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Abstract. Cluster of differentiation (CD)133 is considered a 
molecular marker of cancer stem cells in hepatocellular carci-
noma. In the present study, the effect of lidamycin (LDM) on 
CD133 expression in hepatocellular carcinoma (Huh7 cells) 
was evaluated and the potential molecular mechanism was 
investigated. Flow cytometry analysis, as well as sorting, sphere 
formation and western-blot assays, were performed in vitro to 
explore the effects of LDM on CD133 expression. A subcutaneous 
tumor model in nude mice was used to observe the effects of 
LDM on tumor volume and CD133 protein in vivo. To investigate 
the potential underlying molecular mechanism, Notch signaling 
pathway activity was detected by western blot analysis and 
reverse transcription-quantitative polymerase chain reaction. The 
proportion of CD133+ cells and the expression of CD133 protein 
were revealed to be downregulated by LDM. Sphere formation of 
sorted CD133+ cells was suppressed 7 days after LDM treatment. 
In addition, LDM inhibited tumor volume formed from sorted 
CD133+ cells and CD133 protein level in vivo. LDM decreased the 
mRNA level of NOTCH1, Hes1 (Hes family BHLH transcrip-
tion factor 1) and Hey1 (Hes-related family BHLH transcription 
factor with YRPW motif 1) genes; consequently, the protein 
expression of NOTCH1, Notch intracellular domain, Hes1 and 
Hey1 was decreased by LDM. Downregulation of the Notch 
signaling pathway by LDM was enhanced through combination 
with N‑[N‑(3,5‑difluorophenacetyl)‑L‑alanyl]‑S‑phenylglycine 

t-butyl ester. In brief, these data suggest that LDM suppresses 
CD133 expression via the Notch signaling pathway, indicating 
the potential mechanism of LDM on CD133 and the benefits for 
further clinical application.

Introduction

Hepatocellular carcinoma (HCC) is the most common type 
of liver cancer associated with a poor clinical outcome (1). 
Cancer stem cells (CSCs) have been identified in a number of 
solid tumors, including HCC (2-4). CSCs may lead to recur-
rence, drug-resistance and tumor formation in HCC (5). Cluster 
of differentiation (CD)133 is a membrane-bound pentaspan 
glycoprotein that has been identified as a surface biomarker 
in a variety of cancer types, including breast, colon, prostate, 
pancreatic, lung and liver carcinoma (2,3,6-11). Although 
its function remains unclear, directly targeting CD133 has 
been demonstrated to be a potentially effective strategy for 
eliminating CSCs (11,12). Thus, drug screens that target CSC 
markers may improve the efficacy of therapeutic strategies for 
the treatment of HCC.

Lidamycin (LDM), an anticancer antibiotic, has been 
demonstrated to exhibit distinct antitumor effects in 
various types of cancer, including liver, breast, pancre-
atic, colon, lung, gastric and brain cancer, as well as in 
lymphoma and myeloma (13). Furthermore, LDM is toxic 
to multi-drug resistant HCC cells (14). In our previous 
study, LDM was revealed to inhibit the expression of 
epithelial cell adhesion module (EpCAM) and the popu-
lation of CSCs through regulating the glycogen synthase 
kinase (GSK)3β/β-catenin signaling pathway (15). Thus, 
LDM has been demonstrated to be a potentially effective 
strategy to target CSCs in HCC. However, the effect of 
LDM on CD133 remains unknown.

In the present study, it was hypothesized that LDM may 
suppress CD133 expression. To investigate this, the propor-
tion of CD133+ cells, the expression of CD133 protein and the 
sphere formation of sorted CD133+ cells were evaluated in vitro 
following LDM treatment. Subsequently, the tumor volume of 
enriched CD133+ cells and CD133 expression was measured 
in vivo following LDM treatment. Additionally, the effect of 
LDM on the Notch signaling pathway was investigated.
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Materials and methods

Cell culture. Human hepatocellular carcinoma Huh7 cells 
(American Type Culture Collection, Manassas, VA, USA) were 
cultured in Dulbecco's modified Eagle's medium, supplemented 
with 10% fetal bovine serum and 1% penicillin-streptomycin 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 
37˚C and 5% CO2.

Chemicals. LDM was supplied by Professor Lian-fang Jin of 
the Institute of Medicinal Biotechnology, Chinese Academy 
of Medical Sciences and Peking Union Medical College 
(Beijing, China), with a purity of >95.0%. LDM was prepared 
as previously described (15). In brief, 1 µM LDM stock solu-
tion in saline was stored at ‑80˚C for in vitro experiments, 
and diluted in saline at 5 µg/ml prior to intravenous injection.  
N‑[N‑(3,5‑difluorophenacetyl)‑L‑alanyl]‑S‑phenylglycine t‑butyl  
ester (DAPT; Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) was prepared as a 20 mM stock solution in DMSO, 
and stored at ‑20˚C.

Flow cytometry analysis and sorting. FcR blocking reagent 
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) was 
added to 5x105 cells suspended in PBS and incubated at 4˚C 
for 10 min. Subsequently, cells were separately stained with 
phycoerythrin-conjugated anti-human CD133 or anti-human 
IgG isotype antibodies (R&D Systems, Inc., Minneapolis, 
MN, USA) for 30‑40 min in 4˚C. IgG isotype was used as 
negative control. Ice-cold PBS was used as washing reagent. 
Flow cytometry analysis was performed on Accuri™ C6 
(BD Biosciences, San Jose, CA, USA) using CFlow software 
(FCS3.0; BD Biosciences). Flow cytometry sorting was 
conducted using a BD FACSAria™ I (BD Biosciences).

Sphere formation assay. The sphere formation medium for 
HCC was created as previously described (2,15). Sorted 
CD133+ cells in sphere formation medium were cultured in 
ultra-low attachment 24-well plates (Corning Inc., Corning, 
NY, USA) at a density of 5,000 cells/well. Sphere forma-
tion medium with 0.03 or 0.3 nM LDM was refreshed twice 
a week. After 7 days of culture, spheres were counted and 
images were captured at a magnification of x200 using a 
light microscope (Eclipse TE2000-U; Nikon Corporation, 
Tokyo, Japan). The size of the spheres was analyzed using 
ImageJ software (version 1.51K; National Institutes of Health, 
Bethesda, MD, USA).

RNA isolation and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total mRNA 
was extracted from the Huh7 cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and purified 
using acid phenol-chloroform. A SuperScript™ RT-PCR kit 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used according 
to the manufacturer's protocol. RT-qPCR was performed in 
triplicate using SYBR® Green reagents (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA) and CFX96 qPCR system (Bio-Rad 
Laboratories, Inc.) under the following conditions: 10 min at 
95˚C, followed by 45 cycles of 15 sec at 95˚C and 30 sec at 
60˚C. The Cq values, analyzed by CFX Manager (Bio‑Rad 
Laboratories, Inc.), were used for calculation of relative 

expression levels with the 2-ΔΔCq method (16). GAPDH was 
used as the reference gene; all primer sequences are presented 
in Table I.

Western blot analysis. Whole cell lysates were prepared as 
described previously (17). Briefly, cells were washed with 
ice-cold PBS and lysed with radioimmunoprecipitation assay 
lysis buffer (cat. no. 89900; Thermo Fisher Scientific, Inc.) 
containing protease inhibitor (Sigma-Aldrich; Merck KGaA). 
Protein concentrations were determined using a Bradford 
assay. Proteins (~30 µg/lane) were separated by SDS-PAGE 
(10% gel). Proteins were transferred onto a polyvinylidene 
difluoride membrane (Merck KGaA) blocked with dried 
non-fat skimmed milk (5% in Tris-buffered saline containing 
Tween-20) at room temperature for 2 h. The membranes were 
subsequently probed with primary mouse anti-CD133 (1:200 
dilution; cat. no. 130-090-422; Miltenyi Biotec GmbH), rabbit 
anti-Notch intracellular domain (NICD; 1:500 dilution; cat. 
no. 4147; Cell Signaling Technology, Inc., Danvers, MA, USA), 
rabbit anti-NOTCH1 (1:1,000 dilution; cat. no. 3447; Cell 
Signaling Technology, Inc.), rabbit anti-Hes1 (1:1,000 dilution; 
cat. no. 11988; Cell Signaling Technology, Inc.) and mouse 
anti-β-actin (1:3,000 dilution; cat. no. A3854; Sigma-Aldrich; 
Merck KGaA) antibodies overnight at 4˚C. The membranes 
were then incubated with horseradish peroxidase (HRP)-linked 
anti-rabbit secondary antibody (1:3,000 dilution; cat. no. 7074; 
Cell Signaling Technology, Inc.) or HRP-linked anti-mouse 
secondary antibody (1:3,000 dilution; cat. no. 7076; Cell 
Signaling Technology, Inc.) at room temperature for 2 h. 
Enhanced chemiluminescence (ECL) was performed using 
ECL Western Blotting Substrate (cat. no. 32106; Pierce; 
Thermo Fisher Scientific, Inc.) and the ChemiImager 5500 
imaging system (ProteinSimple, San Jose, CA, USA), 
according to the manufacturer's protocol. The intensity of the 
bands was analyzed by densitometry using the ChemiImager 
AlphaEaseFC™ software version 4.0 (ProteinSimple).

Animal care and ethical statement. Nude mice (n=18, 
50:50 male/female, aged 5-6 weeks, weighing 18-20 g) were 
obtained from the Chinese Academy of Military Medical 
Sciences (Beijing, China). They were housed in a room with a 
12-h light/12-h dark cycle, ad libitum access to food and water, 
an ambient temperature of 22˚C. This study was carried out 
in strict accordance with the recommendations in the Guide 
for the Care and Use of Laboratory animals of the Chinese 
Academy of Medical Science [permit number, SYXK (Jing) 
2010‑0013]. The experimental protocols were approved by the 
Ethics Committee of the Institute of Medicinal Biotechnology 
at the Chinese Academy of Medical Science. To minimize 
suffering, sodium pentobarbital anesthesia (100 mg/kg i.p.) 
was administered prior to surgery. Mice were sacrificed at 
21 days after CO2 injection.

Tumorigenicity assay in nude mice. Following cell separa-
tion using a MACS kit (Miltenyi Biotec GmbH), according 
to the manufacturer's protocol, enriched CD133+ Huh7 cells 
(3x105 cells/mouse) were subcutaneously injected into each 
nude mouse. The mice were randomly separated into three 
groups (n=6): The control group was intravenously injected with 
an equal volume of saline; the LDM groups were intravenously 
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injected with 0.025 or 0.05 mg/kg LDM. All treatments were 
applied in a single injection, 24 h after cell transplantation. 
Tumor volume was examined bi-weekly and the mice were 
sacrificed 21 days after cell injection. Tumors were measured 
with a Vernier caliper and the volume was calculated using the 
following equation: V = 1/2[(width2) x length].

Statistical analysis. The flow cytometry data are presented as 
the arithmetic mean. Other data are presented as the arithmetic 
mean ± standard deviation, with all experiments repeated in 
triplicate. The data for LDM regarding the NOTCH1, NICD, 
Hes1 and Hey1 genes and protein levels were compared with 
the two independent-samples t-test. One-way analysis of vari-
ance was used for comparisons of the data when there were 
>2 groups, using SPSS software (version 21.0; IBM Corp., 
Armonk, NY, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

LDM decreases CD133 expression in vitro. CD133 is 
considered to be a surface marker of CSCs in HCC (2,4). 
As aforementioned, the IC50 of LDM was 0.3±0.1 nM in the 
Huh7 cells treated for 48 h (data not shown). Thus, 0.03 and 
0.3 nM LDM was used in vitro. Using a flow cytometry assay, 
it was revealed that 0.3 nM LDM decreased the population 
of CD133+ cells (25.2±0.3%) compared with the control group 
(37.8±0.4%) (P<0.05), while there was no marked difference 
between 0.03 nM LDM (36.0±0.3%) and the control (Fig. 1A). 
Following treatment with 0.03 or 0.3 nM LDM for 6, 12 or 
24 h, proteins were collected for western blot analysis. The 
relative densitometry measurements of bands in 0.03 nM LDM 
for 12 h and 0.3 nM LDM for 12 and 24 h (0.7±0.1, 0.5±0.1 
and 0.3±0.1, respectively) were lower than that of the control 
group. The results demonstrated that LDM significantly 
decreased the expression of CD133 protein in a dose- and 
time-dependent manner (P<0.05). At 6 h, there was no marked 
difference between the LDM-treated groups and the control 
group (Fig. 1B and C). The data suggested that LDM may 
inhibit the formation of a population of CD133+ cells and 
CD133 protein expression.

Sphere formation of CD133+ cells is inhibited by LDM. 
Under non-adherent conditions, sphere formation has been 
demonstrated to resemble the characteristics of CSCs (18). 
CD133+ cells were separated using fluorescence‑activated cell 
sorting and sphere formation was detected. The size of spheres 

formed from sorted CD133+ cells was significantly diminished 
following exposure to LDM for 7 days (Fig. 2A). Additionally, 
LDM decreased the number of spheres compared with the 
control after 7 days (P<0.01; Fig. 2B). It was notable that the 
proportion of inhibition of 0.03 nM LDM was 49%, while 
0.03 nM was 10-fold less than the IC50. The data suggested 
that the cell spheres are highly sensitive to LDM in conditional 
culture systems.

LDM suppresses CD133 in vivo. To investigate the effect of 
LDM on CD133 in vivo, enriched CD133+ cells were injected 
into the subcutaneous tissues of nude mice. Tumor volumes 
were restricted at 21 days following 0.025 and 0.05 mg/kg LDM 
treatment, compared with control group (P<0.05; Fig. 3A). 
In vivo western blot analysis demonstrated that 0.025 and 
0.05 mg/kg LDM effectively inhibited CD133 protein expres-
sion compared with the saline control, consistent with the 
aforementioned in vitro data (P<0.05; Fig. 3B). Notably, there 
was no marked difference between the two concentrations of 
LDM in vivo.

Notch signaling pathway downregulation by LDM. The Notch 
signaling pathway has been revealed to be upregulated in CSCs 
and has subsequently been demonstrated as an effective target 
to eliminate CSCs (4,19-21). The Notch signaling pathway has 
also been suggested to be involved in CD133 signaling (22). 
To investigate the mechanism of LDM on CD133 in HCC, 
activation of the Notch signaling pathway was evaluated. 
LDM decreased the mRNA level of NOTCH1, Hes1 and Hey1 
genes (P<0.05; Fig. 4A). Additionally, NOTCH1 protein levels 
decreased following LDM treatment, decreasing the expres-
sion of downstream proteins, including NICD, Hes1 and Hey1 
(Fig. 4B). DAPT is a γ-secretase inhibitor, and is commonly 
used to inhibit Notch signaling. Therefore, DAPT was used 
with or without LDM separately. NOTCH1 was downregulated 
only by LDM and not by DAPT, as compared with the control. 
However, DAPT-induced abatement of NICD was enhanced 
by LDM via downregulating NICD protein expression. Thus, 
Hes1 and Hey1 proteins were restricted only by DAPT, or by 
DAPT combined with LDM (Fig. 4C). These data suggest 
that the inhibitory effect of LDM on CD133 may result from 
inhibited activity of the Notch signaling pathway.

Discussion

LDM has been demonstrated to exhibit potential antitumor 
effects in HCC; a previous study revealed that LDM decreased 

Table I. List of polymerase chain reaction primers.

Gene Species Forward primer Reverse primer

Notch1 Human 5'-CACTGTGGGCGGGTCC-3' 5'-GTTGTATTGGTTCGGCACCAT-3'
Hes1 Human 5'-GTCAAGCACCTCCGGAAC-3' 5'-CGTTCATGCACTCGCTGA-3'
Hey1 Human 5'-TCTGAGCTGAGAAGGCTGGT-3' 5'-CGAAATCCCAAACTCCGATA-3'
GAPDH Human 5'-TGAAGGTCGGTGTGAACGG-3' 5'-CGTGAGTGGAGTCATACTGGAA-3'

Hes1, Hes family BHLH transcription factor 1; Hey1, Hes-related family BHLH transcription factor with YRPW motif 1.
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the levels of embryonic stem cell-like genes (23). In addition, 
LDM inhibits EpCAM+ tumor initiating cells through the 
GSK3β/β-catenin signaling pathway in HCC (15). The effects 
of LDM on CD133 in HCC were investigated. In the present 
study, LDM markedly inhibited CD133 expression of HCC 
in vitro and in vivo.

Although the function of CD133 is not entirely known, 
CD133 is considered an important marker of CSCs with 
numerous potential applications; direct downregulation of 
CD133 may be an effective strategy for the elimination of 
CSCs (12,24). A previous study demonstrated that using anti-
sense oligodeoxynucleotides to knock-down CD133 expression 

Figure 2. Sphere formation was inhibited by LDM. Spheres of sorted CD133+ cells were treated with LDM or saline (control) for 7 days. The (A) size and 
(B) number of spheres was detected after 7 days. **P<0.01 vs. control. Results are presented as the mean ± standard deviation (n=3). Magnification, x200. LDM, 
lidamycin; CD, cluster of differentiation.

Figure 1. CD133 was decreased following LDM treatment in vitro. (A) The populations of CD133+ cells were analyzed using flow cytometry following LDM 
treatment for 24 h. The expression of CD133 protein was analyzed via (B) western blotting and (C) quantified for statistical analysis. *P<0.05 vs. control. 
**P<0.01 vs. control. Results are presented as the mean ± standard deviation (n=3). LDM, lidamycin; CD, cluster of differentiation; PE, phycoerythrin.
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leads to a decrease in colony formation and to cell cycle 
arrest (24). Another group generated an anti-CD13/anti-CD133 
bispecific antibody (BsAb) with cytokine‑induced killer (CIK) 
cells to target CD133 CSCs, where by BsAb‑CIK significantly 
inhibited tumor growth in HCC (12). In addition to direct 
targeting of CD133, the CD133-associated signaling pathway 
may be regulated, and it has been demonstrated that CD133 
was decreased through the blockade of the Notch signaling 
pathway (25). The results of the present study suggested that 
LDM-mediated suppression of CD133 may proceed via the 
downregulation of Notch signaling, with data suggesting that, 
direct or indirect, the inhibition of CD133 may be an effective 
target for CSCs.

The Notch signaling pathway serves an important func-
tion in cell proliferation, self-renewal and differentiation. 
In canonical signaling, Notch ligands, including Jagged1, 
Jagged2 or Delta-like 4, bind to Notch receptors (Notch1-4). 
Subsequently, intracellular cleavage is promoted in Notch 
receptors by γ-secretase, and NICD, which is the active form 
of Notch, is released and translocates to the nucleus where it 
binds to transcription factors. Thus, downstream genes are 
expressed, including Hes1 and Hey1 (26). DAPT is a Notch 
signaling pathway inhibitor that decreases NICD levels via 
the inactivation of γ-secretase (27). Consistent with a previous 

study, the results of the present study demonstrated that LDM 
decreases the mRNA and protein levels of NOTCH1, compared 
with the control. Expression of NICD protein and the mRNA 
and protein levels of Hes1 and Hey1 were similarly decreased 
compared with the control. Additionally, LDM-induced 
decrease of NICD expression was enhanced in the presence of 
DAPT through the downregulation of NICD protein expres-
sion. Consequently, Hes1 and Hey1 protein were markedly 
decreased by DAPT combined with LDM. The results of the 
present study suggested that the inhibitory effect of LDM may 
suppress the activity of the canonical Notch signaling pathway.

In a previous study, LDM was revealed to downregulate 
embryonic stem cell-like genes: Octamer-binding transcrip-
tion factor 4, SRY-box 2 and MYC proto-oncogene (23). 
Additionally, LDM has been demonstrated to decreases the 
expression of EpCAM, aldehyde dehydrogenase-positive 
cells, sphere formation in vitro, and inhibit tumor volume 
and incidence in vivo; this suggests that LDM may suppress 
Huh7 tumor initiating cells (15). The results of the present 
study demonstrated that LDM decreases the expression of 
CD133 in vitro and in vivo, supporting the function of LDM 
as an inhibitor of tumor growth and CSCs, and indicated the 
potential mechanism of LDM on CSCs as well as suggesting 
the benefits and clinical applications for HCC. CD133 and 

Figure 3. CD133 was inhibited by LDM in vivo. (A) The volumes of each tumor formed from sorted CD133+ cells were compared after 21 days. The (B) expres-
sion and (C) quantification of CD133 protein was analyzed via western blotting. *P<0.05 vs. control. **P<0.01 vs. control. Results are presented as the mean ± 
standard deviation (n=6). LDM, lidamycin; CD, cluster of differentiation.
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EpCAM are the main CSC markers; however, there are many 
other markers, including CD90, CD13, ABCG2 and CD44, in 
which the effects exhibited by LDM require further investiga-
tion.

In conclusion, the results of the present study demonstrated 
that LDM decreases the CD133+ cell population, inhibits 
CD133 protein expression and suppresses the sphere forma-
tion of sorted CD133+ cells. In vivo experiments revealed that 
Huh7 tumor growth, formed from enriched CD133+ cells, 
was suppressed following LDM treatment. LDM also inhibits 
CD133 expression in tumor tissue. Furthermore, down-
regulation of the Notch signaling pathway may be a potential 

underlying molecular mechanism between LDM and CD133. 
These results support the requirement for further clinical 
evaluation of LDM.
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Figure 4. Regulation of LDM on the Notch signaling pathway. (A) The mRNA levels of NOTCH1, Hes1 and Hey1 were analyzed by reverse transcrip-
tion-quantitative polymerase chain reaction following treatment with 0.3 nM LDM for 12 h. (B) Cells were treated with 0.3 nM LDM for 12 h and the 
expression of CD133 protein was analyzed via western blotting. (C) Cells were treated with 20 µM DAPT in the absence or presence 0.3 nM LDM for 12 h. 
*P<0.05 vs. control. **P<0.01 vs. control. Results are presented as the mean ± standard deviation (n=3). LDM, lidamycin; CD, cluster of differentiation; DAPT, 
N‑[N‑(3,5‑difluorophenacetyl)‑L‑alanyl]‑S‑phenylglycine t‑butyl ester; NICD, Notch intracellular domain; Hes1, Hes family BHLH transcription factor 1; 
Hey1, Hes-related family BHLH transcription factor with YRPW motif 1.
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