications and microRNA dysregulation are now 
well established in the pathogenesis in many types of cancer, 

including ovarian cancer, some leukemia, breast, small‑cell 
lung, colorectal, prostate, neuroblastoma and bladder 
cancers (3,10,21), and are thought to be one of the most impor-
tant mechanisms of tumorigenesis (5,22). In ovarian cancer, 
colon cancer and prostate cancer, their gradual accumulation is 
associated with an advanced disease stage and grade (6,23‑26). 
Our previous study showed that JARID1B, another histone 
demethylase, was highly expressed in MCL, resulting in 
the downregulation of histone methylation H3K4me31 and 
histone H3 was hypomethylated at H3K4, and hypermethyl-
ated at H3K9 in leukemia patients (26,27). In this study, we 
provide evidence that LSD1 is highly expressed, and H3K4me1 
and H3K4me2 are expressed at low levels in MCL. A strong 
point of this study was the finding that the expression of LSD1 
significantly positively correlated with Ki67 (κ=0.667, p<0.01), 
which is a poor prognostic marker in MCL. It may related to 
the function that LSD1 promotes metastasis in various types of 
cancer cells (28-31).

Figure 4. Lysine-specific demethylase 1 (LSD1) small interfering RNA (siRNA) induced the apoptosis in (A) JeKo‑1 and (B) MOLT‑4 cells. Cells (1x105) were 
seeded into 96-well culture dishes and treated with LSD1 siRNA at the indicated concentration for 24 h. Annexin V-propidium iodide (PI) staining was per-
formed to determine the apoptotic cell population. Apoptosis was increased gradually following transfection with siRNA LSD1 at the indicated concentrations 
for 24 h in JeKo‑1 and MOLT‑4, p<0.05. Fluorescence signals from Annenxin V-FITC and from PI are reported on the x-axis and y-axis, respectively. Numbers 
shown in the 4 quadrants represent the percentage of viable (lower left quadrant), necrotic (upper right quadrant), early apoptotic (lower right quadrant) and late 
apoptotic (upper right quadrant) cells.

Figure 3. Lysine-specific demethylase 1 (LSD1) small interfering RNA (siRNA) inhibits the proliferation of JeKo‑1 and MOLT‑4 cells. Cells (1x105) were seeded 
into 96-well culture dishes and treated with LSD1 siRNA at various concentration and time points. Cell proliferation was measured by MTT assay (0.5 mg/
ml). The spectrophotometric absorbance of the samples was determined using the Ultra Multifunctional Microplate Reader at 492 and 630 nm for absor-
bance (OD value). The inhibition ratio was also calculated. The experiment was repeated in triplicate. (A) Cell proliferation was examined inconcentrations in 
JeKo‑1 and MOLT‑4 cells transfected with various concentrations of siRNA. (B) LSD1 siRNA (80 nmol/l) was transfected into the JeKo‑1 and MOL-4 cells at 
different time points.
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Figure 5. Lysine-specific demethylase 1 (LSD1) small interfering RNA (siRNA)-induced apoptosis is mitochondria-mediated and caspase-dependent. JeKo‑1 
and MOLT‑4 cells were treated for 24 h with siRNA LSD1 at the indicated concentrations. Following transfection with siRNA LSD1, cytosolic proteins were 
isolated and separated on a 12% SDS gel, transferred onto PVDF membranes and blotted with pro-caspase-3, Bcl-2, C-myc, Bax, DNMT1 and p15 antibodies. 
The proteins were determined by immunoblotting using appropriate antibody. β-actin was used as a loading control. (A) siRNA LSD1 signifiantly decreased 
the levels of Bcl-2, pro-caspase-3 and C-myc, and upregulated Bax in JeKo‑1 cells. In MOLT‑4 cells, siRNA LSD1 decreased the protein expression of Bcl-2, 
pro-caspase-3 and DNMT1, and increased that of p15. (B) Relative protein density (*p<0.05 vs. 0 nmol/l).

Figure 6. Lysine-specific demethylase 1 (LSD1) small interfering RNA (siRNA) modulated histone methylation and acetylation. Effect of LSD1 siRNA at 
various concentrations on histone modulation in JeKo‑1 and MOLT‑4 cells was determined by immunoblotting. Following 24 h LSD1 siRNA treatment, 
total proteins were isolated and separated on a 12% SDS gel, transferred onto PVDF membranes and blotted with mono-, di-, trimethylation H3K4, Act-H3, 
and cyclin D1 antibodies. β-actin was used as a loading control. (A) LSD1 siRNA at 40, 80, 120 nmol/l and at 30, 60, 120 nmol/l upregulated histone mono-, 
di-methylated H3K4, acetylated H3 in concentration-dependent manner in JeKo‑1 and MOLT‑4 cells, respectively. No changes were observed in acetylated 
tri‑methylation H3K4. Cyclin D1 expression decreased in a concentration-dependent manner in JeKo‑1 cells. (B) Relative protein density (*p<0.05 vs. 0 nmol/l).
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The aberrant overexpression of LSD1 in MCL may make 
it a good candidate as a therapeutic molecular target. LSD1 
promotes the proliferation, migration and invasion of various 
types of cancer cells (19,31). In this study, siRNA LSD1 was 
transfected into JeKo‑1 and MOLT‑4  cells to silence the 
LSD1 gene, which resulted in a decrease in LSD1 protein and 
mRNA expression, and in the suppression of cell proliferation 
and the induction of apoptosis. A previous study also demon-
strated that the inhibition of LSD1 impaired proliferation and 
invasiveness, and induced the apoptosis of colon cancer cells 
in vitro (32). LSD1 is required for cell proliferation in both a 
p53-dependent and -independent manner, and a deficiency in 
LSD1 can lead to a partial cell-cycle arrest in the G2/M phase 
and sensitizes cells to growth suppression induced by DNA 
damage or murine double minute 2 (MDM2) inhibition (33). 
Thge methylation of p15 increases the risk of methylation in 
p53, and vice versa, indicating the possible synergistic epigen-
etic disruption of different phases of the cell cycle or between 
the cell cycle and apoptosis (34). Through the enhancement of 
cell cycle progression, LSD1 promotes the growth of cancer 
cells, whereas the inhibition of LSD1 suppresses the G1 to 
S phase progression and even induces cell apoptosis (35,36). Up 
to 88% of adult acute myelogenous leukemias or acute lympho-
cytic leukemias have specific methylation of the p15INK4b CpG 
island. In this study, we demonstrated that the silencing of LSD1 
in MOLT‑4 cells decreased DNMT1 and increased p15 expres-
sion, resulted in decreased cell proliferation and increased 
cell apoptosis. Our results revealed that siRNA against LSD1 
decreased the expression of pro-caspase-3, Bcl-2 and C-myc 
and induced cell apoptosis. We demonstrated that LSD1 siRNA 
decreased cyclin D1 expression, which characterizes 98% of 
MCL cases (37). The cyclin D1 promoter contains a CpG island 
which can be potentially regulated by DNA methylation (38).

It is unclear whether histone methylation is also regulated 
by enzymes with opposing activities. LSD1, also known as 
AOF2 or KDM1A, was the first identified FAD-dependent 
histone demethylase capable of specifically demethylating 
mono- and dimethylated lysine 4 of histone H3 (H3K4me1 
and  H3K4me2)  (39). In this study, we silenced LSD1, 
leading to an increase in histone methylated H3K4me1 
and H3K4me2 and the histone acetylation of H3. However, 
the silencing of LSD1 did not affect the methylation of 
H3K4me3. Our previous study demonstrated that JARID1B, 
improved H3K4me3  (26). However, the mechanisms 
through which LSD1 promotes the acetyltion of H3 are 
unknown. It has been demonstrated that LSD1 is typically 
found in association with HDAC1/2, Co-REST, BHC80 
and BRAF35 (39). LSD1 has been proposed to demethylate 
its histone substrate that requires the intimate collaboration 
between LSD1 and  HDAC1/2  (17,40,41). Treatment with 
zinc-dependent class I/II HDAC inhibitors has been shown 
to markedly diminish the activity of LSD1 in breast cancer 
cells. HDAC  inhibitor and LSD1  inhibitor cooperate to 
increase both histone methylation and acetylation, indi-
cating the synergistic effects of the combination of DNA 
methyltransferase and HDAC inhibitors in re-expressing 
epigenetically silenced genes in cancer cells, and leading to 
clinical responses in patients with leukemia (42). In breast 
cancer cells, it leads to significant synergy in growth inhi-
bition when used in combination (43). These observations 

indicate that histone demethylation is an important compo-
nent of the activity of HDAC inhibitors.

In conclusion, in this study, we demonstrate that epigenetic 
aberration occurs in MCL, in which is LSD1 overexpressed and 
the methylation of H3K4me1 and H3K4me2 is downregulated. 
LSD1 may thus be a prognostic factor, as it positively corre-
lated with Ki67. LSD1 may be a marker of carcinogenesis. The 
silencing of the LSD1 gene led to the downregulation of LSD1, 
and the upregulation of H3K4me1 and H3K4me2. It also led to 
the accumulation of histone acetylation H3, and the inhibition 
of DNMT1 but increased p15, which are associated with the 
5' regions of virtually all active genes and positively corre-
late with transcription rates. The silencing of the LSD1 gene 
induced cell apoptosis and inhibited cell proliferation. LSD1 
may thus be an important alternative target for the treament of 
MCL.
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