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Side population in hepatocellular carcinoma HCCLM3
cells is enriched with stem-like cancer cells
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Abstract. Substantial evidence implicates thatlow-abundance
cancer stem cells (CSCs) are responsible for tumor metastasis
and recurrence in hepatocellular carcinoma (HCC). Side
population (SP) cells possess typical CSCs-like features,
and are frequently considered as a special subpopulation
in which CSCs are enriched and in studies may be consid-
ered as a substitute for CSCs. The aim of the present study
was to examine the abundance of SP cells in human HCC
cell lines with different metastatic potentials and compare
their CSC-like, tumorigenic and invasive properties with
those of the main population (MP) cells. An experimental
system is described for identifying SP cells and analyzing
their CSC-like properties. The relative abundance of SP cells
correlated directly with the metastatic potential of the HCC
cell line: HCCLM3, 16.3+2.2%; MHCC97-H, 8.4+0.7%;
MHCC97-L, 4.7+0.5%; and Huh7, 1.0+0.3% (P<0.05). SP
cells isolated from HCCLM3 cultures showed significantly
higher proliferation rates and clonogenicity than the corre-
sponding MP cells, in addition to higher migration and
invasive abilities in vitro and greater tumorigenicity in mice.
Expression levels of all CSC-associated genes tested, except
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EpCAM and Oct4, were significantly higher in SP cells. The
findings revealed that the proportion of SP cells correlates
with metastatic potential, and SP cells demonstrated the
characteristics expected of CSCs, implicating them in HCC
metastasis. Further studies on the identification and char-
acterization of SP cells using clinical HCC specimens will
contribute to the understanding of how SP cells are involved
in these disease processes.

Introduction

Hepatocellular carcinoma (HCC) is one of the most frequently
occurring malignancies around the world, accounting for
~700,000 mortalities per year (1). Surgical resection remains
the main curative treatment for HCC as well as the first treat-
ment choice for patients with smaller tumor size, preserved liver
function, and no evidence of vascular invasion or extrahepatic
spread (2). However, postoperative tumor recurrence, as a result
of intra- or extrahepatic metastasis, occurs in ~50% of patients
within 2 years of surgery (3). Recurrence significantly worsens
the prognosis of HCC patients (4). Understanding what causes
recurrence may help physicians predict or even prevent it.

Evidence indicates that in numerous types of cancer,
including HCC, low-abundance cancer stem cells (CSCs) are
responsible for tumor recurrence and metastasis (5). CSCs detach
from the primary mass and enter the lymph and peripheral
blood. A chemoattractant gradient directs CSCs to a particular
point, where they attach to the endothelium and penetrate the
microvessel wall. Finally, CSCs enter an environmental niche
that protects them from damage and allows them to give rise to
a recurrent or metastatic tumor (6,7). This makes CSCs a poten-
tial therapeutic target in efforts to reduce tumor recurrence and
metastasis, and improve outcomes for HCC patients (8).

CSCs associated with HCC have been identified using a
variety of cell surface markers, including CD133, CD90, epithe-
lial cell adhesion molecule (EpCAM), CD13, and CD44 (9-12).
CSC populations expressing different markers seem to possess
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similar CSC properties, but the lack of a standard set of markers
makes the isolation of liver CSCs a challenge. One approach
to obtaining CSCs is to isolate them from preparations of side
population (SP) cells. SP cells are lower-abundance cells that
coexist with, and may demonstrate significant functional differ-
ences from, main population (MP) cells, and may be considered
as a substitute for CSCs in scientific studies. SP cells have been
isolated from numerous types of tumor, including glioma (13),
mantle cell lymphoma (14), nasopharyngeal carcinoma (15),
lung cancer (16), colon cancer (17), breast cancer (18), ovarian
cancer (19), pancreatic cancer (20), and HCC (21,22). These
SP cells are typically identified based on their ability to efflux
Hoechst 33342 dye, thought to result from their high expres-
sion of adenosine triphosphate (ATP)-binding cassette (ABC)
membrane transporters (23). These transporters are also highly
expressed in stem cells, suggesting that cancer-associated SP
cells are highly enriched in CSCs (24).

What remains unclear from studies of SP cells in HCC
is the extent to which these populations show stem cell-like
properties and may therefore be studied in detail as the poten-
tial drivers of HCC tumorigenicity and metastasis. The present
study aimed to determine the proportions of SP cells in four
human HCC cell lines, which are widely used to study the
mechanism of HCC metastasis. The four cell lines increase
in metastatic potential in the following order: HCCLM3>M
HCC97-H>MHCC97-L>Huh7 (11,25,26). SP and MP cells
were then prepared from the HCCLM3 cell line and their
tumorigenicity and invasiveness were compared, as well as
their expression of CSC-associated genes.

Materials and methods

Cell culture. The human HCC cell lines HCCLM3,MHCC97-H,
MHCC-97 L, and Huh7 were purchased from the Liver Cancer
Institute of Zhongshan Hospital, Fudan University (Shanghai,
China). Cells were cultured in high-glucose Gibco Dulbecco's
modified Eagle medium (DMEM; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) containing Gibco 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, Inc.) and Gibco 1%
penicillin/streptomycin (Thermo Fisher Scientific, Inc.).
Cultures were incubated at 37°C in a humidified atmosphere
containing 5% CO,. This study was approved by the Guangxi
Medical Experimental Animal Care Commission.

Analysis of side population (SP) cells. Cultured cells were
detached from culture dishes using Gibco TrypLE Express
Enzyme (Thermo Fisher Scientific, Inc.) and 1x10° cells/ml
were suspended in high-glucose DMEM supplemented with
5% FBS. The cells were then incubated at 37°C for 90 min with
different concentrations of Hoechst 33342 dye (3,4,5,6,7,8,9,
or 10 mg/l; Sigma-Aldrich, St. Louis, MO, USA), either alone
or in the presence of 50 yM verapamil (Sigma-Aldrich). Cell
suspensions were washed with cold phosphate-buffered saline
(PBS), then centrifuged and resuspended in 1 ml high-glucose
DMEM supplemented with 5% FBS and 7-amino-actinomycin
D (7-aad, 1 mg/l; Invitrogen, Thermo Fisher Scientific, Inc.
to label dead cells. Cells were filtered through a 40-um cell
strainer (BD Biosciences, Franklin Lakes, NJ, USA) to obtain
single-cell suspensions, which were maintained at 4°C prior to
analysis.
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SP and MP cells were analyzed separately by flow cytom-
etry (FACSComp™; BD Biosciences) based on intracellular
levels of Hoechst 33342 dye (22). The SP gate was defined as
the region where cells disappeared when cells were exposed
to verapamil, which blocks Hoechst 33342 efflux. All samples
were evaluated in 3 independent experiments by the same
flow cytometry expert, who was blinded to the identity of the
samples.

Proliferation assay. Cell proliferation was evaluated
in vitro using the Cell Counting Kit 8 (CCK8; Signalway
Antibody LLC., College Park, MA, USA) according to the
manufacturer's instructions. Separate SP and MP cultures
isolated from the HCCLM3 line were plated at a density of
5x10° cells/well in 96-well microplates with high-glucose
DMEM containing 10% FBS and 1% penicillin/streptomycin.
At different incubation times (1, 2, 3, 4, 5, 6, or 7 days), the
culture medium was replaced with fresh medium (100 pl/well)
containing CCKS8 reagent (10 pl per well). The cultures were
incubated for 4 h, then the optical density at 450 nm was
measured using a microplate reader (Multiskan GO; Thermo
Fisher Scientific, Inc.). Experiments were performed 3 times,
with each experiment including 5 replicates of each condi-
tion.

Clonogenicity assay. SP and MP cells isolated from HCCLM3
cultures were plated separately in 6-well dishes at 1x10* cells
per well. Cells were incubated for 2 weeks, and the medium was
changed every 3 days. The cells were fixed with methanol and
stained with Giemsa's solution (ZSGB-BIO, Beijing, China).
Clonal populations containing >50 cells were counted under
a microscope (Axiovert 200; Carl Zeiss AG, Oberkochen,
Germany) at x200 magnification from 5 fields and averaged
(mean =+ standard deviation).

Migration and invasion assays. Cell migration was analyzed
using Transwell cell culture chambers (8 ym pore size;
Corning Incorporated, Corning, NY, USA), and cell invasion
was analyzed using the same Transwell chambers precoated
with Matrigel (Corning Incorporated).

For both types of assay, SP and MP cells were resus-
pended in FBS-free high-glucose DMEM and added to the
upper chamber of the 24-well Transwell dish at a density of
10° cells/chamber. High-glucose DMEM containing 10% FBS
was added to the well, and the cultures were incubated 24 h.
Then the cells on the upper side of the filters were mechani-
cally removed by scrubbing with a cotton swab, and the filter
was fixed with methanol for 5 min at room temperature and
stained with Giemsa's solution (ZSGB-BIO) for 10 min. The
number of invasive or migrated cells were counted at 200x
magnification (Nikon Corporation) from 5 fields of each filter
and averaged (mean + standard deviation).

Tumorigenicity assay. Male nude mice aged 6-8 weeks
were purchased from the Laboratory Animal Centre of
Guangxi Medical University (Nanning, China) and housed in
laminar-flow cabinets under specific pathogen-free conditions.
Animal care and experimental protocols were in accordance
with procedures and guidelines established by the Guangxi
Medical Experimental Animal Care Commission.
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Table I. Primer sequences to assay expression of cancer stem
cell-associated genes by reverse transcription quantitative-
polymerase chain reaction.
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Table II. Proportions of total viable cells and SP cells in
HCCLM3 suspensions stained with different concentrations
of H or in the presence of H+V.

Gene Primer sequence (5'-3')
ABCG2 F: AGGTCTGGATAAAGTGGCA

R: GAGGCTGATGAATGGAGAA
EpCAM F: ATAACCTGCTCTGAGCGAGTG

R: TGCAGTCCGCAAACTTTTACTA
CD133 F: GTCTGACCAGCGTGAAAAC

R: GCCATCCAAATCTGTCCTA
CD90 F: ATGAAGGTCCTCTACTTATCCGC

R: GCACTGTGACGTTCTGGGA
CD13 F: TTCAACATCACGCTTATCCACC

R:AGTCGAACTCACTGACAATGAAG
CD44 F: CTGCCGCTTTGCAGGTGTA

R: CATTGTGGGCAAGGTGCTATT
Nanog F: CCCCAGCCTTTACTCTTCCTA

R: CCAGGTTGAATTGTTCCAGGTC
Oct4 F: GTGTTCAGCCAAAAGACCATCT

R: GGCCTGCATGAGGGTTTCT
Sox2 F: TACAGCATGTCCTACTCGCAG

R: GAGGAAGAGGTAACCACAGGG
Klif4 F: CGGACATCAACGACGTGAG

R: GACGCCTTCAGCACGAACT
GAPDH F: CTGGGCTACACTGAGCACC

R: AAGTGGTCGTTGAGGGCAATG

F, forward; R, reverse.

Varying numbers of SP and MP cells (5x10%-5x10%) isolated
from the HCCLM3 line were suspended in a 1:1 (v/v) mixture
of 200 1 PBS and Matrigel (BD Biosciences). The suspensions
were injected subcutaneously into 15 mice under anesthesia:
Each mouse received an injection of SP cells on the left side
of the back, and an injection of MP cells on the right side of
the back. Tumor growth was monitored weekly for 4 weeks.
Subcutaneous tumors were fixed in formalin, embedded
in paraffin, cut into 4 ym sections and subjected to histo-
pathological examination by staining with hematoxylin-eosin
(ZSGB-BIO).

Expression of CSC-associated genes. Total RNA was isolated
from SP or MP cells using TRIzol reagent (Invitrogen,
Thermo Fisher Scientific, Inc.) according to the manufactur-
er's instructions. The total RNA concentration was quantified
using the Nanodrop2000 reader (Thermo Fisher Scientific,
Inc.). Total RNA (1 ug) was reverse-transcribed (RT) using
the Prime Script RT Reagent Kit with gDNA Eraser (Takara
Bio, Inc., Otsu, Japan), and the resulting cDNA was used as
template for quantitative polymerase chain reaction with the
SYBR Green/ROX Master Mix on a 7300 Real-Time PCR
System (Applied Biosystems, Thermo Fisher Scientific,
Inc.). The thermal cycling conditions were as follows: 95°C

Total viable cells (%) SP cells (%)
Hoechst
conc (mg/l) H H+V H H+V
3 98.1£0.7 96.5+22 40.5+63  2.5+1.1
4 96.7£24 95718 333x42 0.7+0.3
5 94.8+0.8 94.1x1.1 21.5+5.1 04+0.2
6 940+12 925409 163+2.2 0
7 88.2+3.1 86.3+23 5.6£2.5 0
8 83.5+2.7 79.8+£3.6 2.8+1.3 0
9 80.7+4.5 753%2.8 2.3+0.7 0
10 76.1£3.3  71.6+34 0.9+0.2 0

SP, side population; H, Hoechst 33342 dye alone; H+V, 50 M verapamil.

for 1 min, followed by 40 cycles of 95°C for 5 sec, 60°C for
31 sec and 72°C for 50 sec. Levels of the mRNA of several
CSC-associated genes (ABCG2, CDI133, CD90, EpCAM,
CD44, CDI3, Nanog, Oct4, Sox2 and Klf4) were determined
using the 2" method and were normalized to the transcript
levels of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Primers to amplify the specific
gene sequences are presented in Table I. All reactions were
run in triplicate. Significant differences in gene expression
were defined as those for which normalized transcript levels
differed by =2-fold and for which the associated P<0.05.

Statistical analysis. All analyses were performed using
SPSS. version 19.0 (IBM SPSS, Armonk, NJ, USA). Data are
presented as the mean + standard deviation. The difference
between means were assessed for significance using Student's
t test or one-way analysis of variance. The threshold for signifi-
cance was defined as a two-sided P<0.05.

Results

Relative abundance of SP cells correlated directly with
metastatic potential of HCC cell lines. Flow cytometry was
used to differentiate between SP and MP cells based on reten-
tion of Hoechst 33342. In order to be able to exclude dead
cells and debris from the analysis, cells were also labelled
with 7-aad, which causes dead cells to emit intense red fluo-
rescence. The ability to differentiate SP and MP cells was
dependent on the Hoechst 33342 concentration (Table IT).
Lower dye concentrations were associated with higher
proportions of SP cells. This proportion dropped sharply at
concentrations between 3 and 5 ug/ml, and this reduction
was not accompanied by increases in the percentage of dead
cells labeled by 7-aad. Thus this drop most likely reflected
a shift in cells from SP to MP regions. Verapamil further
lowered the percentage of cells in the SP region at lower
Hoechst 33342 concentrations.

Staining cells with Hoechst dye at concentrations between
7 and 10 ug/ml caused a large reduction in the SP proportion,
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Figure 1. Identification of SP and MP cells by flow cytometry in HCC cell lines with increasing metastatic potential. The proportion of SP cells (boxed) differed
significantly among the 4 cell lines (P<0.05) and tracked with metastatic potential: HCCLM3 (17.2%)>MHCC97-H (8.9%)>MHCC97-L (5.0%)>Huh7 (1.1%).
SP cells disappeared in the presence of 50 uM verapamil (lower panel). SP, side population; MP, main population; HCC, hepatocellular carcinoma.
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Figure 2. SP and MP cells from the HCCLM3 line were seeded in 96-well
plates and their viability was determined at the indicated time points.
Viability was significantly higher for SP cells (P<0.05). OD450, optical
density at 450 nm; SP, side population; MP, main population; HCC, hepato-
cellular carcinoma.

and the residual SP cells disappeared entirely in the presence
of verapamil. These reductions were accompanied by a marked
increase in dead cells, indicating that these dye concentra-
tions were toxic to the cells. Therefore the dye concentration
for each cell line was optimized in order to identify a level
high enough to ensure a stable proportion of SP cells without
causing appreciable toxicity.

The optimal concentrations (xg/ml) were 6 for HCCLM3
cells, 10 for MHCC97-H, 9 for MHCC97-L, and 7 for Huh7,
the percentage of SP cells at these dye concentrations were
16.3+2.2, 8.4+0.7, 4.7+0.5 and 1.0+0.3% (Fig. 1; P<0.001),
resepctively. This relative heirarchy mirrors the relative metas-
tastic potential of the 4 cell lines.

In order to ensure sufficient numbers of SP cells for subse-
quent detailed analysis, SP and MP cells were prepared from
the HCCLM3 cell line.

High viability and clonogenicity of SP cells. The in vitro
proliferation of SP and MP cells was compared by CCKS8

Table III. Tumorigenicity of SP and MP cells from the
HCCLM3 cell line injected into nude mice.

No. of animals showing a
tumor at injection site®

No. of cells

injected SP cells MP cells
5x10° 1 0
5x10* 3 0
5x10° 5 2

“For each number of cells shown in the left column, 5 animals were
injected with that number of SP cells on the left side of the back and
with the same number of MP cells on the right side of the back. SP,
side population; MP, main population.

assay. The stain in this assay labels only living cells, so the
resulting optical density reflects the number of viable cells,
providing an index of growth. SP cells demonstrated greater
proliferation rates compared with MP cells (Fig. 2; P<0.05),
as well as a higher colony-forming capacity (Fig. 3; P<0.001).

High migration and invasion capabilities of SP cells. Using a
Transwell-based migration and invasion assay, it was observed
that SP cells possessed higher migration and invasive abilities
compared with MP cells (Fig. 4).

High tumorigenicity of SP cells. Nude mice received one
injection of SP cells and one injection of MP cells on opposite
sides of the back, after which tumorigenesis was monitored.
Injections of as few as 5x10° SP cells initiated tumor in one
of five mice, while injections of as many as 5x10° MP cells
led to tumors in two of five mice (Table IIT). Tumor pathology
was confirmed by histopathology. These results indicate an
increase in tumorigenicity in the SP cell population (Fig. 5).
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Figure 3. SP and MP cells from the HCCLM3 line were seeded in six-well plates and cultured for 14 days. Colony formation (clonogenicity) was significantly
higher for SP cells compared with MP cells ("P<0.001). SP, side population; MP, main population.
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Figure 4. SP cells from the HCCLM3 line showed significantly greater migration and invasion than the corresponding MP cells in a Transwell assay ('P<0.001).
Staining, Giemsa; magnification, 200x. SP, side population; MP, main population.

Figure 5. In vivo tumorigenicity of HCCLM3 SP and MP cells. Animals were
injected with 2x10° freshly sorted SP cells on the left side of the back and
with the same number of MP cells on the right side of the back. SP, side
population; MP, main population.

Higher expression of CSC-associated genes in SP cells. The
SP and MP preparations from the HCCLM3 line with respect
to the expression levels of a number of genes linked to the SP
and CSC phenotypes. ABCG?2 encodes a protein that can pump
a broad range of cytotoxic substances out of the cell, and it is
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Figure 6. Side population cells exhibited higher expression of cancer stem
cells-associated genes than those of main population cells. "P<0.05 vs. MP
cells. SP, side population; MP, main population.

essential for maintaining the SP phenotype (27,28). The genes
CDI33, CD90, EpCAM, CD44, and CDI3 encode cell surface
markers previously used to enrich for CSCs in HCC (9-12). The
expression of KIf4, Oct4, Sox2 and Nanog, were also exam-
ined, all of which encode transcription factors essential for
self-renewal and pluripotency in embryonic stem cells (29-31).
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Transcription of the CDI/33 and CD90 genes were not
detected in either SP or MP cells; EpCAM and Oct4 were
expressed at similar levels in the two cell types. The other
genes tested were expressed at significantly higher levels in
SP cells compared with MP cells: for ABCG?2, the difference
was 5.64+0.86-fold; CDI13, 2.26+0.11; CD44, 2.1+0.1; Sox2,
2.37+0.18; Nanog, 3.78+0.2; and Kif4, 2.92+0.2 (Fig. 6).

Discussion

CSCs are low-abundance cells with the ability to proliferate and
form tumors, and thought to be responsible for tumor recurrence
and metastasis (5). Recurrence is a significant obstacle to good
prognosis for patients with HCC, even when it can be treated
early, so identifying liver CSCs and developing a method to
isolate them may significantly aid efforts in studying them as
therapeutic targets. SP cells, which pump out the fluorescrent
dye Hoechst33342 through ABC transporters, display several
properties contributable to stem cell-like cancer cells, and study
as a substitute for CSCs (21,22). IN the present study, SP fractions
were isolated from 4 human HCC cell lines, and this fraction
was demonstrated to contain cells with the phenotypic charac-
teristics of CSCs. These initial findings lay the groundwork for
future studies in vitro and in vivo aimed at understanding and
ultimately preventing HCC recurrence and metastasis.

In the present study, the proportion of SP cells was greatly
affected by the concentration of Hoechst dye used. At lower
dye concentrations, MP cells may appear to be SP cells in
flow cytometric analysis; at higher concentrations, SP cells
may move into the MP region (Table II). Oversaturated dye
concentrations can also increase cell death. Therefore, it was
necessary to determine the optimal dye concentrations for
each HCC cell line, defined as the concentration yielding a
stable percentage of SP cells without causing toxicity.

SP cells were successfully identified in suspensions of
HCCLM3, MHCC97-H, MHCC97-L, and Huh7 cells. These
cell lines form a gradient of metastatic potential, in the
order HCCLM3>MHCC97-H>MHCC97-L>Huh7, and these
particular cell lines have been widely used in studies of HCC
metastasis (11,25,26). The proportion of SP cells correlated
directly with the metastatic potential. These findings are
similar to those observed in a former study by Wu et al (32),
who examined the proportion of SP cells in 29 mesenchymal
tumors ranging from benign to high-grade sarcomas, and
found that the highly aggressive tumors contained a higher
proportion of SP cells. Taken together, this evidence indicates
that SP cells may be considered as a substitute for CSCs, and
may be involved in metastasis.

The comparative analysis of SP and MP preparations
from the HCCLM3 cell line performed in the present study,
indicated that SP cells show the characteristics expected of
CSCs: Greater proliferation and colony formation than MP
cells, greater migration and invasion in vitro, and greater
tumorigenicity in vivo. Presumably not all SP cells in the
preparations in the present study were CSCs, yet the strong
stem cell-like phenotype of the SP preparations indicates that
they are highly enriched in CSCs and can be considered a
substitute for CSCs in experimental studies.

A number of studies have used an array of marker proteins
to identify and enrich for liver CSCs, including CD13, and
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CD44 (9,12), in addition to the ABC transporter ABCG2,
which pumps Hoechst dye out of stem cells (27,28). Despite this
work, a standardized ‘signature’ of marker proteins for liver
CSCs has not been developed. The comparison of SP and MP
cells prepared under identical conditions from the HCCLM3
line moves closer to defining a signature by showing that the
mRNAs encoding CD13, CD44 and ABCG2 are expressed
at higher levels in SP cells. These findings provide additional
evidence that SP cells are highly enriched in CSCs, and they
suggest that SP cells are heterogeneous in origin.

In the present study, the expression levels of the transcription
factor genes KlIf4, Sox2 and Nanog were also higher in SP cells
compared with MP cells. Therefore these factors may coopera-
tively maintain the CSC phenotype, perhaps by regulating the
self-renewal and pluripotency of embryonic stem cells (30,31).
The experimental system described in the present study may
inform future xperiments to test directly whether and how these
genes are involved in the CSC-like phenotype of SP cells in HCC.

In conclusion, the present study provides evidence that
the proportion of SP cells in human HCC cell lines correlates
with metastatic potential, and the liver SP cells show the
characteristics expected of CSCs, implicating them in HCC
metastasis. Further studies on the identification and charac-
terization of SP cells using clinical HCC specimens should be
performed to contribute to the understanding of how SP cells
are involved in these disease processes.
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