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Abstract

Background & Aims—Hepatocellular carcinoma (HCC) is an aggressive cancer with a poor
prognosis mainly due to metastasis. MicroRNAs are endogenous small noncoding RNAs that regulate
cellular gene expression and are functionally linked to tumourigenesis. Using microarray analysis,
we recently identified 20 miRNAs associated with HCC metastasis. Here, we carried out further
analyses on one of these microRNAS, let-7g, to determine whether it is functionally linked to HCC
metastasis.

Methods—Quantitative real-time polymerase chain reaction was used to determine the level of
mature let-7g transcript in HCC clinical specimens and its correlation with patient survival. Ectopic
expression of let-7g was carried out in HCC cell lines to assess its influence on cell growth, migration
and invasion.

Results—We confirmed that the level of let-7g was significantly lower in metastatic HCCs
compared to metastasis-free HCCs. Moreover, low let-7g expression in a tumour was predictive of
poor survival in HCC patients. Functional studies indicated that ectopic expression of let-7g
significantly inhibits HCC cell migration and cell growth. In-silico analysis revealed members of
soluble collagens as potential targets of let-7g. Consistently, the levels of type I collagen a2
(COL1A2) and let-7g were inversely correlated in HCC clinical specimens. COL1A2 was
experimentally validated as a direct target of let-7g. Moreover, addition of COL1A2 counteracted
the inhibitory effect of let-7g on cell migration.

Conclusions—These results suggest that let-7g may suppress HCC metastasis partially through
targeting COL1A2.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third leading cause
of cancer death worldwide. Its incidence continues to increase in most industrialised countries,
including the United States [1;2]. Metastasis has been the major problem for the dismal
outcome of HCC patients [3]. Recently, HCC metastasis-associated mRNA and microRNA
signatures have been identified in our lab [4;5].

MicroRNAs (miRNAS) are a class of endogenous, small (21-23 nucleotides in length),
noncoding but functional RNAs. Mature miRNAs can be generated from sequential processing
of primary miRNA transcripts by Drosha and Dicer, and they then serve as posttranscriptional
regulators of gene expression through complementary base pairing to messenger RNAs [6].
Let-7 family members were originally observed in C. elegans [7;8], and nine members of the
let-7 family have been found in humans [9]. Recently, this family has been shown to function
as tumour suppressors. For example, let-7 is down-regulated in lung cancer, melanoma and
head and neck squamous carcinoma, while over-expression of let-7 can inhibit cancer cell
growth [10-17]. Oncogenes such as RAS, MYC, and HMGA2 are direct targets of let-7 [10;
18-20]. Moreover, LIN28B, a suppressor of let-7 expression, is highly expressed in HCC with
poor clinical outcomes [21-23].

Recently, we identified a 20-miRNA HCC metastasis signature that contains let-7g [5]. This
signature can significantly distinguish primary HCC tissues with venous metastasis from
metastasis-free solitary tumours as well as predict survival. The current study was designed to
validate our previous findings and to determine the role of let-7 in HCC progression.

Materials and Methods

Clinical samples and cell lines

MicroRNA expression was quantified in 55 HCC tissues and paired non-tumour tissues
obtained with informed consent from patients who underwent radical resection between 2002
and 2003 at the Liver Cancer Institute and Zhongshan Hospital (Fudan University, Shanghai,
China). Follow-up data were available for all cases, and metastasis status was known for 22
cases. HuH-1 and huH7 HCC cell lines were used for let-7g functional studies. The retroviral
packaging cell line AmphoPack-293 was used to produce retroviruses expressing let-7g. These
cells were cultured in 10% foetal bovine serum (FBS) supplemented Dulbecco’s modified
essential medium (DMEM) (Invitrogen), containing L-glutamine (2mM) (Invitrogen) and
penicillin sodium (100 U/ml)/streptomycin sulphate (100 pg/ml) (Invitrogen) in a humidified
incubator at 37°C with 5% CO». Soluble type I collagen (Southern Biotech) (0.2 pg/ml) was
used in this study.

Constructs and luciferase assay

miRVec-control and miRVec-let7g plasmids were kindly provided by Prof. Reuven Agami.
miRVec-let7g was used to produce a precursor form that is processed into mature let-7g in
cultured cell lines. The wild-type and mutant let-7 binding sequence at the 3’-UTR of human
COL1AZ2 and its complementary oligo were synthesised (IDT), denatured/renatured and then
cloned into the Spe I/Hind 111 sites of a luciferase gene in the pMIR-REPORT luciferase vector
(Ambion). The sense sequences were 5’-ctagtaacttccaaaggtttaaactacctcaaaaa-3’ (wild-type);
5’-ctagtaacttccaaaggtttaaactgttcgaaaaa-3’ (mutant). The reverse sequences were 5’-
agcttttttgaggtagtttaaacctttggaagtta-3’ (wild-type); 5’-

agcttttttcgaacagtttaaacctttggaagtta-3’ (mutant). The whole 3’UTR of COL1A2 with either the
wild-type or a mutant let-7g binding site (the seed residues) was also cloned into Spe I/Hind
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I sites in the pMIR-REPORT vector. Luciferase assays were performed as previously
described [24].

Retrovirus generation and infection

Retrovirus was generated as follows. Amphopack-293 cells were transfected with DNA by
Lipofectamine 2000. Forty-eight hours later, the virus-containing medium was harvested. The
retrovirus-containing medium was used to infect huH-1 or huH-7 cells, and blasticidine (2 pg/
ml) was used to select positive cells. The surviving colonies from control and let-7g virus-
infected cells, i.e., miRVec-control or miRVec-let7g, respectively, were trypsinised and pooled
together in blasticidine-containing media to generate a mass culture. We used these cells within
six passages to avoid cells adapting to let-7g.

RNA isolation and quantitative real time reverse transcriptase-polymerase chain reaction
(gRT-PCR)

Total RNA isolation and qRT-PCR were performed as previously described [24]. RNU6B
RNA was used as a control for let-7g detection, and actin was used as a control for COL1A2
detection.

Invasion and migration assay

For invasion assays, 4x10% cells in serum-free media were seeded into the upper chambers of
a 24-well BioCoat Matrigel invasion chamber (Becton Dickinson Labware) with an 8-um pore
polycarbonate membrane coated with Matrigel. For migration assays, 4x104 cells were seeded
into the upper chambers of 24-well BioCoat control inserts (BD Bioscience) with uncoated 8-
um pores in serum-free media. Medium with 5% FBS was added to the lower chambers as a
chemoattractant. After 40 hours of incubation, cells remaining on the upper surface of the
membrane were removed with a cotton swab, and cells that invaded through the membrane
filter were fixed with 100% methanol, stained by haematoxylin and eosin, and photographed
under a microscope (Olympus BX40 with a DP70 digital camera). The number of invading
cells was manually counted per high-power field for each condition (eight fields on each
membrane were randomly selected). The percentage of invasion was calculated using the
following formula: # of cells invading through Matrigel inserts versus # of cells migrating
through control inserts.

Wound healing assay

Cells were grown to confluence in 25 cmj, cell culture flasks. Artificial wound tracks were
created by scraping confluent cell monolayers with a pipette tip. After removal of the detached
cells by gently washing with PBS, the cells were fed with fresh complete medium and incubated
over time to allow cells to migrate into the open area. The ability of the cells to migrate into
the wound area was assessed at 1, 8, 24 and 32 hours after scratching by comparing the pixels
of the wound tracks in micrographs of three randomly selected wounded areas.

Colony formation assay and cell proliferation assay

To assay colony formation, a total of 1,000 cells were plated onto a 100 mm-dish and cultured
for 14 days in complete DMEM supplemented with blasticidine. The colonies were fixed with
100% methanol 2x10 min, stained with 0.2% crystal violet in 75% methanol for 30 min, and
then visualised and counted. Cell proliferation assays were performed using a Calcein AM cell
Viability Assay Kit (Biotium). Briefly, 3,000 cells/well were grown in 96-well plates and
incubated for 1, 2, 3, 4, 5, 6 and 7 days. The fluorescence, representing relative cell number,
was measured at each time point. The fluorescence readings at the first day were used as
controls.
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Protein extraction, collagen assay and western blotting

Cells were rinsed twice with PBS and lysed in RIPA buffer [25 mM Tris-HCI (pH 7.6), 150
mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS] on ice for 5 minutes by vortexing.
Insoluble components were removed by centrifugation, and protein concentration was
measured. Cell extracts (100 pug) were used for collagen assays (Sircol Soluble Collagen Assay
Kit, Biocolor) according to manufacturer’s instructions. Cellular proteins (40 pug) were adjusted
to a total concentration of 4 pg/ul and digested for 1 hour at 37°C by adding pepsin to a final
concentration 4 mg/ml in 10 mM HCL, followed by neutralising with NaOH. After boiling for
10 min in Loading Buffer (Bio-Rad), proteins were separated by 10% Tris-Glycine Gels
(Invitrogen) and blotted onto nitrocellulose membrane (Invitrogen). Western blotting was
performed using Rabbit anti-Human Collagen type | antibody (USbiological), and
immunocomplexes were visualised by enhanced chemiluminescence (Amersham Pharmacia
Biotech) according to the manufacturer's protocol. Total protein (40 pg) without pepsin
digestion was used for actin detection (protein loading control).

Statistical analysis

Results

Kaplan-Meier survival analysis was performed in GraphPad Prism software 5.0 with statistical
P values generated by the Cox-Mantel log-rank test. P values were generated by Student’s t-
test for qQRT-PCR data, migration/invasion assays and colony formation assays and by two-
way ANOVA for cell proliferation assays. All experiments were performed in triplicate.

Let-7g is associated with HCC metastasis and is predictive of survival

Using a microarray-based approach, we recently found that a microRNA signature containing
let-7g was associated with HCC metastasis [5]. To further validate the microarray data, we
performed qRT-PCR to quantify mature let-7g expression in 11 HCC cases with clinically
confirmed metastases and 11 cases without metastasis at the time of resection and with no
recurrence after five years of follow-up. Consistent with the microarray data, the gRT-PCR
analysis revealed that let-7g was significantly down-regulated in HCCs with metastasis
compared to those without (Fig. 1A, B).

As metastasis contributes significantly to HCC-related mortality, the observed deregulation of
let-7g may be linked to HCC survival. Kaplan-Meier survival analysis of the 22 cases described
above showed that HCC cases with low let-7g levels (tumour/non-tumour (T/N) <1) had poorer
outcomes compared to those with high let-7g levels (T/N>1) (p=0.013, log-rank test, Fig. 1C).
To validate the data above, we quantified the level of mature let-7g in an independent cohort
containing 33 HCC cases with unknown metastasis status at the time of resection. Consistent
with the data from the 22 well-defined HCC cases, low let-7g was significantly associated with
poor survival in these independent cases (p=0.049, log-rank test, Fig. 1D). Thus, let-7g
expression status in tumours can predict HCC survival.

Inhibition of cell mobility by let-7g

We sought to determine whether let-7g affects HCC cell migration and invasion, the two key
steps contributing to metastasis [25]. HuH-1 cells stably expressing let-7g (huH1-let7g) were
generated using a retroviral construct encoding let-7g. huH1-miRCtrl cells were also generated
to serve as a control using miRVec-control virus infection. Over-expression of let-7g was
validated in huH1-let7g cells compared to both parental huH-1 cells and huH1-miRCtrl cells
(Fig. 2A). A chamber-based cell migration assay revealed that the number of huH1-let7g cells
migrating through the membrane was significantly lower than that of huH1-miRCtrl cells
(28.42 £ 9.83 vs.188.8 + 66.05, P<0.001), indicating that let-7g over-expression suppresses
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HCC cell migration. We next determined the ability of huH1-miRCtrl and huH1-let7g cells to
invade through extracellular matrix (ECM) in a Boyden chamber invasion assay. We found
that there was no significant difference in the number of invading cells between huH1-let7g
and huH1-miRCitrl cells after normalising for the difference in cell migration (17.74 £ 2.65%
vs. 19.78 £ 1.85%; P=0.336; Fig. 2C). Similar results were observed with huH-7 cells (data
not shown). Thus, it appears that let-7g affects cell migration but not invasion.

We also used an in vitro wound healing assay to determine the effect of let-7g over-expression
on HCC cell migration. Figure 3A shows that the healing speed was slower and that the gaps
were wider in huH1-let7g cells at each time point than in the huH1-miRCtrl cells. At 32 h,
most of the gaps were completely closed in huH1-miRCtrl cells, whereas the gaps in the huH1-
let7g cells remained open (Fig. 3B). These data are consistent with the results of the chamber-
based cell migration assay, indicating that let-7g had an inhibitory effect on HCC cell
migration. Similar results were observed in huH-7 cells expressing let-7g (data not shown).
Thus, let-7g plays a role in inhibiting HCC cell mobility but not invasion.

Because let-7g was shown to inhibit lung adenocarcinoma cell growth [11,13], we sought to

test whether let-7g could inhibit HCC cell growth. Using a colony formation assay, we found
that the ability of huH1-let7g cells to form colonies was significantly lower than that of huH1-
miRCtrl cells (Fig. 4A). The cell proliferation assay also showed growth inhibition in huH1-
let7g cells compared to huH1-miRCtrl cells (Fig. 4B). Similar results were observed in huH-7
cells (data not shown). These data indicate that let-7g over-expression reduces the growth and
clonogenic capacity of HCC cells.

COL1A2 as a direct target of let-7g-mediated silencing

As RAS, MYC and HMGAZ2 have been shown to be direct target genes for members of the let-7
family, we first determined whether the levels of these proteins were altered in huH-1 cells
expressing let-7g. Interestingly, none of the reported let-7 target genes showed altered
expression in huH1-let7g cells (data not shown). To identify new let-7g targets, we performed
in-silico screening using TargetScan [26] with a recently described strategy [24]. We found
that, among the predicted let-7g target genes, the 3’UTR of 11 collagen genes contained binding
sites for let-7g with reasonable scores (Supplementary Table 1). Some of these collagens have
been implicated in cancer metastasis and proliferation [27-29]. To experimentally validate
whether collagens are possible targets of let-7g, we performed a collagen assay to detect the
total amount of soluble collagens (i.e., types | to V) in huH1-let7g vs. huH1-miRCtrl cells.
Figure 5A shows that over-expression of let-7g significantly decreased the production of
soluble collagens. We selected collagen type | a2 (COL1AZ2) for further validation because it
ranked at the top of the candidate list (Supplementary Table 1). Sequence analyses revealed
that the 3’-UTR of COL1A2 mRNA contains a putative site partially complementary to let-7g
(Fig. 5B). Consistently, COL1A2 expression was significantly down-regulated in huH1-let7g
cells at both the mRNA and protein levels (Fig. 5C). To further determine whether COL1A2
was a bona fide target of let-7g-mediated siRNA silencing, the entire 3’-UTR of COL1A2
MRNA and the let-7g binding region within 3’UTR of COL1A2 mRNA were cloned into a
luciferase reporter. We found that forced expression of let-7g led to a significant decrease in
luciferase activity when the reporter contained a wild-type sequence (WT), but not when it
contained a mutant sequence (MT) within the let-7g binding site (five nucleotides within the
complementary seed sequence) (Fig. 5D). Taken together, these results indicate that let-7g
directly targets COL1AZ2, and that a single site within COL1A2 mRNA is sufficient for let-7g-
mediated gene silencing.

To determine whether COL1A2 functions downstream of let-7g, we performed a rescue
experiment by culturing HCC cells in the presence of purified type | collagen. We found that,
while huH1-let-7g cells showed a significant decrease in cell migration when compared to
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huH1-miRCtrl cells, addition of type | collagen completely eliminated this effect (Fig. 5E).
Consistently, we found that the COL1A2 expression was significantly up-regulated in
metastatic HCC cases compared to non-metastatic cases (Fig. 6A), and it was inversely
correlated with the level of let-7g (p<0.05) (Fig. 6B).
Discussion

Intra-hepatic metastasis is the major characteristic of HCC malignance. The identification of
molecular events contributing to HCC metastasis offers hope of finding a cure for metastatic
HCC. Recently, we have identified a 20-miRNA signature that is associated with HCC intra-
hepatic metastasis [5]. We hypothesised that some of these microRNAs may functionally
contribute to HCC progression. In the current study, we demonstrated that let-7g, one of 20
metastasis-associated miRNAs, is functionally involved in suppressing HCC cell migration.
This finding was supported by both clinical data and cell culture studies. In clinical samples,
let-7g was uniquely down-regulated in HCC with metastasis but not in HCC without metastasis,
and low let-7g in tumours was associated with poor survival of HCC patients. In cell culture
experiments, over-expression of let-7g led to decreased HCC cell motility, possibly through
targeting the extracellular matrix by degrading soluble collagens such as COL1A2. Our results
suggest that leg-7g may act as an HCC metastasis suppressor, in part by suppressing cell
migration and metastatic colonisation by targeting collagens that contribute to metastatic
progression.

Our results are consistent with several recent studies indicating that let-7 family members may
act as tumour suppressors and suppress metastasis [10-12;18;22;30]. One recent paper reports
that HCCs with a high level of LIN28B have poor clinical prognoses and that let-7 expression
is low in these cases [22]. Several known oncogenes, i.e., Ras [10], Myc [18] and HMGAZ2
[19,20], have been reported as targets of the let-7 microRNA family. These studies also showed
that let-7 can suppress cell proliferation and induce apoptosis. Interestingly, we could not detect
any change in Ras, Myc or HMGAZ2 expression levels in HCC cells over-expressing let-7g.
The reason that no change was detected in HCC cells is unclear. Cell type specificity could
contribute to this discrepancy. Another possible mechanism is that the presence of single
nucleotide polymorphisms (SNPs) may alter microRNA binding to the target genes, resulting
in a loss or gain of its regulatory function. Such SNPs have recently been identified in the 3’
UTRs of KRAS and HMGAZ2, which interact with let-7 [31-33]. Because each microRNA is
expected to target many cellular genes, it is currently unclear how an individual microRNA
can carry out its activity through discriminating various targets. This is a challenging task
requiring future exploration.

Collagens have been reported to promote migration and proliferation. Encouragingly, we found
that let-7g over-expression significantly reduced the levels of soluble collagens, including
types I to V. We subsequently validated COL1A2 as a direct target gene of let-7g. Importantly,
we have established a functional link between let-7g and COL1A2 in HCC cell motility because
exogenous collagen | can counteract the suppression of cell migration by let-7g. Consistently,
COL1AZ2 expression was negatively correlated with let-7g levels in HCC clinical specimens.
Both cell motility and cell invasion (the ability of a cell to migrate through an ECM barrier)
contribute to HCC metastasis. Interestingly, let-7g appears to only interfere with cell motility
in the HCC cell lines tested.

Let-7 is the second miRNA discovered that acts as a key regulator in developmental processes.
Recently, this family was found to be involved in regulating the self-renewal and differentiation
of neural stem cells and breast cancer cells by targeting HMGAZ2 and H-Ras [12,34]. Let-7b,
but not other let-7 homologues, was found to regulate self-renewal of neural stem cells [34],

while let-7a mainly contributed to breast cancer cells [12]. We recently identified a subgroup
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of HCC, EpCAM*AFP* HCC, also known as HpSC-HCC, with stem cell features (i.e., the
abilities to self-renew, differentiate, and initiate aggressive tumours in NOD/SCID mice) and
poor clinical outcome [24,35,36]. We found that let-7g was significantly down-regulated in
HpSC-HCC-related clinical specimens as well as in isolated HpSC-HCC cells [24]
(Supplementary Fig. 1). Interestingly, the level of let-7g appeared to be unaffected following
hepatic CSC self-renewal and differentiation (data not shown). These results suggest that
down-regulation of let-7g in HpSC-HCC mainly contributes to certain aspects of HCC
metastasis. It is possible that different let-7 homologues may have similar but not identical
functions due to the presence of their own preferred targets.

Insum, our results indicate that the ability of let-7g to suppress HCC metastasis may be partially
due to its ability to inhibit cell motility and inhibit colony formation through targeting
COL1A2, and that down-regulation of let-7g could be used as a tool to predict HCC poor
survival. The mechanism of let-7g down-regulation in metastatic HCC is unknown. One
plausible mechanism is through Lin-28 because it is over-expressed in HCCs with poor
outcome [21,22] and can mediate terminal uridylation leading to let-7 down-regulation [23].
Future studies are required to further evaluate the ability of let-7g to suppress metastasis, its
functional link to Lin-28 in regulating HCC metastasis in mouse models, and to determine
whether one can use let-7g-based therapy for metastatic HCC, a strategy that was recently
described [37].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

HCC hepatocellular carcinoma
miRNAs microRNAs
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Figure 1. Let-7g was uniquely down-regulated in HCC cases with metastasis and was predictive of

survival

(A) The relative expression levels of let-7g from metastatic HCC cases (n = 11) and non-
metastastic HCC cases (n = 11) were determined by gRT-PCR. Un-paired t-tests were used.
(B) A linear regression and correlation among data from gRT-PCR versus microarray is shown
with r (spearman) and p-values indicated (right panel). Expression status is shown as the
tumour/non-tumour ratio in a log2 scale. (C) The association of tumour vs. non-tumour let-7g
expression with overall survival of 22 HCC patients (high let-7g (tumour/non-tumour > 1), n
=10; low let-7g (tumour/nontumour <1), n = 12). (D) The association of tumour vs. non-tumour
let-7g expression with overall survival of 33 HCC patients (high let-7g, n = 12; low let-7g, n

= 21).
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Figure 2. Inhibition of cell migration in huH1 cells by let-7g in an in vitro cell migration assay
(A) The expression levels of let-7g in huH-1, huH1-miRCtrl and huH1-let7g cells determined
by gRT-PCR. (B) huH1-miRCtrl and huH1-let7g cells were subjected to a cell migration assay.
Representative images of migrated cells are shown in the left panel and quantitative data are
shown in the right panel. (C) A cell invasion assay was performed on huH1-miRCtrl and huH1-
let7g cells. Representative images of migrated cells are shown in the left panel and quantitative
data are shown in the right panel. Data from A-C are shown as the mean + SD derived from
three independent experiments, and Student’s t-test was used.
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Figure 3. Inhibition of cell migration in huH1 cells by let-7g in an in vitro wound healing assay
Scratches were generated in a confluent monolayer of huH1-miRCtrl or huH1-let7g cells and
the degree of “wound remaining” was measured after 1 hr, 8 hr, 24 hr and 32 hr. (A)
Representative images of the wound gaps in controls and huH1-let7g cells at each time point.
(B) Percent wound remaining is shown as the mean £ SD of three experiments.
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Figure 4. Inhibition of HCC cell growth by let-7g

(A) A colony formation assay in huH1-miRCtrl and huH1-let7g cells was performed, and
representative dishes of huH1-miRCtrl and huH1-let7g cells are shown in the left panel and
quantitative data are in the right panel. (B) A cell proliferation assay in huH1-miRCtrl and
huH1-let7g cells. The percentage of cells forming colonies (A) and the relative cell number
(B) are shown as the mean % SD of three experiments.
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Figure 5. Direct targeting of COL1A2 by let-7g
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(A) Collagen assays were performed in huH1-miRCtrl and huH1-let7g cells. Relative
expression of collagens type 1 to V is shown as the mean £ SD. (B) Predicted duplex formation
between the 3’-UTR sequences of human COL1A2 and let-7g. The underlined bases of let-7g
highlight the seed sequences of this miRNA. The underlined bases in the COL1A2 3’-UTR
were targeted for mutation analysis when inserted into a luciferase reporter. (C) The expression
of COL1AZ2 at the mRNA (right) and protein (left) levels in huH1-miRCtrl and huH1-let7g
cells. (D) Luciferase activity of various reporter plasmids in huH1-miRCtrl and huH1-let7g
cells. The luciferase activity is shown as mean + SD. (E) A wound healing assay was performed
in huH1-miRCtrl and huH1-let-7g cells with and without the presence of 0.2 pug/ml of type |
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collagen. The wound healing assay was done in 20 hours. Statistical significance was calculated
using Student’s t-test. * refers to p <0.05.
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Figure 6. COL1A2 expression was negatively correlated with let-7g level in HCC cases

(A) The relative expression levels of COL1A2 from metastatic HCC cases (n = 11) and non-
metastatic HCC cases (n = 11) from microarray data. (B) A linear regression and correlation
among let-7g versus COL1A2 data is shown with r (spearman) and p-value indicated (right
panel). Expression status is shown as the tumour/non-tumour ratio in a log2 scale.
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