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miR-33a expression sensitizes Lgr5* HCC-CSCs to doxorubicin via ABCA1
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Cancer stem cells (CSCs) are responsible for the unrestrained cell growth and chemo-resistance of malignant tumors.
Reports about miR-33a in different type of cancer are limited, and it remains elusive whether there is a link between miR-
33a and chemo-resistance of CSCs. Here we report that Lgr5* hepatocellular carcinoma (HCC) cells from primary tissues
and cell lines behave similarly to CSCs and are chemo-resistant to doxorubicin. Significantly, reduced miR-33a expression is
associated with the chemo-resistance of Lgr5* HCC-CSCs, accompanied by an overexpression of ABCA1 which is identified
as target of miR-33a by mainly using miRNA luciferase assay and western-blotting. We demonstrate that down-regulation of
miR-33a expression directly contributes to chemo-resistance of Lgr5* HCC-CSCs, and restoring miR-33a expression sensitizes
them to doxorubicin via apoptosis by mainly using TUNEL assay, soft agar colony formation assay and xenograft assay. Ad-
ditionally, reduced miR-33a expression in HCC tissues is associated with chemo-response and poor patient survival, which
suggests the therapeutic potential of miR-33a. In conclusion, our work indicates that ectopic miR-33a expression sensitizes
Lgr5* HCC-CSCs to doxorubicin via direct targeting ABCA1, which sheds new light on understanding the mechanism of
chemo-resistance in HCC-CSCs and contributes to development of potential therapeutics against HCC.
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HCC, which is one of the most intractable cancers world-
wide, has persistently increasing rates of both incidence and
mortality [1]. Doxorubicin, an anthracycline-based agent, is
one of the most widely used anti-HCC drug systematically or
locally [2]; especially it is the first-line chemotherapy agent
for transarterial chemoembolization (TACE) [3]. However,
during long-term doxorubicin chemotherapy, HCC cells may
eventually develop acquired chemo-resistance, thereby lead-
ing to recurrence and a poor prognosis. There is increasing
evidence proving that resistance to HCC therapy is, at least in
part, caused by inherent chemo-resistance of a subpopulation
of cancer cells [4, 5]. This subpopulation of cancer cells, which
is also labeled as CSCs, shares many properties with stem cells
[5, 6]. CSCs are responsible for tumor relapse after therapy,
are highly tumorigenic, chemotherapy resistant, and able to
divide to orchestrate tumor development and progression [7,
8]. Thus, refined investigation on the key molecular mecha-
nisms of chemo-resistance in CSCs will provide novel targets
for advancing anticancer therapy.

miRNAs are an abundant class of small non-coding RNAs
that inhibit translation or induce mRNA degradation in gen-

eral by binding to the 3'-UTR of target mRNAs. miRNAs have
been identified as tumor promoters or suppressors, regulat-
ing the progression of cancers and the state of CSCs [9, 10].
miR-33a is encoded within the intron 16 of SREBP-a key tran-
scriptional modulator of cellular cholesterol homeostasis and
is highly conserved in mammals [11]. miR-33a was reported
decreased in osteosarcoma cells [12], breast cancer cells [13]
and non-small cell lung cancer [14]. However, reports about
the expression and biological function of miR-33a in CSCs are
rare. Additionally, to date, there are no reports bridging the link
between miR-33a and chemo-resistance of HCC-CSCs.

On the other hand, some CSC biomarkers (e.g., CD133, K7,
EpCAM) have been identified in HCC, but it is still unclear
which biomarker truly represents HCC-CSCs [15, 16]. To date,
studies about Lgr5 as the marker for sorting HCC-CSCs are
few, especially.

In this study, we aim to evaluate the biological function and
the underlying mechanisms of miR-33a in chemo-resistance
of doxorubicin in HCC-CSCs. Here, we report that Lgr5*
HCC cells from primary HCC tissues and cell lines behave
similarly to CSCs and are chemo-resistant to doxorubicin.
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Significantly, reduced miR-33a expression is associated with
the chemo-resistance of Lgr5* HCC-CSCs, accompanied by
an overexpression of ABCA1 which is identified as target of
miR-33a. We demonstrate that down-regulation of miR-33a
expression directly contributes to chemo-resistance of Lgr5*
HCC-CSCs, and restoring miR-33a expression sensitizes them
to doxorubicin via apoptosis. Additionally, reduced miR-33a
expression in HCC tissues is associated with chemo-response
and poor patient survival, suggesting therapeutic potential of
miR-33a. In conclusion, our work indicates that ectopic miR-
33a expression sensitizes Lgr5* HCC-CSCs to doxorubicin via
direct targeting ABCAL.

Patients and methods

Animal and cell culture. Female athymic BALB/c nu/nu
mice, 3-4 weeks old, obtained from HFK Bioscience (China),
were maintained at the Animal Core Facility at Henan Pro-
vincial People's Hospital, under specific pathogen-free (SPF)
condition. All studies on mice were conducted in accordance
with the National Institutes of Health ‘Guide for the Care and
Use of Laboratory Animals’ and were approved by the ethical
committee of Henan Provincial People's Hospital. The hu-
man HCC cell line PCL8024 and Huh7 were purchased from
ATCC (Manassas, USA) and were properly kept in Molecular
Medicine Center of Henan Provincial People's Hospital. All
the cell lines were authenticated by STR-PCR.

Patients and tumor specimens. Ten patients with pri-
mary HCC, who consecutively underwent chemotherapy at
Department of Infectious Disease, Henan Provincial People's
Hospital, were enrolled into this study from January 2009 to
June 2015. Informed consent for the additional core-needle
biopsy and experimental use of tumor samples was obtained
from all patients, following a protocol approved by the Ethics
Committee of Henan Provincial People's Hospital. The tumor
response was evaluated by the Response Evaluation Criteria in
Solid Tumors (RECIST), which was defined as the following:
complete response (CR; disappearance of the disease), par-
tialresponse (PR; reduction of >30%), or progressive disease
(PD; enlargement>20%).

Flow cytometry assay. Flow cytometry assay was done
on single-cell suspensions obtained by enzymatic digestion
of spheres which were derived from primary HCC samples
and HCC cell line (PCL8024 and Huh?7), using an Epics Altra
flow cytometer (Beckman Coulter, USA). The antibodies used
for flow cytometry assay were anti-Lrg5-FITC conjugated
(Abcam, USA).

Sphere formation and propagation. Single-cell suspen-
sions were obtained from primary HCC samples and HCC cell
line (PCL8024 and Huh?7). Solid tissues were finely minced by
razorblade, washed in DMEM/F12 (Gibico Invitrogen, USA),
and then incubated with Accumax 1X (Innovative Cell Tech-
nologies, USA) for 30 min at 37 °C. Single-cell suspension was
obtained by filtering digested tissue. Single-cells were plated
at a density of 10* cells in serum-free medium DMEM/F12

(Gibico Invitrogen, USA), supplemented with commercial
hormone mix B27 (Gibico Invitrogen, USA), EGF (10 ng/
mL; PeproTech, USA), bFGF (10ng/mL; PeproTech, USA),
and heparin (2ug/mL; Sigma Aldrich, USA). The medium of
all the spheres was replaced with fresh growth factors twice
a week until cells started to grow forming floating aggregates.
Cultures were expanded by enzymatic digestion of spheres
with Accumax 1X (Innovative Cell Technologies, USA),
followed by re-plating of both single cells in complete fresh
medium. All cells were cultured at 37 °Cin a 5% CO, humidi-
fied incubator.

MTT assay. Lrg5* cells, Lrg5 - cells, and differentiated
adherent progeny of Lrg5*cells were seeded in 96-well plates
at 2000 cells/well, respectively. Cells were then treated with
increasing concentrations of doxorubicin from 0.5 to 5 pg/mL
for 24 hours. The MTT assay (Sigma Aldrich, USA) was used
to determine relative cell growth every 24 h for cell growth
curves. 20pl of 5mg/ml MTT was added to the media for 4h
incubation at 37°C. Following removal of the culture medium,
the remaining crystals were dissolved in 150ul DMSO (Sigma
Aldrich, USA). The curve of growth was drawn with the ab-
sorbance (A) measured spectrophotometrically in a microplate
reader (Bio-Rad, USA) at a wavelength of 490 nm.

Quantitative real-time RT-PCR analysis (qPCR). Total
RNA was extracted using TRIzol (Invitrogen, USA) and
treated with RNase-free DNase (Qiagen, USA). Mature
miRNA expression analysis was conducted using a Taq-
Man MicroRNA Assays (Applied Biosystems, USA). qPCR
was performed using a SYBR Green Reagents (Bio-Rad,
USA) on the iQ5 Real-Time PCR Detection System (Bio-
Rad, USA), with human U6 as an endogenous control.
Primers for mature miR-33a miRNA and U6 snRNA
were obtained from Invitrogen. The primer of miR-33a,
5'-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATT-
GCACTGGATAGGACTGCAAT-3'; the primer of U6,
5'-CGCTTCACGAGCACATATACTAAAAT-3'.

miRNA luciferase assay. A pMIR-REPORTTM luciferase
reporter vector with a miR-33a target sequence cloned into its
3'-UTR (Invitrogen, USA) was used. Luciferase activity was
assayed using a luciferase assay kit (Promega, USA).

Lentiviral transduction. Cells dissociated were spin-
transduced with 1 ml of NC-si-RNA (Gene Copoeia, USA),
ABCA11-si-RNA lentiviral knockdowns (Gene Copoeia, USA)
packbag or pcDNA3.1-miR-33a (Gene Copoeia, USA) pack-
bag. For both systems, cells were transduced with lentiviral
media at a multiplicity of transduction of 35, in the presence of
8 pg/ml polybrene (Sigma-Aldrich, USA) overnight ina 37°C
incubator. Stable clones transduced with pcDNA3.1-miR-33a
and pcDNA3.1-NC were selected by G418 (800 ug/ml). Stable
clones transduced with si-ABCA1 or si-NC were selected by
puromycin (2 ug/ml).

Western blot. Protein extracts were resolved through 8%
to 129% SDS-PAGE; transferred to nitrocellulose membranes;
and probed with mouse monoclonal antibody against ABCA1
(Santa, USA) or -actin (Proteintech, USA); probed with per-
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oxidase-conjugated secondary antibody (Proteintech, USA).
The membranes were washed and incubated with a horserad-
ish peroxidase (HRP)-conjugated secondary antibody. Protein
expression was detected and quantified using the ODYSSEY
Infrared Imaging System (Li-COR Biosciences, USA).

Xenograft assay. Female athymic BALB/c nu/nu mice at 3-4
weeks of age were injected subcutaneously into the right flank
with 1x10° of Lgr5*HCC-CSCs, and 1x10° of Lgr5*HCC-CSCs
transduced with pcDNA3.1-miR-33a and pcDNA3.1-NC. The
xenografts were monitored until the tumor volumes reached
~100 mm’, each group was randomised into two subgroups
that were either left untreated or received intraperitoneal in-
jections of doxorubicin (4 mg/ kg) every 5 days (three cycles).
The tumour volume was measured with a calliper using the
following formula V(mm?®) = 0.52 x length (mm) x width?
(mm?).

TUNEL assay. TUNEL staining was performed by the
DeadEnd TM Fluorometric TUNEL system according to the
manufacturer’s instructions (Promega, USA) in xenograph
tumor tissues derived from HCC-CSCs, pcDNA3.1-miR-
33a-HCC-CSCs and pcDNA3.1-NC-HCC-CSCs following
treatment with or without three cycles of doxorubicin. Cells
were then observed under a fluorescence microscope (Olym-
pus Optical Co., Germany), and a nucleus with bright green
fluorescence staining was recorded as a TUNEL-positive
event.

Statistical analysis. SPSS13.0 software was used. Each
experiment was performed at least three times. The data were
expressed as mean + SD and one-way ANOVA. An unpaired
Student's t-test were used to determine the significant differ-
ences of all the results. Significances are ,***, p < 0.001; **,p
<0.01; %, p<0.05.

Results

Lgr5* HCC-CSCs in human HCC clinical specimens
and HCC cell lines exhibit CSC properties and are chemo-
resistant. We examined the expression of Lgr5 in fresh HCC
tissue samples and HCC cell lines (PLC8024 and Huh7) using

Table 1. Expression of Lgr5 in HCC samples

flow cytometry. In total, 10 individual patients were analyzed
(Table 1). Flow cytometry demonstrated the presence of
a rare Lgr5 population ranging from 0.2% to 10.7% in HCC
specimens, 7.6% in HCC cell line PLC9024 and 9.8% in HCC
cell line Huh7 (Figure 1A, Table 1 and Figure S1). These data
identified an expanded pool of Lgr5* tumor cells in HCC.
CSCs are believed to be able to form spheres in serum-free
cultivation [17, 18]. Therefore, we cultured 10 cases of primary
HCC samples and cell lines (PLC9024 and Huh?7) to induce
sphere formation (data were not shown). After culturing in the
serum-free medium for 2 - 3 weeks, the majority of tumor cells
died, but a few tumor cells grew to form spheres. Following
the collection of HCC spheres, Lrg5* cells and Lrg5 - cells were
isolated by fluorescence activated cell sorting (FACS). Lrg5*
cells were able to form compact self-renewing spheres, while
Lrg5 -~ cells could not (Figure 1B). Moreover, with increasing
concentrations of doxorubicin (DOX) from 0.5 to 5 ug/ml, cell
viability in both Lrg5 - cells and differentiated adherent progeny
of Lrg5*cells decreased at each concentration compared with
that in Lrg5* cells (Figure 1C). Collectively, these data clearly
indicated that Lgr5* HCC cells were likely to be HCC-CSCs
with potent drug resistance to doxorubicin.

miR-33ais reduced in chemo-resistant Lgr5* HCC-CSCs.
Here, we verified that miR-33a expression was significantly
reduced in Lgr5* HCC-CSCs compared with that in Lrg5 -
cells by using qRT-PCR (Figure 2A). After differentiation,
miR-33a expression dramatically increased (Figure 2A).
Transduction of Lgr5* HCC-CSCs (sphere) with a lentivirus
vector carrying miR-33a expression cassette (miR) restored
the miR-33a expression to a level comparable with adherent
differentiated cells (adh) (Figure 2B). To further investigate
the targeting function of miR-33a, we evaluated the percentage
of luciferase suppression by transducing a luciferase reporter
vector containing a miR-33a target sequence cloned into its
3'-UTR (luc-miR-33a) into Lgr5* HCC-CSCs and differenti-
ated adherent progeny of Lrg5* HCC-CSCs. We found that
luciferase activity in the differentiated adherent progeny (adh)
of Lrg5* HCC-CSCs was suppressed, whereas Lgr5* HCC-
CSCs transduced with empty vector (ev) and untransduced

linical Differnetiation Lgr5* her
Case Age Gender ™M Cstag‘;a esta‘teltlsa " exp;gesssion foifnaeti‘:)n
1 32 Male TINOMO 1A Well 0.2% Yes
2 55 Female T2NOMO IB Moderately 2.1% Yes
3 64 Female TINIMO IIA Moderately 3.2% No
4 46 Male T2N1MO ITA Poorly 10.7% Yes
5 57 Female T2N2MO 1B Moderately 5.1% Yes
6 55 Male T3NOMO 1A Poorly 4.2% Yes
7 67 Male T2N2MO IIIA Poorly 0.3% No
8 61 Male T2N3MO 11IB Poorly 2.1% Yes
9 38 Male T3N3M1 v Poorly 2.6% Yes
10 61 Female T2N3MO 111B Poorly 1.3% Yes
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(un) had almost no change in luciferase activity (PLC8024 left,
Huh?7 right) (Figure 2C). Transduction of Lrg5* HCC-CSCs
with lenti-miR-33a (miR) restored the suppression of luciferase
activity (Figure 2C). Co-transducing the cells with both the re-
porter vector and the miR-33a ASO weakened the suppression
of luciferase activity in the differentiated adherent progeny of
Lrg5* HCC-CSCs (adh) and Lgr5* HCC-CSCs with ectopic
miR-33a expression (miR) (Figure 2C). Thus, these findings
indicated that the expression as well as the target function of
miR-33a was reduced in Lrg5* HCC-CSCs.

Primary Tissue

PLC8024

ABCAL is a direct target gene of miR-33a. In an effort to
determine the potential downstream mRNA targets regulated
by miR-33a, we integrated mRNA expression profiling findings
with in prediction algorithms of PicTar and TargetScan, we
found that the seed sequence of miR-33a had a perfect match
with the 3'-UTR of the ABCA1 mRNA. To examine the target-
ing function of miR-33a to the 3'-UTRs of ABCA1 mRNA, we
used luciferase reporter constructs containing the miR-33a rec-
ognition site or a mutated sequence at the site from the 3-UTR
of ABCA1 mRNA. Transfection of 293T cells with a miR-33a
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Figure 1. Lgr5* HCC cells displayed stem cell-like features and were resistant to chemotherapy drug doxorubicin. (A) The expression of Lgr5 in fresh
HCC tissue samples and HCC cell lines (PLC8024 and Huh7) was examined by using flow cytometry. (B) Phase-contrast images of the ability of tumor
spheres formation by seeding with Lgr5* cells and Lgr5 - cells in serum-free medium. Scale bar, 100 um. (C) With the presence of doxorubicin (DOX),
cell viability of Lgr5* cells, Lgr5 - cells, and differentiated adherent progeny of Lgr5* cells were determined by MTT. Note: Columns, mean of three
individual experiments; SD,**, P<0.01.
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Figure 2. miR-33a was reduced in Lgr5* HCC-CSCs. (A) Relative expression of miR-33a in Lgr5* HCC-CSCs, HCC adherent cell line (PLC8024 and
Huh?) cells, and differentiated adherent progeny of Lgr5* HCC-CSCs were examined by qPCR. Note: Columns, mean of three individual experiments;
SD,**, P < 0.01 vs. untransduced cells. (B) Lgr5* HCC-CSCs transduced with a lenti-miR-33a (miR), showed increased miR-33a expression compared
with that in untransduced group (un), Lgr5* HCC-CSCs upon transduction with lentivirus vector alone (ev) and adherent PLC8024/ Huh?7 cells (adh).
Note: Columns, mean of three individual experiments; SD,**, P < 0.01 vs. uninfected cells. (C) Luciferase activity was decreased following transduction
of a reporter vector carrying a miR-33a targeting sequence at its 3'-UTR (PLC8024 left, Huh7 right). Note: Columns, mean of three individual experi-
ments; SD,**, P <0.01 vs. Lgr5* HCC-CSCs. Transduction with a lentivirus vector carrying miR-33a antagomiR reduced endogenous or exogenous miR-
33a activity. Note: Columns, mean of three individual experiments; SD,**, P < 0.01 vs. untransduced cells (un). 'ev' means transduction with lentivirus
vector alone; 'adh’ means adherent PLC8024/ Huh?7 cells; 'miR' means Lgr5* HCC-CSCs transduced with a lenti-miR-33a.
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HCC-CSCs (un) (Figure 3B). Besides, we showed that ABCA1
protein was significantly elevated in Lgr5* HCC-CSCs (sphere)
compared with that in the differentiated adherent progeny
of Lrg5* HCC-CSCs (adh) (Figure 3C). To further examine
whether miR-33a affects ABCA1 expression, we transduced
Lgr5* HCC-CSCs with lenti-miR-33a. We found that restor-
ing the expression of miR-33a reduced ABCA1 expression in

Lgr5* HCC-CSCs (Figure 3D). Meanwhile, knock-down of
ABCA1 with lenti-si-ABCA1 reduced ABCAL1 expression in
Lgr5* HCC-CSCs (Figure 3D). Therefore, our data implied
that miR-33a regulated ABCA1 expression by directly target-
ing their 3'-UTRs and the reduction of miR-33a might result
in the increase of ABCA1 protein by relieving translational
repression at the 3'-UTRs of ABCAL.
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Figure 3. ABCAL is the target of miR-33a. (A) 293T cells were transfected with 100 nmol/L miR-33a mimics or scrambled oligonucleotide as a nega-
tive control (nc). Expression of luciferase with the putative miR-33a target site in wild-type (wt) or mutated 3'-UTR from ABCA1 was measured in
a luminometer. Note: Columns, mean of three individual experiments; SD,*, P < 0.05 vs. untransduced cells. (B) Adherent PLC8024 and Huh?7 cells
were transfected with 100 nmol/L miR-33a inhibitor or scrambled oligonucleotide as a negative control (nc). Expression of luciferase with the puta-
tive miR-33a target site in wild-type (wt) or mutated 3’UTR from ABCA1 was measured in a luminometer. Note: Columns, mean of three individual
experiments; SD,**, P < 0.01 vs. untransfected cells (un). (C) Western-blotting with anti-ABCA1 antibodies showed that ABCA1 protein was elevated
in Lgr5* HCC-CSCs (sphere) compared with that in their differentiated cells (adh). (D) Western-blotting showed that ABCA1 protein decreased with
the ectopic expression of miR-33a in Lgr5* HCC-CSCs. Transduction of lenti-si-ABCA1 in Lgr5* HCC-CSCs, compared with that in untransduced (un)

or empty vector cells (nc), led to a reduction in the expression of ABCAL.
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Ectopic miR-33a expression sensitizes Lgr5* HCC-CSCs
to doxorubicin. To investigate whether the down-regulation
of miR-33a expression in Lgr5* HCC-CSCs contributes to
doxorubicin resistance, a lentiviral-based approach was used
to restore miR-33a expression with lenti-miR-33a, or to knock
down ABCAL expression with lenti-si-ABCA1. Without
doxorubicin, the cell viability of Lgr5* HCC-CSCs (un) was
not significantly changed upon transduction with lenti-miR-
33a, lenti-si-ABCA1, or empty lentivirus (nc) (Figure 4A),
suggesting that the dysregulation of miR-33a and ABCA1 were
not required for Lgr5* HCC-CSCs survival. With increasing
concentration of doxorubicin, the percentage of viable cells in
lenti-miR-33a-HCC-CSCs and lenti-si-ABCA1-HCC-CSCs
decreased more rapidly than that in si-NC-HCC-CSCs (Figure
4A). There was no statistical difference between cell viability
in si-NC-HCC-CSCs and untransduced group. At each con-
centration, doxorubicin induced the highest growth inhibition
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in Lgr5* HCC-CSCs with the transduction of lenti-si-ABCA1
compared with lenti-miR-33a-HCC-CSCs, si-NC-HCC-CSCs
and untransduced group (Figure 4A). Next, we employed a soft
agar colony formation assay to further evaluate the growth
of lenti-miR-33a-HCC-CSCs with treatment of doxorubicin.
With the presence of doxorubicin at 2pug/ml, colony formation
in lenti-miR-33a-HCC-CSCs and lenti-si-ABCA1-HCC-
CSCs reduced compared with that in si-NC-HCC-CSCs and
untransduced group (Figure 4B).

Furthermore, we built xenograft tumor model using
si-NC-HCC-CSCs, lenti-miR-33a-HCC-CSCs, or untrans-
duced HCC-CSCs, respectively. We found that xenograft
tumors in lenti-miR-33a-HCC-CSCs group were slightly
smaller (Figure 5A), although no significant difference was
observed. Upon intratumor injection with doxorubicin, the
size of xenograft tumors in lenti-miR-33a-HCC-CSCs group
was significantly reduced in comparison with that in si-NC-
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Figure 4. Cell viability of Lgr5* HCC-CSCs is reduced upon transduction with lenti-miR-33a or lenti-si-ABCA1 under chemotherapy. (A) With increas-
ing concentrations of doxorubicin from 0.5 to 5 pg/mL, the proportion of viable cells upon transduction with lenti-miR-33a or lenti-si-ABCA1, but not
with lentivirus vector alone (nc), dropped more rapidly than in untransduced cells (un). Note: Columns, mean of three individual experiments; SD,**,
P<0.01. (B) Soft agar colony formation assay showed that in the presence of adriamycin at 2pg/mL, colony formation in soft agar, counted 20 days after
incubation, was reduced in Lgr5* HCC-CSCs with lenti-miR-33a or lenti-si-ABCA1 transduction compared with the untransduced cells (un) or those
transduced with an empty lentivirus vector (nc). Note: Columns, mean of three individual experiments; SD,**, P<0.01.
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HCC-CSCs and untransduced HCC-CSCs group (Figure
5A). Besides, we found that the expression of miR-33a
increased significantly in lenti-miR-33a-HCC-CSCs group
compared with that in si-NC-HCC-CSCs, or untransduced
HCC-CSCs (Figure S2, Supplementary Information). While,
the expression of ABCA1 was reduced in lenti-miR-33a-
HCC-CSCs group (Figure S2, Supplementary Information).
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These data further implied that miR-33a expression con-
tributing to chemo-resistance of Lgr5* HCC-CSCs in vivo
might be via ABCAL.

In addition, to detect whether doxorubicin-mediated cell
death is generated by apoptosis, TUNEL apoptosis index was
examined in every tumor group. Intratumor injection with
doxorubicin in xenograft tumors derived from HCC-CSCs
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Figure 5. Ectopic expression of miR-33a sensitizes Lgr5* HCC-CSCs to doxorubicin in vitro and in vivo. (A) The potential of tumor initiation of Lgr5*
HCC-CSCs (un), lenti-miR-33a, or lenti-NC-HCC-CSCs fractions by subcutaneous injection, and representative tumor volumes were measured fol-
lowing treatment with or without three cycles of doxorubicin. Note: Columns, mean of three individual experiments; SD,***, P<0.001. (B) Apoptosis
in xenograft tumors derived from Lgr5* HCC-CSCs (un), lenti-miR-33a, or lenti-NC-HCC-CSCs fractions following treatment with or without three
cycles of doxorubicin were detected by TUNEL assay. Scale bar, 100 um. Note: Columns, mean of three individual experiments; SD,***, P<0.001.
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resulted in an increased TUNEL index compared with intra-
tumor injection with glucose (control) in xenograft tumors
derived from HCC-CSCs (Figure 5B). Significantly, with the
treatment of doxorubicin, xenograft tumors in lenti-miR-33a-
HCC-CSCs group showed an obviously higher TUNEL index
than those in si-NC-HCC-CSCs group and untransduced
HCC-CSCs group (Figure 5B). Taken together, our data
demonstrated that down-regulation of miR-33a expression
directly contributed to their chemo-resistance, and restoring
miR-33a expression could sensitize HCC-CSCs to doxorubicin
via apoptosis.

Down-regulation of miR-33a in HCC tissues correlates
chemotherapy resistance and poor patient survival. To
investigate whether miR-33a expression is related to chemo-
resistance in HCC patient cohort, 10 HCC patients who
exhibited CR (chemosensitive), PR (chemosensitive), or PD
(chemoresistant) according to RECIST criteria were enrolled.
We found that miR-33a expression in CR HCC tissues was the
highest among the different chemo-responsive HCC tissues
(Figure 6A). It implied a link between miR-33a expression and
chemo-response in HCC patients. Additionally, CR HCC tis-
sues showed the lowest expression of ABCA1, while PD HCC
tissues showed the highest one (Figure S3, Supplementary
Information). It suggested that ectopic miR-33a expression
might be related to chemo-resistance in HCC patient cohort
via targeting ABCA1. Moreover, survival curve showed that
patients with high miR-33a expression (=2.5 fold) survived
obviously longer than patients with low miR-33a expression
(<2.5 fold) (Figure 6B). These data suggested a potential pre-
dicted value of miR-33a in chemo-resistance.

Discussion

HCC-CSCs are suggested responsible for the chemo-resist-
ance of HCC, but the mechanisms underlying chemo-resistance
of HCC to conventional therapies remain unclear [19, 20]. Stud-
ies have suggested that eradication of HCC-CSCs is required
to achieve a complete remission and to prevent disease recur-
rence [18, 29]. Thus, investigation of major regulators and the
underlying mechanisms which contribute to chemo-resistance
of HCC-CSCs need to be focused on.

Lgr5*is a unique biomarker expressed in stem cells in epi-
thelia of the intestine and colon [21, 22]. However, it remains
unclear whether the Lgr5* neoplastic counterparts contribute
to the progression of HCC. Here, we found that 90% of HCC
tissues were positive for anti-Lgr5 staining in HCC tissues.
The ability of sphere formation and chemo-resistance to
doxorubicin in Lgr5* HCC cells was higher than that in both
Lrg5 - cells and differentiated adherent progeny of Lrg5+*cells.
We preliminary revealed that Lgr5* HCC cells were a subset of
previously unrecognized tumor cells that displayed the proper-
ties of HCC-CSCs. Given that Lgr5* tumor cells are crucial for
the development and progression of colorectal cancer [23-25],
we reasonably deduce that Lgr5* HCC-CSCs may be important
for the pathogenesis and drug resistance of HCC. However,

89
A
Clinnical miR-33a/U6 Total
Response  (5-1.5 1.5-2.5 2535 3545
CR 0 0 2 3 5
PR 0 1 2 0 3
PD 2 0 0 0 2
Total 1 2 4 3 10
B
100 T
- i I
© !
2 801 i
3 i
& 601 i,
5 404 e
o [ T
& 204 ——HighmiR-33a
=+ =+Low miR-33a
0 T T T ]
0 20 40 60 80
Months

Figure 6. miR-33a reduction in HCC tissues correlates chemotherapy re-
sistance and poor patient survival. (A) The correlation of clinical response
and miR-33a expression in 10 HCC patients (CR: disappearance of the
disease; PR: reduction of >30%; PD: enlargement>20%) were built. (B)
Kaplan-Meier survival curves for HCC patients plotted against miR-33a
expression showed a statistical difference in survival between patients with
high - and low - miR-33a.

the exact function, mechanisms, and the prognosis value of
Lgr5 in HCC need further study.

miR-33a was reported decreased in some types of cancer
[12, 13]. However, reports about the expression and biological
function of miR-33a in HCC-CSCs are rare. We report here,
for the first time, that the reduction of miR-33a is an independ-
ent and significant factor affecting the chemo-resistance of
HCC-CSCs. We verified that miR-33a was reduced in Lgr5*
HCC-CSCs compared with that in Lrg5 - cells and differentiated
adherent progeny of Lrg5*cells. We, then, demonstrated that
the expression as well as the target function of miR-33a was
reduced in Lrg5* HCC-CSCs by a series of luciferase assays and
western-blotting. Asad Jan [26], et, al. found that ABCA1 is the
target gene of miR-33 in mouse brain cells. ABCA1 expression
in HCC-CSCs is associated with chemo-resistance and reduced
survival times of patients with HCC [27]. By using luciferase
reporter constructs, our data implied that miR-33a regu-
lated ABCA1 expression by directly targeting their 3'-UTRs.
Western-blotting with anti-ABCA1 antibodies further showed
that the reduction of miR-33a might result in the increase of
ABCAL1 protein by relieving translational repression at the 3'-
UTRs of ABCAL. Furthermore, our data demonstrated that
down-regulation of miR-33a expression directly contributed
to their chemo-resistance to doxorubicin by in vitro and in
vivo functional assays.

A number of molecular mechanisms about chemo-
resistance have been proposed, including the upregulation
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of multi-drug transporters from the ABC superfamily, active
DNA damage repair mechanisms, and resistance to apoptosis
[28]. Our data comfirmed that restoring miR-33a expression
could sensitize HCC-CSCs to doxorubicin via apoptosis. Other
pathways which played important roles in chemo-resistance of
cancer cells may also be involved. Additionally, we observed
that miR-33a expression was related to chemo-response and
poor survival in HCC patient cohort. These data suggested
a potential predicted value of miR-33a in chemo-resistance.

In conclusion, we report that Lgr5*HCC cells from pri-
mary tissues and cell lines behave similarly to CSCs and are
chemo-resistant to doxorubicin. Significantly, reduced miR-33a
expression is associated with the chemo-resistance of Lgr5*
HCC-CSCs, accompanied by an overexpression of ABCA1
which is identified as target of miR-33a. Additionally, reduced
miR-33a expression in HCC tissues is associated with chemo-
response and poor patient survival, suggesting the therapeutic
potential of miR-33a. Here, we demonstrate that ectopic miR-33a
expression sensitizes Lgr5* HCC-CSCs to doxorubicin via direct
targeting ABCA 1, which sheds new light on understanding the
mechanism of chemo-resistance in HCC-CSCs and contributes
to development of potential therapeutics against HCC.

Supplementary information is available in the online version
of the paper.
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Figure S1 The expression of Lgr5 in fresh HCC tissue samples and HCC cell lines (PLC8024 and
Huh7) was examined by using flow cytometry. Paralleled comparison was stained IgG-FITC.
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Figure S2 Relative expression of miR-33a and ABCAL in xenograft tumors derived from Lgr5" HCC-
CSCs (un), lenti-miR-33a (miR-33a), or lenti-NC-HCC-CSCs (nc) fractions, following treatment with
or without three cycles of doxorubicin, were examined by gPCR. Note: Columns, mean of three
individual experiments; SD,**, P < 0.01.
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Figure S3 Relative expression of ABCAI in different group of clinical response in 10 HCC patients
(CR: disappearance of the disease; PR: reduction of >30%; PD: enlargement>20%) were examined by
gPCR. Note: Columns, mean of three individual experiments.
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