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Abstract

Background
The existence of cancer stem cells in hepatocellular carcinoma (HCC) has been

verified by characterizing side population (SP) cells based on efflux of Hoechst 33342
dye from stem cells. Recent advances in microRNA (miRNA) biology have revealed
that miRNAs play an important role in embryonic development and tumorigenesis.
However, it is still unclear which miRNAs participate in the neoplastic transformation
of liver cancer stem cells (LCSCs) during hepatocarcinogenesis.

Methods

To identify the unique set of miRNAs differentially regulated in LCSCs, we applied
SP sorting to primary cultures of F344 rat HCC cancer cells treated with
diethylnitrosamine (DEN) and normal syngenic fetal liver cells, and the stem-like
characteristics of SP cells were verified through detecting expression of CD90.1, AFP
and CK-7. Global miRNA expression profiles of two groups of SP cells were
screened through microarray platform.

Results

A total of 68 miRNAs, including miR-10b, miR-21, miR-470*, miR-34c-3p, and let-
71*, were identified as overexpressed in SP of HCC cells compared to fetal liver cells.
Ten miRNAs were underexpressed, including miR-200a* and miR-148b*. These
miRNAs were validated using stem-loop real-time reverse transcriptase polymerase
chain reaction (RT-PCR).

Conclusions

Our results suggest that LCSCs may have a distinct miRNA expression fingerprint

during hepatocarcinogenesis. Dissecting these relationships will provide a new



understanding of the function of miRNA in the process of neoplastic transformation

of LCSCs.



Background

Cancer stem cells (CSCs) have been identified in hematopoietic malignancies and
in solid tumors, including hepatocellular carcinoma (HCC) [1, 2]. The isolation and
characterization of CSCs are usually based on the presence of known stem cell
markers, i.e., CD133 in glioma [3] and CD44 and CD24 in breast cancer [4].
However, for many tissues, specific molecular markers of somatic stem cells are still
unclear. Therefore, attempts have been made to identify CSCs in solid tumors through
isolation of side population (SP) cells based on the efflux of Hoechst 33342 dye; such
efflux is a specific property of stem cells [5]. The ability to isolate SP cells by cell
sorting makes it possible to efficiently enrich both normal somatic stem cells and
CSCs in vitro without the use of stem cell markers.

HCC is one of the most malignant tumors in existence. By using SP sorting, the
existence of liver cancer stem cells in many established HCC cell lines has been
verified [6-8]. However, few studies have focused on the isolation and
characterization of SP cells isolated from primitive HCC cells. We conjectured that if
normal hepatic stem cells (HSCs) and liver cancer stem cells (LCSCs) could be
enriched through SP isolation, an in vitro model to determine whether HCC arises
through the maturational arrest of HSCs could be developed.

MicroRNAs (miRNAs) are noncoding RNAs of 19 to 25 nucleotides in length that
regulate gene expression by inducing translational inhibition and cleavage of their
target mRNAs through base-pairing to partially or fully complementary sites [9].
Studies using the Dicer gene knockout mouse model have demonstrated that miRNAs
may be critical regulators of the organogenesis of embryonic stem cells (ESC) [10,
11]. Moreover, accumulated data suggest that dysregulation of miRNA occurs
frequently in a variety of carcinomas, including those of the lung, colon, stomach,

pancreas and liver [12]. The dual effects of miRNAs in both carcinogenesis and
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differentiation of normal stem cells strongly suggest that miRNA may be involved in
the transformation of normal stem cells into cancer stem cells. Therefore, screening
for differences in miRNA expression between normal HSCs and LCSCs should help
to elucidate the complex molecular mechanism of hepatocarcinogenesis.

In this study, we applied SP analysis and sorting to F344 rat HCC cells induced
with DEN and to syngenic rat day 14 embryonic fetal liver cells. After isolation of
total RNA, microarray analysis of miRNA expression was performed in order to
detect possible differences in expression levels of specific miRNAs in the two side
populations. We found that 68 miRNAs were over-expressed in the side population of
cancer cells compared to that obtained from fetal liver cells, while 10 miRNAs were
relatively under-expressed. Partially dysregulated miRNAs were validated by real-
time PCR analysis. Our results reveal that miRNAs may play an important function

during the transformation of normal HSCs into LCSCs.

Methods

Animals and Chemical Carcinogenesis
Pregnant F344 rats and normal male F344 rats were purchased from the national

rodent laboratory animal resources, Shanghai branch, China. All animals were housed

in an air-conditioned room under specific pathogen-free (SPF) conditions at 22 +2C

and 55+ 5% humidity with a 12 hour light/dark cycle. Food and tap water were

available ad libitum. All operations were carried out under approval of Fourth
Military Medical University Animal Ethics Committee. Primary HCCs were induced
with DEN (80 mg/L in drinking water, Sigma, St. Louis, MO) for 6 weeks; animals
were then provided with normal water until the appearance of typical tumor nodules
in the liver, which usually occurred 10 to 12 weeks after treatment. After the rats were

sacrificed under ether anesthesia, liver tissues were fixed with 4% paraformaldehyde,
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routinely processed and stained with hematoxylin and eosin (H&E) for histological

examination by two pathologists, blinded to the results of the study, in order to verify
the formation of HCC.
Cell isolation and primary culture

Fetal liver cells were obtained from embryonic day 14 rat fetuses by the procedure
of Nierhoff et al. [13]. The dissociated cells were inoculated onto culture plates with
William’s E medium (Sigma, St. Louis, MO) supplemented with 10% fetal calf serum
(FCS) (Invitrogen), 100 U/mL penicillin G, 0.2 mg/mL streptomycin, and 500 ng/mL
insulin. HCC cells were isolated from DEN-induced rat liver carcinomas. Briefly,
tumor nodules in the liver were minced into pieces and digested by 0.5% collagenase

type IV (Sigma, St. Louis, MO) at 37°C for 15 minutes. After filtration through 70um

mesh, the dispersed cancer cells were collected by centrifugation and finally cultured
in medium of the same composition as that used for fetal liver cells. The culture
media were changed routinely every 3 days.
Flow cytometry

To identify and isolate SP fractions, fetal liver cells and HCC cells were
dissociated from culture plates with trypsin and EDTA, and pelleted by
centrifugation. The cells were resuspended at 1x106/mL in pre-warmed HBSS with
2% bovine serum albumin (BSA) and 10 mmol/L HEPES. Hoechst 33342 dye was
added to a final concentration of 5 mg/mL in the presence or absence of 50uM

verapamil (Sigma, USA), and cells were then incubated at 37°C for 90 minutes. After

incubation, the cells were washed with ice-cold HBSS three times, and were further
stained with FITC-conjugated anti-rat CD90.1 monoclonal antibody (Biolegend Co.,
USA). When staining was finished, propidium iodide (PI; final concentration 1pg/ml)

was added to identify viable cells. The cells were filtered through 80um mesh (Becton
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Dickinson Co., USA) to obtain a single cell suspension before analysis and sorting.
Analysis and sorting were performed on a FACSVantage II (Becton Dickinson Co.,
USA). The Hoechst 33342 dye was excited at 355 nm and its fluorescence was dual-
wavelength analyzed with emission for Hoechst blue at 445 nm, and Hoechst red at
650 nm.
RNA isolation and miRNA microarray

Total RNA from two groups of SP cells was isolated using TRIZOL reagent
(Invitrogen) according to the instructions of the supplier and was further purified
using an RNeasy mini kit (Qiagen, Valencia, CA USA). The miRCURY Hy3/Hy5
labeling kit (Exiqon) was used to label purified miRNA with Hy3TM fluorescent dye.
Labeled samples were hybridized on the miRCURY LNA (locked nucleic acid) Array
(v.11.0, Exiqon, Denmark). Each sample was run in quadruplicate. Labeling
efficiency was evaluated by analyzing signals from control spike-in capture probes.
LNA-modified capture probes corresponding to human, mouse, and rat mature sense
miRNA sequences based on Sanger’s miRBASE version 13.0 were spotted onto the
slides. The hybridization was carried out according to the manufacturer’s instructions;
a 635 nm laser was used to scan the slide using the Agilent G2505B. Data were
analyzed using Genepix Pro 6.0.
Statistical analysis

Signal intensities for each spot were calculated by subtracting local background
(based on the median intensity of the area surrounding each spot) from total
intensities. An average value of the three spot replicates of each miRNA was
generated after data transformation (to convert any negative value to 0.01).
Normalization was performed using a per-chip 50th percentile method that normalizes

each chip on its median, allowing comparison among chips. In two class comparisons



(embryonic hepatocytes SP vs. HCC SP), differentially expressed miRNAs were
identified using the adjusted t-test procedure within the Significance Analysis of
Microarrays (SAM). The SAM Excel plug-in used here calculated a score for each
gene on the basis of the observed change in its expression relative to the standard
deviation of all measurements. Because this was a multiple test, permutations were
performed to calculate the false discovery rate (FDR) or q value. miRNAs with fold-
changes greater than 2 or less than 0.5 were considered for further analysis.
Hierarchical clustering was generated for both up-regulated and down-regulated genes
and conditions using standard correlation as a measure of similarity.
Real-time polymerase chain reaction (real-time RT-PCR) analysis

To compare the expression of AFP and CK-7 between SP and non-SP and validate
the differential expression of miRNAs in SP fractions, we applied real-time RT-PCR
analysis to sorted cells. Specially, stem-loop primers were used for reverse
transcription reaction of miRNAs [14]. The complementary DNA (cDNA) underwent
40 rounds of amplification (Bio-Rad 1Q5) as follows: 40 cycles of a 2-step PCR (95C
for 15 seconds, 60°C for 60 seconds) after initial denaturation (95°C for 10 minutes)
with 2ul of cDNA solution, 1xTagMan SYBR Green Universal Mix PCR reaction
buffer. The sequence of primers used for amplification is listed in Table 1. mRNA or
miRNA levels were normalized using GAPDH or U6 RNA as a internal reference
gene and compared with non-SP cells. The relative amount of each miRNA to U6
RNA was described using the 2™*““" method [15].
Western blotting analysis

Cells sorted by FACS were washed twice with ice-cold PBS and then incubated
with ice-cold cell lysis buffer (1% Nonidet P-40, 50mmol/L. HEPES, pH7.4,

150mmol/LL.  NaCl, 2mmol/L  ethylenediaminetetraacetic ~ acid, = 2mmol/L
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phenylmethylsulfonyl fluoride, Immol/L sodium vanadate, 1mmol/L sodium fluoride,
and 1x protease inhibitor mixture) to extract protein. The protein concentrations of the
lysates were measured using a Bradford protein assay kit (Bio-Rad). All samples were
separated in 12% SDS polyacrylamide gels. Signal were revealed by primary
antibodies and IRDye700-labeled secondary antibody. The signal intensity was

determined by Odyssey Infrared Imaging System (LI-COR Bioscience, Lincoln, NE).

Results

SP cells are present in rat HCC cancer cell and fetal liver cells
The existence of the SP fraction in primary fetal liver cells and in HCC cells was

confirmed by staining with Hoechst 33342 dye to generate a Hoechst blue-red profile.
A small fraction of low-fluorescing cells in the lower-left region of each profile was
gated as SP. The appearance of this fraction was blocked by verapamil, an inhibitor of
transport via multidrug resistance proteins (Figure 1 A-D). Both fetal liver cells and
HCC cells contained a distinct fraction of SP cells. The SP of fetal liver cells was
calculated to be 0.15% + 0.02% (mean + SEM), and that of HCC cells was calculated
to be 0.20% £ 0.08%. Once identified, the cells in the SP gate were sorted into a
centrifuge pipe by FACS.
SP cells are enriched for markers of HSCs

To examine whether SP cells are enriched for characteristics of stem cells
compared to the non-SP cells, we further characterized the SP cells from the fetal
liver cells and HCC cells by analyzing the presence of markers known to be expressed
commonly on the surface of HSCs. FACS analysis showed that CD90.1 positive cells
made up 45% =+ 2.7% of total SP from fetal liver cells, and 37% * 2.1% of total SP
from HCC cells. In contrast, only 0.1% + 0.0% (fetal liver cells) and 0.8% =+ 0.1%

(HCC cells) were CD90.1 positive cells in non-SP fractions (Figure 1. E-H). We next
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quantitatively compared the expression of AFP and CK-7 genes between sorted SP
cells and non-SP cells. Real-time RT-PCR analysis revealed that AFP and CK-7
mRNA level in SP from the fetal liver cells were increased 4.3-fold and 1.9-fold,
respectively compared to non-SP (Figurel. I).Similarly, in SP from the HCC cells,
they were increased 3.6-fold and 2.7—fold, respectively (Figure 1. J). Furthermore, the
differentially gene expressing profile of AFP and CK-7 in sorted SP cells and non-SP
cells also confirmed by using western-blotting analysis. As shown in Figure, the
relative expression of AFP and CK-7 were 0.8440.10, 0.53+0.01 in SP from the fetal
liver cells. While they were only 0.20+£0.08 and 0.18+0.05 in non-SP cells (Figure 1.
L). Similar results also could be seen in HCC cells group (SP: 1.17£0.0.14, 0.47+0.10;
non-SP: 0.35+0.12, 0.16+£0.04) (Figure 1. M).These results indicate that the SP
fraction appeared to be enriched with HSCs or LCSCs.
miRNAs are differentially expressed in SP of fetal liver cells and HCC cells

To identify specific miRNAs that might function in neoplastic transformation of
liver cancer stem cells, we analyzed global miRNA expression using miRCURY LNA
Array that covered all microRNAs in miRBase. Slides were scanned using an Agilent
G2565BA Microarray Scanner System and image analysis was carried out with
ImaGene 7.0 software (BioDiscovery). The array data was further analyzed using
SAM. Based on the fold-changes observed, 68 up-regulated miRNAs and 10 down-
regulated miRNAs were identified in the SP of HCC cells compared to the fetal liver
cells. A comprehensive list is shown in Table 2. The SAM analysis plot image is
shown in Figure 2, and a hierarchical clustering image is shown in Figure 3.
Validation of the differentially expressed miRNAs by qRT-PCR

Using a stringent cut-off of P<0.05, we found significantly altered expression of

only 7 of all rat miRNAs analyzed in SP of HCC cells. In detail, five miRNAs were
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significantly up-regulated (miR-21, miR-34c-3p, miR-470*, miR-10b, let-71*) and
two miRNAs significantly down-regulated in SP of HCC cells (miR-200a*, miR-
148b*). miRNA-specific qRT-PCR was used to validate the significantly altered
miRNAs from the miRNA microarray results. As shown in Figure 4A, the results
showed that the expression levels of miR-21, miR-34c-3p, miR-16, miR-10b, and let-
71* in SP of HCC cells compared to SP of fetal liver cells were increased 3.5+0.84,
2.1+0.52, 2.240.46, 3.9+0.61, and 2.8+0.25 -fold respectively, which were consistent
with miRNA microarray results (P<0.05). of the down-regulated miR-200a*, and
miR-148b* in SP of HCC cells had the fold changes 0.1£0.04, and 0.4+0.08,
respectively (P<0.01).

To further confirm the differentially expressed miRNA, some known target genes
expression of those validated miRNAs excluded miR-470* and miR-148b were
detected in sorted SP cells and compared by using qRT-PCR between fetal liver cell
and HCC cells. These target genes were PTEN (miR-21), P53 (miR-34c), Rho C
(miR-10b), RAS (let-71), and ZEB1 (miR-200a). As shown in Figure 4B, the relative
gene expression of PTEN, P53, RhoC and RAS in SP from HCC cells were
significantly lower than in fetal liver cells. On the contrary, the relative expression of
ZEBI1 gene in SP from HCC cells was higher than in fetal liver cells. Respectively,
corresponding specific data were 0.78+0.24 vs 0.33+0.18 (PTEN), 1.79+0.36 vs
0.81+0.29 (P53), 1.16+0.44 vs 0.72 £0.34 (RhoC), 3.52+1.13 vs 1.62+0.92 (RAS),
and 0.27+0.11 vs 0.48+0.13 (ZEB1). These data were indirectly validated the
differentially expressing profile of those miRNAs in SP fractions between HCC cells

and fetal liver cells.
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Discussion

There is a growing realization that many cancers may harbor a small population of
cancer stem cells (CSCs). These cells not only exhibit stem cell characteristics, but
also, importantly, are tumor-initiating cells and are responsible for cellular
heterogeneity of cancer due to aberrant differentiation. According to the hierarchical
model of cancer, the origin of the cancer stem cells may be long-lived somatic stem
cells. Therefore, markers of “normal” stem cells are being sought with the expectation
that these molecules are also expressed by cancer stem cells, and can be used to
identify them. In fact, the specific markers of many somatic stem cells, e.g., HSCs,
are still unidentified, and it is difficult to screen putative stem cell markers useful for
isolation and characterization of liver cancer stem cells. Recently, however, a special
common “marker” has been identified in the sense that characteristic stem-like cells
possess an energy-dependent drug export property conferred by their high expression
of ABC (ATP-binding cassette) membrane transporters. This property was first
exploited by Goodell et al. [16] for isolation and analysis of hematopoietic stem cells
based on their ability to efflux a fluorescent dye. Identified cells were termed a “side
population”. The SP fraction is a useful tool for cancer stem cell studies in solid
tumors, especially when specific cell surface markers are unknown. In many
gastrointestinal cancers and HCC cell lines, SP fraction cells have been identified and
characterized by their capacity for self-renewal and their high tumorgenicity [17].
These studies demonstrated that SP can be used to enrich cancer stem cells in HCC.
Moreover, it has been verified that normal HSCs (or ‘oval cells’) in rodents also
express the side population phenotype defined by high expression of ABC transporter
[18, 19]. In the current study, we were able to identify a small SP component (0.10%-
0.34%) in both fetal liver cells and HCC cancer cells of F344 rats. The percentage of

SP cells we detected is similar to the percentages described in most previous reports
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of SP in human HCC cell lines.[17] To the best of our knowledge, this is the first
report demonstrating the existence of SP cells in both fetal liver cells and in primary
rodent HCC cancer cells induced by chemical carcinogens. Since the HCC cancer
cells and fetal liver cells used in our study originated from the same inbred rat strain,
the SP fractions enriched by screening both normal fetal liver and tumors for stem-
like cell characteristics have high similarity in genetic background, thus providing a
model for in vitro study of the mechanism of neoplastic transformation from normal
HSCs into LCSCs. In contrast, it is difficult to accomplish this using SP cells sorted
from many human HCC cell lines.

Increasing evidence has accumulated suggesting that many miRNAs play key roles
in stem cell maintenance and differentiation. In ESC, disruption of the Dicer protein,
an important enzyme in miRNA processing, leads to embryonic lethality [20]. Further
evidence has also been provided by studies in some somatic stem cells showing that
specific miRNA-based regulation is involved during organ and tissue development;
e.g., a cardiac-enriched miRNA family was identified and demonstrated to have a
critical role in the differentiation and proliferation of cardiac progenitor cells [21].
Additionally, experiments using isolated populations of hematopoietic stem cells have
documented roles for specific miRNAs in HSC lineage differentiation, and evidence
suggests that miRNAs are important for differentiation of somatic stem cells in
several other tissues as well [22]. In addition to stem cell studies, microarray-based
expression studies have also shown that aberrant expression of miRNAs occurs in
several hematological and solid tumors including HCC [12]. In these malignancies, it
has been shown that specific miRNAs can function either as oncogenes or as tumor

suppressors during carcinogenesis [23]. Moreover, the aberrant miRNA expression
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profile correlated with particular tumor phenotypes can even be used to distinguish
between normal tissue and tumors.

With the accumulation of evidence for “cancer stem cells”, it is proposed that
miRNAs might play a role in malignant transformation from normal stem cells into
cancer stem cells. Recent studies have partially verified this hypothesis; e.g., let-7
miRNA expression can be observed in ESC and progenitor cells, but is absent in
breast cancer stem cells. The reintroduction of let-7 into these cells causes
differentiation and reduction of proliferation and tumor-forming ability. It has been
demonstrated that in carcinogenesis, some miRNAs are likely to be instrumental in
helping to control the delicate balance between the extraordinary ability of stem cells
to self-renew, and their ability to differentiate for the purpose of development and
tissue maintenance versus their potential for dysregulated growth and tumor formation
[24]. In the present work, we have identified, for the first time, miRNA expression
patterns that can unambiguously differentiate LCSCs and normal HSCs, though both
were enriched in SP fractions and showed similar phenotypes. Our study demonstrates
that the aberrant expression of some specific miRNAs may play a key regulatory role
in the hepatocarcinogenesis of HSCs. Notably, the dysregulated miRNAs identified in
our study are encoded in chromosomal regions that have frequent chromosomal
instability during hepatocarcinogenesis, verified by previous comparative genomic
hybridization. For example, the precursor sequences of the up-regulated miRNAs
(miR-21, miR-10b) and down-regulated miR-148b* observed in our study are located
at 17923, 3923 and 12ql3. In these regions, chromosomal aberrations such as
recurrent amplification, methylation or loss of heterozygosity have been detected in
various clinicopathological HCC samples [25, 26]. It has been shown that miRNA

expression profiles of cancer stem cells are tissue-specific and tumor-specific.
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Moreover, comprehensive analysis of miRNA expression in diverse tumors has
shown that miRNA genetic fingerprints can be used to accurately diagnose and
predict tumor behavior [27, 28]. While liver cancer stem cells are believed to be the
tumor-initiating cells of HCC, we speculate that screening of circulating miRNAs in
the serum could help to predict the presence of liver cancer stem cells and that such a
procedure may be useful for early diagnosis of HCC.

Here we validated significant overexpression of miR-10b, miR-21, and miR-34c-
3p in SP fractions of HCC compared to SP fractions of normal fetal liver cells.
Notably, overexpression of these three miRNAs was previously shown to be an
important factor in promoting cell invasion or proliferation in various tumor types. By
performing real-time PCR, Sasayama et al. [29] found that miR-10b expression was
upregulated in gliomas and that the expression of miR-10b was associated with
higher-grade glioma. In glioma cells, miR-10b regulates the expression of mRNA for
RhoC and urokinase-type plasminogen activator receptor (UPAR) via inhibition of
translation of the mRNA encoding homeobox D 10 (HOXD 10), resulting in invasion
and metastasis of glioma cells. Similarly, overexpression of miR-10b was also
detected in metastatic breast cancer by Ma et al. [30], who showed that increased
expression of miR-10b promoted cell migration and invasion. Additionally, it has
been verified that miR-21 overexpression can down-regulate the Pdcd4 tumor
suppressor and stimulate invasion, intravasation and metastasis in colorectal cancer
[31]. Moreover, overexpression of miR-21 was also previously associated with poorly
differentiated HCC, and this miRNA is known to participate in down-regulation of
phosphatase and tensin homolog (PTEN) [32]. A different situation exists with other
miRNAs such as miR-34c¢-3p, which is a member of the miR-34 family. Members of

this family have been shown to be targets of the p53 gene, and to be involved in
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control of cell proliferation [33]. However, since inactivation of p53 is a critical event
during hepatocarcinogenesis, it has been suggested that miRNAs play a central role in
the aberrance of the p53 tumor suppressor network during neoplastic transformation
of liver cancer stem cells, and that this is linked with multiple changes of phenotype
such as cell cycle arrest and apoptosis.

A subset of miRNAs was also identified and shown to be significantly
underexpressed in our study, including miR-200a and miR-148b*. Previous studies
have linked the miR-200 family with the epithelial phenotype [34], and Korpal et al.
[35] identified miR-200a as a suppressor of epithelial-mesenchymal transition (EMT)
through direct targeting of ZEB1 and ZEB2 genes. EMT is a crucial process in the
formation of various tissues and organs during embryonic development. Moreover,
EMT is proposed to be a key step in the metastasis of epithelial-derived tumors
including HCC. Thus, we hypothesize that the down-regulated miRNAs seen in this
study may function as tumor suppressor genes during carcinogenesis. Although the
exact target mRNA targets for many miRNAs are currently unknown, use of the
TargetScan and MiRanda database to identify predicted target genes of the miRNAs
shown to be up-regulated or down-regulated in our study could help to elucidate the

neoplastic mechanism of liver cancer stem cells.

Conclusions

This work provides an in vivo model for the study of mechanisms of neoplastic
transformation of liver cancer stem cells by separately sorting SP fractions enriched
with stem-like cells from primary rat HCC cancer cells and syngenic fetal liver cells.
On the basis of this model, differences in miRNA expression profiles between LCSCs
and normal HSCs were investigated using microarrays. This allowed us to identify

miRNAs whose deregulation was closely correlated with the malignant phenotype of
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liver cancer stem cells, as distinguished from normal hepatic stem cells and from
oncogene and tumor suppressor gene mutations. The gene and protein networks
directly targeted and affected by these miRNAs that are likely to participate in

tumorigenesis remain to be explored.

Competing interests

The authors declare that they have no competing interests.

Authors' contributions
LR and DKF designed the study. LR performed cell isolation and cultures. YN
performed miRNAs microarray detection and data analysis. WXC accomplished

quantitative PCR validation. LR wrote the main manuscript. DKF looked over the
manuscript. All authors read and approved the final manuscript.

Acknowledgements

This work was supported by grants from the National Natural Science Foundation
of China (No. 30772102 and No. 30772094). We thank Professor Qinchuan Zhao for

helpful suggestions in the preparation of the manuscript.

References
1. Yang ZF, Ngai P, Ho DW, Yu WC, Ng MN, Lau CK, Li ML, Tam KH, Lam

CT, Poon RT, Fan ST: Identification of local and circulating cancer stem
cells in human liver cancer. Hepatology 2008, 47:919-928.
2. Sell S, Leffert HL: Liver cancer stem cells. J Clin Oncol 2008, 26:2800-

2805.

-17 -



10.

11.

Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman
RM, Cusimano MD, Dirks PB: Identification of human brain tumour
initiating cells. Narure 2004, 432:396-401.

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF:
Prospective identification of tumorigenic breast cancer cells. Proc Natl
Acad Sci U S A 2003, 100:3983-3988.

Wu C, Alman BA: Side population cells in human cancers. Cancer Lett
2008, 268:1-9.

Shi GM, Xu Y, Fan J, Zhou J, Yang XR, Qiu SJ, Liao Y, Wu WZ, Ji Y, Ke
AW, et al: Identification of side population cells in human hepatocellular
carcinoma cell lines with stepwise metastatic potentials. J Cancer Res Clin
Oncol 2008, 134(11):1155-63.

Chiba T, Kita K, Zheng YW, Yokosuka O, Saisho H, Iwama A, Nakauchi H,
Taniguchi H: Side population purified from hepatocellular carcinoma cells
harbors cancer stem cell-like properties. Hepatology 2006, 44:240-251.
Haraguchi N, Inoue H, Tanaka F, Mimori K, Utsunomiya T, Sasaki A, Mori
M: Cancer stem cells in human gastrointestinal cancers. Hum Cell 2006,
19:24-29.

Bartel DP: MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 2004, 116:281-297.

Bibikova M, Laurent LC, Ren B, Loring JF, Fan JB: Unraveling epigenetic
regulation in embryonic stem cells. Cell Stem Cell 2008, 2:123-134.
Laurent LC, Chen J, Ulitsky I, Mueller FJ, Lu C, Shamir R, Fan JB, Loring

JF: Comprehensive microRNA profiling reveals a unique human

-18 -



12.

13.

14.

15.

16.

17.

18.

embryonic stem cell signature dominated by a single seed sequence. Stem
Cells 2008, 26:1506-1516.

Ladeiro Y, Couchy G, Balabaud C, Bioulac-Sage P, Pelletier L, Rebouissou S,
Zucman-Rossi J: MicroRNA profiling in hepatocellular tumors is
associated with clinical features and oncogene/tumor suppressor gene
mutations. Hepatology 2008, 47:1955-1963.

Nierhoff D, Ogawa A, Oertel M, Chen YQ, Shafritz DA: Purification and
characterization of mouse fetal liver epithelial cells with high in vivo
repopulation capacity. Hepatology 2005, 42:130-139.

Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, Nguyen JT, Barbisin M,
Xu NL, Mahuvakar VR, Andersen MR, et al: Real-time quantification of
microRNAs by stem-loop RT-PCR. Nucleic Acids Res 2005, 33:e179.

Livak KJ, Schmittgen TD: Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
(San Diego, Calif 2001, 25:402-408.

Goodell MA, Brose K, Paradis G, Conner AS, Mulligan RC: Isolation and
functional properties of murine hematopoietic stem cells that are
replicating in vivo. J Exp Med 1996, 183:1797-1806.

Haraguchi N, Utsunomiya T, Inoue H, Tanaka F, Mimori K, Barnard GF,
Mori M: Characterization of a side population of cancer cells from human
gastrointestinal system. Stem Cells 2006, 24:506-513.

Shimano K, Satake M, Okaya A, Kitanaka J, Kitanaka N, Takemura M,
Sakagami M, Terada N, Tsujimura T: Hepatic oval cells have the side
population phenotype defined by expression of ATP-binding cassette

transporter ABCG2/BCRP1. Am J Pathol 2003, 163:3-9.

-19-



19.

20.

21.

22.

23.

24.

25.

26.

Wulf GG, Luo KL, Jackson KA, Brenner MK, Goodell MA: Cells of the
hepatic side population contribute to liver regeneration and can be
replenished with bone marrow stem cells. Haematologica 2003, 88:368-
378.

Kloosterman WP, Plasterk RH: The diverse functions of microRNAs in
animal development and disease. Dev Cell 2006, 11:441-450.

Zhao Y, Samal E, Srivastava D: Serum response factor regulates a muscle-
specific microRNA that targets Hand2 during cardiogenesis. Nature 2005,
436:214-220.

Lakshmipathy U, Hart RP: Concise review: MicroRNA expression in
multipotent mesenchymal stromal cells. Stem Cells 2008, 26:356-363.

He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, Goodson S,
Powers S, Cordon-Cardo C, Lowe SW, Hannon GJ, Hammond SM: A
microRNA polycistron as a potential human oncogene. Nature 2005,
435:828-833.

Stadler BM, Ruohola-Baker H: Small RNAs: keeping stem cells in line. Cell
2008, 132:563-566.

Katoh H, Shibata T, Kokubu A, Ojima H, Loukopoulos P, Kanai Y, Kosuge T,
Fukayama M, Kondo T, Sakamoto M, et al: Genetic profile of hepatocellular
carcinoma revealed by array-based comparative genomic hybridization:
identification of genetic indicators to predict patient outcome. J Hepatol
2005, 43:863-874.

Sy SM, Wong N, Lai PB, To KF, Johnson PJ: Regional over-representations
on chromosomes 1q, 3q and 7q in the progression of hepatitis B virus-

related hepatocellular carcinoma. Mod Pathol 2005, 18:686-692.

-20 -



27.

28.

29.

30.

31.

32.

33.

Calin GA, Ferracin M, Cimmino A, Di Leva G, Shimizu M, Wojcik SE, Iorio
MYV, Visone R, Sever NI, Fabbri M, et al: A MicroRNA signature associated
with prognosis and progression in chronic lymphocytic leukemia. N Engl J
Med 2005, 353:1793-1801.

Garzon R, Pichiorri F, Palumbo T, Iuliano R, Cimmino A, Ageilan R, Volinia
S, Bhatt D, Alder H, Marcucci G, et al: MicroRNA fingerprints during
human megakaryocytopoiesis. Proc Natl Acad Sci U S A 2006, 103:5078-
5083.

Sasayama T, Nishihara M, Kondoh T, Hosoda K, Kohmura E: MicroRNA-
10b is overexpressed in malignant glioma and associated with tumor
invasive factors, uPAR and RhoC. Int J Cancer 2009.

Ma L, Teruya-Feldstein J, Weinberg RA: Tumour invasion and metastasis
initiated by microRNA-10b in breast cancer. Narure 2007, 449:682-688.
Asangani A, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post S,
Allgayer H: MicroRNA-21 (miR-21) post-transcriptionally downregulates
tumor suppressor Pdcd4 and stimulates invasion, intravasation and
metastasis in colorectal cancer. Oncogene 2008, 27:2128-2136.

Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel T:
MicroRNA-21 regulates expression of the PTEN tumor suppressor gene
in human hepatocellular cancer. Gastroenterology 2007, 133:647-658.
Corney DC, Flesken-Nikitin A, Godwin AK, Wang W, Nikitin AY:
MicroRNA-34b and MicroRNA-34c are targets of pS3 and cooperate in
control of cell proliferation and adhesion-independent growth. Cancer Res

2007, 67:8433-8438.

-21 -



34.

35.

Spaderna S, Brabletz T, Opitz OG: The miR-200 family: central player for
gain and loss of the epithelial phenotype. Gastroenterology 2009, 136:1835-
1837.

Korpal M, Lee ES, Hu G, Kang Y: The miR-200 family inhibits epithelial-
mesenchymal transition and cancer cell migration by direct targeting of
E-cadherin transcriptional repressors ZEB1 and ZEB2. J Biol Chem 2008,

283:14910-14914.

-2



Figures

Figure 1 - SP cell and non-SP cells analysis.
(A and C) Representative side populations (SP) were identified in the P3 gate on

the flow cytometry profile after the cells were stained with Hoechst 33342, (B and D):
The SP cells in both HCC cells and fetal liver cells disappeared (0.0%) when cells are
treated with 50 uM verapamil. (E-H) Analysis of stem cell marker expression on the
surfaces of SP and non-SP cells. The number within each histogram represents the
percentage of CD90.1 positive cells. (I-K) Quantitative analysis of AFP and CK-7
genes expression applied to sorted SP cells and non-SP cells by using Real-time RT-
PCR. Data were normalized by using GAPDH housekeeping gene as endogenous
control. (* P<0.05, ** P<0.01). (L-M) Western-blotting analysis of AFP and CK-7
protein expression in SP cells and non-SP cells. The relative expressions of protein
were calculated through comparing with GAPDH protein.

Figure 2 - SAM outputs.

SAM plotsheet outputs under the four sets of criteria: A = (.25, fold change =2.
Conditions are indicated at the upper right corner of each plotsheet. The red, green,
and black dots represent upregulated, downregulated, and insignificantly changed
miRNAs, respectively. The upper and lower 45° degree lines indicate the A threshold
boundaries. The number of significant miRNAs, median number of false positives,
and false discovery rate (FDR) are indicated at the upper left corner of the plotsheet.
Figure 3 - Heat map of altered miRNA expression.

A heat map was generated using the expression ratios of 78 miRNAs that differed
significantly in SP of HCC cells compared to fetal liver cells, according to
significance analysis of microarrays (SAM). Red, overexpressed miRNAs; green,

underexpressed miRNAs compared to counterparts. Relatedness in miRNA
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expression across samples is shown by a hierarchical tree on the Y axis through
standard linkage.
Figure 4 - Validation of microarray data using real-time RT-PCR.

(A) The levels of miR-21, miR-34c-3p, miR-470*, miR-10b and let-71* are
significantly increased, while the levels of miR-200a*, miR-148b are significantly
decreased in the SP of HCC cells compared to the fetal liver cells, according to the
results of microarray analysis (gray bar). Real-time RT-PCR analysis of these
miRNAs using total RNA isolated from the SP fractions showed similar results (white
bar). (B) Real-time analysis revealed that some known target genes of those partially
validated miRNAs are also significantly differentially expressed between the SP
sorted from the HCC cells and fetal liver cells (* P<0.05; ** P<0.01). The levels of
target gene mRINA are inversely correlated with associated microRNA expression in

SP cells.
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Tables

Table 1 - Reverse transcription and stem-loop primers for real-time RT-PCR

Gene

name

Reverse transcription primer (5°-3°)

PCR primers (5°-3")
F: forward primer

R: reverse primer

miR-21

miR-10b

miR-

470*

miR-34c-

let-71*

miR-

200a*

GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
CACTGGATACGACTCAACA

GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
CACTGGATACGACCACAAA

GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
CACTGGATACGACTCTTCT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
CACTGGATACGACCCTGGC

GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
CACTGGATACGACAGCAAG

GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
CACTGGATACGACTCCAGC

_25 .-

F:
CGCGCTAGCTTATCAG
ACTGA

R:
GTGCAGGGTCCGAGGT
F:
CGTCGTACCCTGTAGA
ACCGA

R:
GTGCAGGGTCCGAGGT
F:
GTGCGAACCAGTACCT
TTCTG

R:
GTGCAGGGTCCGAGGT
F:GGTGGAATCACTAAC
CACACG

R:
GTGCAGGGTCCGAGGT
F:
TAGTACTGCGCAAGCT
ACTGC

R:
GTGCAGGGTCCGAGGT
F:
GAGTGCATCTTACCGG



miR-

148b*

U6

GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
CACTGGATACGACGCCTGA

CGCTTCACGAATTTGCGTGTCAT

ACAGT

R
:GTGCAGGGTCCGAGGT
F:
GGCGCAAGTTCTGTTA
TACAC

R
:GTGCAGGGTCCGAGGT
F:
GCTTCGGCAGCACATA
TACTAAAAT

R:
CGCTTCACGAATTTGC
GTGTCAT
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Table 2 - Partial list of miRNAs with significantly different levels detected in SP
of HCC cells compared to fetal liver cells

False discovery rate (FDR)

microRNA SAM score Fold change

%
hsa-miR-935 0.66 4.32 0.51
mmu-miR-10b 1.00 3.88 0.07
mmu-miR-21 0.80 2.96 0.00
mmu-miR-470% 0.69 2.81 0.00
hsa-miR-34c-3p 0.78 2.79 0.00
hsa-miR-650 0.76 2.71 0.00
hsa-miR-92b* 0.69 2.65 0.03
hsa-miR-193b 0.71 2.59 0.00
hsa-miR-374a* 0.68 2.58 0.24
hsa-miR-548c-3p 0.70 2.54 0.00
hsa-miR-33b 0.66 2.53 0.57
mmu- miR-199a-3p 0.71 2.52 0.00
hsa-miR-330-3p 0.71 2.51 0.00
mmu-miR-376a 0.69 248 0.13
mmu-miR-100 0.68 2.44 0.16
mmu-miR-717 0.66 2.36 0.62
mmu-miR-125b-5p 0.66 2.35 0.45
mmu-miR-449a 0.64 2.35 1.09
hsa-miR-21* 0.63 2.31 1.29
mmu-miR-883b-3p 0.63 2.29 1.20
mmu-miR-31 0.59 2.25 245
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mmu-miR-34b-3p
mmu-let-71*
hsa-miR-549
mmu-miR-207
mmu-miR-200a*
mmu-miR-207
hsa-miR-148b*

mmu-miR-135a*

0.57

0.55

-0.70

-0.86

-0.94

-0.86

-0.76

-0.69

2.14

2.02

0.05

0.23

0.29

0.23

0.36

0.38

3.43

4.66

2.84

6.02

1.22

0.60

2.72

2.92
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Significant: 78

SAM Plotsheet

Median number of false positives: 0.81
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