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Methods  In this study, we examined LSD1 expression 
in paraffin-embedded CRC specimens from 295 patients, 
including 65 patients with paired samples of colorectal car-
cinoma, adjacent adenoma and normal colorectal tissues. 
Using an LSD1 inhibitor, CBB1003, as a probe, we studied 
the association between LSD1 and leucine-rich repeat-con-
taining G-protein-coupled receptor 5 (LGR5), a CRC stem 
cell marker involved in carcinogenesis. The anti-tumor 
effects of CBB1003 on CRC cells were also examined.

Abstract 
Purpose  Lysine-specific demethylase 1 (LSD1) was 
highly expressed in several malignancies and had been 
implicated in pathological processes of cancer cells. How-
ever, the role of LSD1 in colorectal cancer (CRC) carcino-
genesis, prognosis and treatment remains uncharacterized.

Electronic supplementary material  The online version of this 
article (doi:10.1007/s00432-014-1782-4) contains supplementary 
material, which is available to authorized users.
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Results  LSD1 expression was significantly elevated in 
colorectal tumor tissues compared with adjacent adenoma 
and normal colorectal tissues (P < 0.001), and LSD1 lev-
els were significantly correlated with an advanced AJCC 
T stage (P = 0.012) and distant metastasis (P = 0.004). 
CBB1003 inhibited CRC cell proliferation and colony 
formation. In cultured CRC cells, inhibiting LSD1 activ-
ity by CBB1003 caused a decrease in LGR5 levels while 
overexpression of LGR5 reduced CBB1003-induced cell 
death. We also observed the inactivation of β-catenin/TCF 
signaling after CBB1003 treatment, consistent with the 
positive correlations among LSD1, LGR5, β-catenin and 
c-Myc expression in human colon tumor and adenoma 
tissues.
Conclusion  Our result suggested that LSD1 overexpres-
sion promotes CRC development and that the LSD1 inhibi-
tor inhibits CRC cell growth by down-regulating LGR5 
levels and inactivates the Wnt/β-catenin pathway. Thus, 
LSD1 and its inhibitor might provide a new target or a use-
ful strategy for therapy of CRC.

Keywords  LSD1 · LGR5 · LSD1 inhibitor · Colorectal 
cancer · Wnt pathway

Introduction

Colorectal cancer (CRC) is one of the most common types 
of malignancy and the most frequent etiologies of can-
cer mortality worldwide (Jemal et  al. 2011; Siegel et  al. 
2012). It has become a major health problem, and thus, 
extensive CRC-focused research has been conducted to 
improve the clinical outcome of CRC. Genetic alterations 
are important contributors to the multistep carcinogenesis 
process in sporadic and hereditary CRC (Saif and Chu 
2010). However, in the past decade, the roles of epige-
netic alterations, which are the regulation of gene expres-
sion that does not involve a change in the DNA sequence 
of the cell, have also begun to receive more attention in 
the development of CRC. Histone modification is one 
type of epigenetic alterations (Van Engeland et al. 2011) 
that includes histone acetylation, deacetylation, methyla-
tion and demethylation. Aberrant histone modifications 
have been shown to contribute to cancer initiation and 
progression by altering the pattern of gene transcription 
such as inactivating tumor suppressor genes (Konishi 
and Issa 2007) and by inducing genome instability due to 
direct effects in the higher order of chromatin, chromo-
some condensation and mitotic disjunction (Bannister and 
Kouzarides 2011).

Lysine-specific demethylase 1 (LSD1), the first histone 
demethylase that was discovered as a flavin adenine dinu-
cleotide (FAD)-dependent amine oxidase, catalyzes the 

demethylation of histone H3-K4 and K9 (Shi 2007; Shi 
et al. 2004; Forneris et al. 2008). It is composed of several 
domains, including a SWIRM domain, a conserved motif 
shared by many chromatin regulatory complexes, an amine 
oxidase domain and a Tower domain found in BRCA2 
(Shi and Whetstine 2007; Mimasu et al. 2008; Yang et al. 
2007). The expression of LSD1 has been associated with 
tumor recurrence during therapy in various cancers (Lim 
et al. 2010; Hayami et al. 2011; Chen et al. 2007). Tissue 
cDNA microarray analysis also revealed up-regulation of 
LSD1 in lung and colorectal carcinomas (Hayami et  al. 
2011). The dysregulation of LSD1 activity in human has 
already been confirmed in several cancers (Lim et al. 2010; 
Wu et al. 2012; Schenk et al. 2012; Lv et al. 2012; Kauff-
man et  al. 2011; Schutle et  al. 2009; Huang et  al. 2007). 
However, the expression and significance of LSD1 in CRC 
has not been fully elucidated. Moreover, CBB1003, a 
known LSD1 inhibitor, was reported to selectively inhibit 
the growth of pluripotent embryonic stem cells (ESCs) and 
pluripotent germ tumor cells (Wang et al. 2011). However, 
whether CBB1003 has any effect on the CRC cells remains 
unknown.

The leucine-rich repeat-containing G-protein-coupled 
receptor 5 (LGR5), also known as GPR49, belongs to the 
G-protein-coupled receptor family of proteins and is a tar-
get of Wnt signaling (O’Brien et  al. 2007; Ricci-Vitiani 
et  al. 2007; Visvader and Lindeman 2012). Barker et  al. 
discovered that LGR5 is a marker of adult stem cells in 
the intestine (Visvader and Lindeman 2012). Subsequent 
studies observed that intestinal tumors arise from LGR5-
positive cells, suggesting LGR5 marks intestinal cancer 
stem cells (Barker et  al. 2009). Kemper et  al. determined 
that LGR5 is a functional human CRC stem cells (CSCs) 
marker (Kemper et  al. 2012). Our previous study showed 
that overexpression of LGR5 is associated with CRC pro-
gression and that knocking down LGR5 suppressed CRC 
cell proliferation and colony formation ability (Hsu et  al. 
2013).

Both LSD1 and LGR5 are associated with tumorigen-
esis, and both proteins have been implicated in the main-
tenance of cancer stem cells. However, the relationship 
between these two proteins has not been elucidated. In 
this study, we found that LSD1 expression was signifi-
cantly up-regulated in CRC tissues compared with colo-
rectal adenoma and normal colorectal tissue. In addition, 
high expression levels of LSD1 were significantly associ-
ated with high expression levels of LGR5 in CRC tissues. 
Furthermore, we observed that a known LSD1 inhibitor 
(CBB1003) inhibited growth of CRC cells by down-regu-
lating LGR5 and subsequent inactivating the Wnt/β-catenin 
pathway. Using LSD1 inhibitors as a probe, we established 
that LSD1 involves in CRC tumorigenesis via regulation of 
LGR5 expression.
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Materials and methods

Study population

Paraffin-embedded colorectal tumor specimens were 
obtained from a consecutive series of 295 patients who 
underwent radical tumor resection for colorectal carci-
nomas between 2008 and 2009 at the Department of Sur-
gery, Chang Gung Memorial Hospital Tao-Yuan, Taiwan. 
These specimens were used in our previous LGR5 study 
[28]. All patients were followed every week to every 
3 months until March 1, 2012, or until death. Mean fol-
low-up time was 52 months, with a standard deviation of 
18.4 months. The age at diagnosis of the patients ranged 
from 28 to 93 years (mean 63.5 ± 14.0). The associated 
subsites were the colon (182 patients) and rectum (113 
patients). Tumor stages (based on the AJCC 2002 guide-
lines) included stage I (60 patients), stage II (91 patients), 
stage III (67 patients) and stage IV (77 patients). In addi-
tion, paired paraffin-embedded samples of colorectal 
carcinoma, adjacent adenomas and normal colorectal tis-
sues were obtained from 65 of 295 patients. The adenoma 
described in the present study belonged to adenoma with 
low-grade dysplasia (most common adenoma, Category 
3) according to Vienna classification of gastrointestinal 
epithelial neoplasia (Rubio et al. 2006). Written informed 
consent from all patients regarding tissue sampling was 
obtained. The study protocol was approved by the Insti-
tutional Review Board at Chang Gung Memorial Hospital 
(101-1990B).

Immunohistochemical staining

The immunohistochemical staining of LSD1, c-Myc,  
β-catenin andLGR5 was conducted using 5-μm sections 
from paraffin-embedded tissue blocks. The sections were 
de-paraffinized by xylene, rehydrated in graded concentra-
tions of ethanol and boiled in a microwave oven for 5 min. 
Slides of consecutive sections were incubated with diluted 
LSD1 (1:400 dilution, Cell Signaling, Cat. No. #2184), 
c-Myc (1:1,000 dilution, Cell Signaling, Cat. No. #9402), 
β-catenin (1:1,000 dilution, Cell Signaling, Cat. No. #2698) 
and LGR5 antibody (1:100 dilution, Origene, Cat. No. 
TA503316) at room temperature for 2 h. After incubation, 
the slides were washed three times with PBS, incubated 
with horseradish peroxidase (HRP)-conjugated antibody 
(Invitrogen, Carlsbad, CA, USA) at room temperature for 
10 min and developed by the addition of 3,3′-diaminoben-
zidine tetrahydrochloride (DAB) reagent (Dako, Glostrup, 
Denmark), with the chromogen and hematoxylin as the 
counter stain. Images of stained slides were obtained using 
a ScaneScope CT automated slide-scanning system (Aperio 
Technologies, Vista, CA, USA).

Quantification of LSD1 and Lgr5 immunohistochemical 
staining

All pathologic specimens were reviewed by dedicated 
pathologists at Chang Gung Memorial Hospital. LGR5 
expression and staining intensity were evaluated in our pre-
vious study [28]. In the present study, evaluation of LSD1 
expression and staining intensity was performed by Dr. Y. 
Liang, a pathologist in the Pathology Core of the Molec-
ular Medicine Research Center (MMRC) of Chang Gung 
University (CGU), without prior knowledge of the clini-
cal origin of the specimen. LSD1 expression was scored 
based on both the staining intensity and the percentage of 
stained cells. Absent, weak, moderate and strong LSD1 
staining intensities were scored as 0, 1, 2, and 3, respec-
tively. The percentage of cells that stained at a specific level 
was manually evaluated. The final LSD1 staining score 
was calculated as the sum of the percentage of stained cells 
multiplied by the intensity scores, resulting in an LSD1 
immunohistochemistry score that ranged from 0 (no LSD1-
positive cell in the entire slide) to 300 (all cells showed 
strong LSD1 staining) (Chang et al. 2010).

Cell culture and transfection

The CRC cell lines LoVo, HCT116 and HT29 were pur-
chased from the American Type Culture Collection (ATCC, 
VA, USA) and the Bioresource Collection and Research 
Center (BCRC, Taiwan) and maintained in RPMI-1640 
(Gibco, USA) supplemented with 10 % fetal bovine serum. 
The medium was changed every 3  days. For performing 
the LSD1 knockdown studies, LoVo and HT29 cells were 
transfected with 5 nM synthetic siRNA specifically tar-
geting human LSD1 (si-LSD1) (5′-GGUCUUGGAGG-
GAAUCCUAtt-3′, Ambion, siRNA ID: 617) or 5 nM nega-
tive control siRNA (si-Ctrl) (Ambion, Cat. No. #4390483) 
using RNAiMax (Invitrogen, USA) according to the manu-
facturer’s instructions. Forty-eight hours after transfection, 
the cells were trypsinized and reseeded at an appropriate 
density for proliferation and colony formation assays. For 
LGR5 gain-of-function studies, HCT116 cells were trans-
fected with 10 µg of plasmid expressing full-length human 
LGR5 (p-LGR5) (Cat. No. SC117852, OriGene) or LacZ 
control vector (LacZ) using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instruction. Twenty-
four hours after transfection, cells were trypsinized for drug 
sensitivity assays.

RNA extraction and quantitative reverse transcription 
polymerase chain reaction (q‑PCR)

RNA extraction was performed using TRIZOL® reagent 
(Ambion, USA) following the manufacturer’s instructions. 
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Forty-eight hours after treatment, the total RNA of colon can-
cer cells was harvested for the quantitative measurement of 
mRNA; reverse transcription and q-PCR quantification were 
performed using previously established techniques (Hsu et al. 
2013). About 1 µl of diluted RT product was used as the tem-
plate in a 10-µl q-PCR reaction mixture using the following 
conditions: 95 °C for 10 min, followed by 45 cycles of 95 °C 
for 15  s and 60  °C for 1 min, and a dissociation stage. All 
of the q-PCR reactions were performed using an ABI Prism 
7500 Fast Real-Time PCR system (Foster City, CA, USA).

Drug sensitivity assay

CBB1003 was obtained from Sigma and was dissolved 
according to the manufacturer’s instructions. Forty-eight 
hours after transfecting with expression vector, HCT116 
cells were seeded at 1 × 104 cell/well in 96-well plates and 
treated with serial dilutions of LSD1 inhibitors in triplicate. 
Cell viability was measured using DAPI stain and counted 
using InCell 1000 analyzer. The percentage of cell survival 
in treated cells was normalized with untreated controls. 
IC50 was calculated using Prism 5.0 (GraphPad, USA).

Cell proliferation and colony formation assays

For proliferation analysis, HCT116 cells treated with 
CBB1003 were seeded in 96-well plates at 10,000 cells/well 
and cultured for 5 days. Cell numbers per well were counted 
daily for 5 days using the IN Cell Analyzer 1000 (GE Health-
care) after DAPI staining. For the colony formation assay, 
CBB1003-treated HCT116 cells were seeded in triplicate at 
100 cells per well in 6-well plates. After 14 days, the plates 
were fixed, and colonies were stained using crystal violet. 
Colony numbers were quantified using ImageJ software.

Cell cycle analysis

To determine the effect of CBB1003 on the cell cycle dis-
tribution, HCT116 cells were seeded in 6-cm dishes and 
treated with 250 µM CBB1003 for 48 h. These cells were 
then stained with propidium iodide (PI) buffer. A total of 
10,000 events were analyzed by flow cytometry using an 
excitation wavelength of 488  nm and an emission wave-
length of 610 nm.

Promoter activity assay

To measure β-catenin/TCF-4 transcriptional activity, a pair 
of luciferase reporter plasmids (TOPflash and FOPflash; 
Upstate Biotechnology) were used. The pRL-TK lucif-
erase reporter gene plasmid (Promega) was co-transfected 
for normalization purpose. Transient transfection was per-
formed using a Lipo2000 (Roche, Indianapolis, IN, USA) 

according to the manufacturer’s instructions. The cells 
were treated with CBB1003 for 24 h and, after 24 h, were 
subsequently co-transfected with the TOPflash luciferase 
reporter (or mutant control FOP flash vector) and pRL-TK. 
After an additional 24 h of incubation, the cells were har-
vested for luciferase activity measurement using the dual-
luciferase reporter assay system (Promega). Three replicate 
experiments were performed.

Immunoblotting assay

Protein extracts were harvested using centrifugation, 
boiled with a 5× Laemmli buffer for 10 min before being 
loaded onto an SDS-PAGE and then transferred onto the 
equilibrated PVDF membranes. After blockade with 5  % 
skimmed milk in TBS–Tween-20 for 1  h, the membrane 
was incubated with anti-LSD1 (1:2,000 dilution), anti-
LGR5 (1:500 dilution), anti-H3K4me2 (1:3,000 dilution, 
Cell Signaling, Cat. No. #9725), anti-H3K9me2 (1:3,000 
dilution, Cell Signaling, Cat. No. #9753), anti-Histone H3 
(1:10,000 dilution, Cell Signaling, Cat. No. #9715) or anti-
GAPDH (1:10,000 dilution, BioWorld, Cat. No. AP0063) 
at 4  °C overnight. After washing with TBS–Tween-20, 
blots were probed for 2  h with a horseradish peroxidase-
labeled goat anti-rabbit or anti-mouse IgG secondary anti-
body. Protein bands were visualized on X-ray film using an 
ECL and Western blotting detection system.

Statistical analysis

PASW version 18.0 for Windows (SPSS Inc., Chicago, IL., 
USA) was used for all calculations. Chi-square test was 
applied to examine the independence of LSD1 expression 
and clinical and pathologic parameters. The Kaplan–Meier 
method was used to estimate survival curves. Differences 
between survival curves were assessed using the log-rank 
test. The survival endpoint for cancer-specific survival (CSS) 
was the time from surgery until cancer-related death. Death 
caused by other factors was counted as a censored event. 
Dose–response curves were fitted by nonlinear regression, 
and IC50 values were calculated using Prism software (ver-
sion 5, GraphPad). The statistical significance was evalu-
ated using two-tailed t test. All P values were two-sided, and 
results were considered significant when P < 0.05.

Results

LSD1 expression in normal colons, adenomas 
and colorectal tumor tissues

LSD1 expression has not been analyzed in neoplastic colo-
rectal adenoma lesions before. Therefore, we compared 
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LSD1 expression in colorectal tumors with the adjacent 
colorectal adenomas and normal colorectal areas. Using 
immunohistochemistry, we analyzed the expression of 
LSD1 protein in 65 paired paraffin-embedded samples of 
colorectal carcinoma, adjacent adenoma and normal colo-
rectal tissues. Immunohistochemical staining of the colo-
rectal specimens showed that LSD1 protein was mainly 
localized in the nuclei of cells. In healthy epithelia located 
in adjacent normal colorectal areas, LSD1-positive cells 
were rarely detected and constituted <1 % of the entire epi-
thelia population. In the adenoma sections, nuclear LSD1 
expression was stronger than that in normal colon tissue. 
LSD1 protein was abundantly expressed in colorectal car-
cinoma (Fig.  1a). Analysis of LSD1 scores in 65 paired 
normal tissues and colorectal tumors revealed a statistically 

significant difference in LSD1 expression (P  <  0.001, 
Fig. 1b), with mean LSD1 scores of 76 ± 17 and 168 ± 29 
for normal and CRC tissues, respectively. In addition, 
analysis of LSD1 scores in 65 paired normal and adenoma 
colorectal tissues also revealed a statistically significant 
difference in LSD1 expression (P  <  0.001, Fig.  1b), with 
mean LSD1 scores of 76 ± 17 and 113 ± 31 for normal tis-
sues and colorectal adenomas, respectively. Moreover, ana-
lyzing LSD1 scores of 65 paired colorectal adenomas and 
carcinomas revealed a statistically significant difference in 
LSD1 expression (P  <  0.001, Fig.  1b), with mean LSD1 
scores of 113 ± 31 and 168 ± 29 for colorectal adenomas 
and carcinomas, respectively. These data suggest that LSD1 
level is increased in colon adenoma tissues and the level is 
further elevated in CRC tissues.

Fig. 1   Immunohistochemical analysis of lysine-specific demethylase 
1 (LSD1) in human colorectal tissues. a Representative LSD1 stain-
ing in de-paraffinized sections of normal colorectal, colorectal ade-
noma and carcinoma tissues. b Expression levels of LSD1 in paired 

normal colorectal tissues, colorectal adenoma and carcinoma tissues 
(n = 65). (C) Expression levels of LSD1 in colorectal cancer (CRC) 
according to AJCC stage. (*** P < 0.001, *P < 0.05)
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Relationship between LSD1 expression 
and clinicopathological characteristics in CRC patients

The LSD1 scores of CRC tumors were positively correlated 
with advanced AJCC stage, with mean scores of 139 ± 29 
and 148 ± 29 for stages I–III and stage IV samples, respec-
tively (Fig. 1c, P = 0.018). No statistically significant dif-
ference in LSD1 scores was observed among stages I–III 
colorectal tumors (Fig. 1c).

To investigate whether increased LSD1 expression is corre-
lated with various clinicopathological characteristics of CRC, 
the samples were grouped as LSD1 low (LSD1 score <160, 
n = 189) and LSD1 high (LSD1 score ≥160, n = 106) based 
on a cutoff score corresponding to 53  % cells with strong 
LSD1 staining or 80 % of cells with moderate LSD1 staining. 
Among the clinical parameters, LSD1 expression level was 
found significantly associated with T stage (P = 0.012) and 
M stage (P = 0.004) (Table 1). Thus, higher level of LSD1 
expression is associated with advanced tumor stage.

During follow-up, Kaplan–Meier and multivariate anal-
ysis revealed no significant associations between CSS and 
LSD1 score (Supplementary Fig. 1 and Table 1). However, 
the estimated 3- and 5-year CSS rates in LSD1-low group 
were significantly higher than those in LSD1-high group 
(3-year CSS rate: LSD1-low vs LSD1-high  =  80.4 vs 
65.1 %, P = 0.004; 5-year CSS rate: LSD1-low vs LSD1-
high = 67.7 vs 42.5 %, P < 0.001) (Supplementary Fig. 1).

The LSD1 inhibitor, CBB1003, is required for the survival 
of cultured CRC cells

LSD1 is a demethylase, and it catalyzes the specific dem-
ethylation of H3K4me1/2 or H3K9me1/2. Here, we used 
Western blotting to detect changes in the global methyla-
tion levels of H3K4me1/2 and H3K9me1/2 in the CRC 
cells under CBB1003 treatment. The results showed that 
loss of LSD1 in HCT116 cells did not affect the global 
levels of H3K4me2 or H3K9me2 (Supplementary Fig. 2). 
Because LSD1 expression level was positively associ-
ated with CRC formation, we investigated whether LSD1 
activity is required for the survival of cultured CRC 
cells, HCT116. Blocking LSD1 activity by CBB1003 
induced a dose-dependent growth inhibition in HCT116 
cells (Fig.  2a). The CBB1003 IC50 was 250.4  µM for 
HCT116 cells. These results suggest that LSD1 enzy-
matic activity is required for the growth of CRC cells. 
We also used CBB1003 to investigate the role of LSD1 
activity on the growth and cell cycle progression of cul-
tured HCT116 cells. Cell proliferation was determined 
using both growth curve analysis and colony formation 
assay. As shown in Fig. 2b, c, CBB1003 significantly sup-
pressed the growth and colony formation capability com-
pared with the vehicle control (DMSO) in HCT116 cells. 

Flow cytometry analysis revealed that CBB1003 treatment 
(250  µM, 3  days) caused a change in cell cycle distribu-
tion, with the G1 phase population increased from 44.5 to 
56.0 % while the S phase population decreased from 47.2 
to 36.8 % and G2/M phase population decreased from 8.3 
to 7.2 % (Fig. 2d).

CBB1003 suppresses LGR5 expression and Wnt signaling

Our previous study showed that knocking down Lgr5 
suppressed CRC cell proliferation and colony formation 

Table 1   Patient characteristics in colorectal cancer according to 
LSD1 status

* Chi-square
a  LSD1 score <160
b  LSD1 score ≥160
c  Hsu HC et al. Int J Colorectal Dis. 2013; Nov; 28(11):1535–1546

All cases
n = 295 (%)

LSD1 lowa

n = 189 (%)
LSD1 highb

n = 106 (%)
P 
value*

Age (mean, 
range)

63 (28–93) 63 (28–91) 64 (30–93) 0.185

 ≤65 146 (50) 99 (52) 47 (44)

 >65 149 (50) 90 (48) 59 (56)

Gender 0.877

 Female 127 (43) 82 (43) 45 (43)

 Male 168 (57) 107 (57) 61 (57)

AJCC stage 0.857

 I–II 151 (51) 96 (51) 55 (52)

 III–IV 144 (49) 93 (49) 51 (48)

Tumor differen-
tiation

0.741

 Well moderate 262 (89) 167 (88) 95 (90)

 Poor 33 (11) 22 (12) 11 (10)

T stage 0.012

 T1–T2 72 (24) 55 (29) 17 (16)

 T3–T4 223 (76) 134 (71) 89 (84)

N stage 0.453

 N0 164 (56) 102 (54) 62 (58)

 N1–N2 131 (44) 87 (46) 44 (42)

M stage 0.004

 M0(stages 
I–III)

218 (74) 150 (80) 68 (64)

 M1(stage IV) 77 (26) 39 (20) 38 (36)

Lgr5 scoreC 0.001

 Low (score 
<180)

174 (59) 125 (66) 49 (46)

 High (score 
>180)

121 (41) 64 (34) 57 (54)

CEA (ng/ml) 0.275

 <0 171 (58) 114 (60) 57 (54)

 >50 124 (42) 75 (40) 49 (46)
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ability, while overexpression of Lgr5 in CRC cells 
increased cell proliferation (Hsu et  al. 2013). There-
fore, we tested whether the LSD1 inhibitor inhib-
its cell growth by reducing LGR5 expression. Treat-
ing HCT116 cells with CBB1003 caused a significant 
decrease in the transcript level and protein level of 
LGR5 (Fig.  3a, c). Similar decrease in LGR5 pro-
tein and transcript level was observed when HT29 and 
LoVo cells were treated with specific siRNA to deplete 
endogenous LSD1 (Fig. 3b, d). As HCT116 cells exhibit 
active β-catenin/TCF-4 transcriptional activity, we fur-
ther investigated whether LSD1 regulates the Lgr5 
expression level and affects the Wnt/β-catenin signal-
ing. HCT116 cells were transiently transfected using a 
TCF reporter plasmid, TOPflash, which consists of three 
TCF-binding sites upstream of the a minimal tk pro-
moter and the luciferase open reading frame, or a control 

plasmid, FOPflash, which is identical to TOPflash except 
that it contains mutant inactive TCF-binding sites. 
CBB1003 potently inhibited the luciferase activity in 
cells expressing the TOPflash reporter gene (Fig. 3e). In 
contrast, inhibiting LSD1 activity by CBB1003 showed 
no effect on FOPflash activity, indicating that inhibiting 
LSD1 activity specifically blocked the β-catenin/TCF 
signaling. Consequently, this result suggests that the 
LSD1 inhibitor reduced β-catenin/TCF signaling and 
decreased LGR5 expression in CRC cells.

LGR5 prevents CBB1003‑induced apoptosis in CRC cells

LGR5 expression has been implicated in CRC cell survival. 
Therefore, we tested whether ectopic expression of LGR5 
may rescue CBB1003-induced cell growth inhibition. 
Treating HCT116 cells with the LGR5 plasmid to increase 

Fig. 2   The effects of CBB1003 (LSD1 inhibitor) on the growth and 
survival of cultured HCT116 cells. HCT116 cells were seeded at 
1 × 104 cell/well in 96-well plates and treated with serial dilutions of 
CBB1003 for 3 days in triplicate. Cell viability was measured using 
DAPI stain and counted using an InCell 1000 analyzer. The percent-
age of cell survival in treated cells was normalized with untreated 
controls. a The CBB1003 IC50 was 250.4  µM in HCT116 cells. b 
Effects of CBB1003 on the growth of cultured CRC cells. Cultured 
CRC cells were seeded on 96-well plates and treated with CBB1003 
(250 µM). Cell numbers were determined daily from day 1 to day 5. 

c HCT116 cells were treated with CBB1003 (250 µM) or DMSO and 
seeded at 100 cells per well in 6-well plates. After 14 days, the plates 
were fixed, and colonies were stained with crystal violet. Colony 
numbers were quantified using ImageJ software. Each experimental 
condition was performed in duplicate wells, and three independent 
experiments were performed. d Cell cycle distribution of HCT116 
cells after propidium staining was analyzed using flow cytometry. 
HCT116 cells were treated with CBB1003 (250 µM) for 3 days. The 
image represents the staining profile for 10,000 cells per experiments
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LGR5 expression significantly reduced CBB1003-induced 
cell death (Fig. 4). The observation that LGR5 can rescue 
growth inhibition caused by LSD1 inhibitor suggests that 
LSD1 and LGR5 may function through the same pathway 
to regulate the growth of CRC cells.

Positive correlation between LSD1, LGR5, β‑catenin 
and c‑Myc expression in human colorectal tumor tissues

To confirm the hypothesis that LSD1 positively regulates the 
LGR5 level and Wnt signaling pathway in vivo, we exam-
ined the expression patterns of LSD1, LGR5, β-catenin and 
c-Myc in serial sections of human colon carcinoma tissues 
by immunohistochemical staining. The expression levels 
of LSD1, LGR5, β-catenin and c-Myc were much lower 
in adjacent normal tissues than in tumor tissues (Fig. 5). A 
similar result was observed in a comparison of colorectal 
adenoma tissues and carcinoma tissues (Fig.  5). In addi-
tion, a significantly positive correlation between LSD1 and 
LGR5 expression was observed in CRC tissues (P = 0.001, 
Table  1). All of these data were consistent with the data 
obtained from cultured CRC cells, providing strong sup-
port for the relationship between LSD1 and LGR5 in CRC 
tissues.

Discussion

The adenoma–carcinoma sequence accounts for 60  % of 
CRC tumorigenesis (Perea et  al. 2011). In this study, we 
used immunohistochemistry to demonstrate that LSD1 
protein was elevated in colorectal carcinoma tissues than 

Fig. 3   Effects of LSD1 level 
and activity on leucine-rich 
repeat-containing G-protein-
coupled receptor 5 (LGR5) 
expression and Wnt signaling in 
CRC cells. HCT116 cells were 
treated with 250 µM CBB1003. 
HT29 and LoVo cells were 
treated with 10 nM si-Ctrl or 
si-LSD1 for 48 h. At 48 h post-
treatment, the cells were har-
vested and mRNA (a and b) and 
protein (c and d) expression was 
determined using qPCR and 
Western blot. e After CBB1003 
treatment, the HCT116 cells 
were co-transfected with 
reporter genes harboring Tcf-4 
binding sites (TOP flash) com-
bined with pRL-TK. Luciferase 
activity was determined 24 h 
post-transfection and normal-
ized against values for the cor-
responding pRL-TK activity

Fig. 4   LGR5 overexpression prevents CBB1003-induced growth 
inhibition in CRC cells. HCT116 cells were transfected with LacZ 
and LGR5 plasmids for 24 h and reseeded at 2000 cells/well. Cells 
were treated with DMSO or CBB1003 (250 µM). Cell numbers were 
determined daily using DAPI stain and an InCell 1000 analyzer
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in adjacent normal colorectal tissues and colorectal ade-
noma tissues. Moreover, we observed a gradual increase 
of LSD1 expression during tumor formation from normal 
colorectal tissue to adenoma, and to tumor. This increase 
of LSD1 in adenoma had not been reported previously, 
suggesting that LSD1 might play a crucial role in the early 
process of colorectal tumorigenesis. The Western blot 
analysis of Huang et al. (2013) supported the observation 
that LSD1 is overexpressed in colorectal carcinomas com-
pared with normal colorectal tissues.

Our study showed that elevated LSD1 expression lev-
els were significantly correlated with advanced CRC, 
including advanced AJCC T stage and distant metastasis. 
This was compatible with the results of Jie et  al. (2013). 
Moreover, 3- and 5-year CSS rates in LSD1-low group 

were significantly higher than those in LSD1-high group. 
However, high LSD1 levels were not found associated 
with shorter CSS in CRC patients when using Kaplan–
Meier method. The lack of statistical significance in CSS 
is likely due to the short follow-up period (4–5 years). The 
survival curves in our study were similar to that of the first 
5 years of the 7- to 8-years follow-up period of Jie et al., 
who reported that high LSD1 expression was correlated 
with poor overall survival in CRC patients. This suggests 
the difference in CSS between the LSD1-low and LSD1-
high groups might become more significant after extending 
the follow-up period.

LSD1 is a demethylase, and it catalyzes the specific 
demethylation of H3K4me1/2 or H3K9me1/2. Therefore, 
blocking LSD1 activity by LSD1 inhibitors is expected 

Fig. 5   Positive correlation between LSD1, c-Myc, β-catenin and LGR5 expression in human colorectal tumor tissues. Expression levels of 
LSD1, LGR5, β-catenin and c-Myc in consecutive sections from normal colon, adenoma and CRC tumor tissues
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to increase the methylation levels of H3K4me1/2 or 
H3K9me1/2. However, we did not observe any significant 
change in global methylation levels upon LSD1 inhibi-
tor treatment, suggesting that some unknown mechanism 
may compensate for the loss of LSD1 demethylase cata-
lytic activity. The result is similar to the study of Huang 
et  al. (2013). Although Hunag et  al. (2013) found that 
LSD1 contributes to colorectal tumorigenesis via activa-
tion of the Wnt/β-catenin pathway by down-regulating 
Dickkopf-1 (DKK1) and Ding et  al. (Ding et  al. 2013) 
reported that LSD1 promotes metastasis of colon cancer 
cells by down-regulating the expression of CDH-1, the 
role of LSD1 in CRC stem cell has not been elucidated. 
CBB1003, a known LSD1 inhibitor, was reported to selec-
tively inhibit the proliferation of pluripotent ESCs and 
germ tumor cells that express pluripotent stem cell pro-
teins (Wang et al. 2011). LSD1 inactivation was also found 
to selectively impair the growth of lung, breast and ovarian 
carcinoma cells that express Sox2, a pluripotent stem cell 
marker (Zhang et al. 2013). LGR5, a functional stem cell 
marker of CRC, can regulate the proliferation and colony 
formation of CRC cells (Kemper et  al. 2012; Hsu et  al. 
2013). We therefore used CBB1003 as a probe to study 
the associations between LSD1 and LGR5 in CRC car-
cinogenesis. In addition, we evaluated the anti-tumor effi-
ciency of CBB1003 in CRC cells. CBB1003 was found to 
inhibit cell growth and colony formation of CRC cells and 
to induce growth arrest of CRC cells at G1 phase; this has 
not been reported previously. We also found that inhibit-
ing LSD1 activity in HCT116 cells by CBB1003 caused a 
significant decrease in the transcript and protein levels of 
LGR5. Immunohistochemical staining in CRC tissues con-
firmed this significant and positive correlation. Moreover, 
overexpressing LGR5 in CRC cells significantly reduced 
CBB1003-induced cell death. These results suggest that 
CBB1003 inhibits cell proliferation by depleting LGR5 
expression in CRC cells.

Carmon et  al. (2012) reported that LGR5 interacts and 
cointernalizes with Wnt receptors to modulate Wnt/β-
catenin signaling. In our study, we demonstrated that 
CBB1003 specifically inhibited Wnt/β-catenin/TCF sign-
aling in CRC cells. In immunohistochemical study, the 
expression levels of LSD1, LGR5, c-Myc and β-catenin 
were much lower in adjacent normal and adenoma colo-
rectal tissues than in colorectal tumor tissues, suggesting 
that LSD1 regulated β-catenin/TCF signaling and affected 
LGR5 expression in CRC cells.

LSD1 and its inhibitor have been reported to target 
cancer stem cell markers in several cancers (Wang et  al. 
2011; Zhang et  al. 2013; Amente et  al. 2013). Our study 
revealed that LSD1 is involved in CRC tumorigenesis by 
up-regulating the expression of LGR5, a functional CRC 
stem cell marker, which had been confirmed to promote 

cancer stemness in CRC cells in our previous study (Liu 
et al. 2013). Wang et al. reported that LSD1 inhibition can 
suppress Oct4 expression in F9 cells (Wang et  al. 2011). 
Furthermore, Shen et  al. found that microRNA-142-3p 
(miR-142-3p) inhibits the expression of LGR5 in colon 
cancer cells and OCT4 suppressed miR-142-3p (Shen et al. 
2013). These results suggest that LSD1 may indirectly 
regulate LGR5 through Oct4 and miR-142-3p. While the 
mechanism through which LSD1 regulates LGR5 expres-
sion or β-catenin/TCF signaling requires further clarifica-
tion, our results suggest that LSD1 may be involved in the 
maintenance of cancer stem cells in CRC. To the best of 
our knowledge, this is the first report that elucidates the 
impact of LSD1 on LGR5 and the anti-tumor efficiency 
of CBB1003 in CRC cells. Furthermore, these data sug-
gest that LSD1 inhibition is a potential strategy for treating 
CRC.
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