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ABSTRACT
Objective Precancerous lesion, a well-established
histopathologically premalignant tissue with the highest
risk for tumourigenesis, develops preferentially from
activation of DNA damage checkpoint and persistent
inflammation. However, little is known about the
mechanisms by which precancerous lesions are initiated
and their physiological significance.
Design Laser capture microdissection was used to
acquire matched normal liver, precancerous lesion and
tumour tissues. miR-484−/−, Ifnar1−/− and Tgfbr2△hep

mice were employed to determine the critical role of the
interferon (IFN)–microRNA pathway in precancerous
lesion formation and tumourigenesis. RNA
immunoprecipitation (RIP), pull-down and chromatin
immunoprecipitation (ChIP) assays were applied to
explore the underlying mechanisms.
Results miR-484 is highly expressed in over 88% liver
samples clinically. DEN-induced precancerous lesions and
hepatocellular carcinoma were dramatically impaired in
miR-484−/− mice. Mechanistically, ectopic expression of
miR-484 initiates tumourigenesis and cell malignant
transformation through synergistic activation of the
transforming growth factor-β/Gli and nuclear factor-κB/
type I IFN pathways. Specific acetylation of H3K27 is
indispensable for basal IFN-induced continuous
transcription of miR-484 and cell transformation.
Convincingly, formation of precancerous lesions
were significantly attenuated in both Tgfbr2△hep and
Ifnar1−/− mice.
Conclusions These findings demonstrate a new
protumourigenic axis involving type I IFN–microRNA
signalling, providing a potential therapeutic strategy to
manipulate or reverse liver precancerous lesions and
tumourigenesis.

INTRODUCTION
Precancerous lesions are clinically and histologically
altered tissue in which cancer is more likely to
develop than in its normal counterpart.1

Recognition of the disease at the precancerous
stage could significantly prevent the incidence of,
and reduce the mortality from, the particular
cancers.2 3 In the past few years, precancerous
lesions have been observed in a wide variety of
tumours, including but not limited to colorectal,

gastric, pancreatic, hepatic, cervical and oral
cancer.4–7 Besides the activation of DNA damage
checkpoint and genomic instability,8–10 many
studies have revealed the important role of persist-
ent inflammation in the generation of precancerous
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Significance of this study

What is already known on this subject?
▸ Precancerous lesions are critical to human and

mouse hepatocarcinogenesis.
▸ Therapeutic dose of type I IFN can prevent the

progression of hepatocellular carcinoma.
▸ Blockage of chronic type I IFN signalling could

control persistent infections.
▸ SAMD9L facilitates homotypic fusion of

endosomes.

What are the new findings?
▸ The critical microRNA cluster of liver

precancerous lesion was characterised and the
dynamic expression of miR-484 identified as a
driving factor for precancerous formation.

▸ miR-484 can induce hepatocellular malignant
transformation in vitro and in vivo. The
deletion of miR-484 in miR-484−/− mice
impairs the formation of precancerous lesions
and tumourigenesis.

▸ Transforming growth factor-β and type I IFN
pathways are indispensable for the oncogenic
role of miR-484. The formation of precancerous
lesions was significantly attenuated in both
Tgfbr2△hep and Ifnar1−/− mice.

▸ Chromatin modification-involved miRNAs
induction may act as the initiating signal
linking type I IFN accumulation to
hepatocarcinogenesis.

How might it impact on clinical practice in
the foreseeable future?
▸ Our findings demonstrate a new

protumourigenic axis involving type I
IFN–microRNA–transforming growth factor-β
signalling, providing a potential therapeutic
strategy to manipulate or reverse liver
precancerous lesions and tumourigenesis.
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lesions.11–14 However, the underlying molecular mechanisms
for their formation remain unclear.

Hepatocellular carcinoma (HCC) is the main type of liver
cancer and the second most common cause of cancer mortality
worldwide.15 It is well known that multihistopathological

processes are involved in hepatocellular carcinogenesis, including
the generation of large regenerative nodules (LRN), low grade
dysplastic nodules (LGDN), high grade dysplastic nodules
(HGDN), early well-differentiated HCC (eWDHCC) and moder-
ately differentiated HCC, of which HGDN belongs to the

Figure 1 Identification of potential high grade dysplastic nodule (HGDN)-driven miRNAs through dynamic network biomarker (DNB) analysis. (A)
H&E staining of different stage liver tissues in the multistep process of hepatocellular carcinogenesis. Scale bar, 100 μm. (B) Laser microdissection of
paraffin-embedded tissue for normal hepatic tissue, HGDN tissue and hepatocellular carcinoma (HCC) tissue. Scale bar, 100 μm. (C) Key miRNAs
selected based on consistency of network importance. The upregulated miRNAs in HGDN were coloured red. Based on the miRNA profiles for
normal cell, HGDN cell and cancer cell, respectively, three miRNA coexpression networks can be constructed and the DNB can be detected. DNB
contains a group of miRNAs to indicate the HGDN as a critical point of the pathogen transition from normal to cancer. The key miRNAs are selected
from DNB by consistency score and relative importance score, where the two scores are both calculated by the network entropy of DNB miRNAs on
the miRNA coexpression networks with bootstrapping. For an miRNA, its large relative importance score means it shows specific effect on and after
a critical time, and its small consistency score indicates it has consistent effect/importance after the critical time. Thus, the highest ranked miRNAs
should have potential driver ability on the change of biological network/system, for example, the key role of miR-484 in the transition of diseases.
(D) Normal hepatocyte was pretreated with indicated microRNA mimics (100 nM) for 48 h, then soft agar colony assay was performed. Colonies
(mean±SD) 50 μm were counted using a microscope 21 days later. Scale bar, 800 mm. (E) Normal hepatocyte was pretreated with lentivirus
containing indicated microRNA, then soft agar colonies was performed. Colonies (mean±SD) 50 μm were counted using a microscope 21 days later.
Scale bar, 800 mm. (F) H&E staining and in situ hybridisation for miR-484 in human HGDN formalin-fixed paraffin-embedded (FFPE) sections. The
HGDN specimens were obtained from HBV-infected patient (n=17), miR-484 was overexpressed in most specimens (n=15) and representative
positive specimens are shown. Scale bar, 200 μm. ***p<0.001. Student’s t test.
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‘borderline malignancy’ category, and was defined as the strongest
independent predictor of malignant transformation and tumouri-
genesis in comparison with other non-malignant nodules.16–20

According to recent reports, 60%–80% of HGDNs can progress
to HCC within 5 years.20–22 HGDN often locates in the
damaged or cirrhotic liver tissues, and is characterised by a
number of features such as morphology, proliferative activity, vas-
cular pattern, DNA content and clonality.12 16 23 24

The major risk factor for HCC development is cell death-
provoked chronic inflammation.17 Many studies have been

dedicated to elucidation of the inflammatory signalling cascades
that participate in the initiation of HCC. While several
inflammatory-related pathways and cytokines were identified
during hepatocarcinogenesis,12 25–28 little is known about
whether chronic inflammation promotes the formation of
HGDN, let alone their potential mechanisms and physiological
relevance.

Here we determined the role of the type I IFN–miRNA axis
for HGDN formation and tumourigenesis in vitro and in vivo,
and indicate that chromatin modification-involved induction of

Figure 1 Continued

Figure 2 miR-484 enhances hepatocyte malignant transformation. (A) Soft agar colony assay (>50 μm) (mean±SD) of indicated cell treated with
100 nM mimic-NC or mimic-484 for 48 h. (B) α-fetoprotein (AFP), CK19 and C-MYC mRNA levels (mean±SD of three independent experiments)
assessed by real-time RT-PCR analysis in soft agar colonies isolated 21 days later. (C) AFP, CK19 and c-Myc protein expression in HL7702 and
QSG7701 cells treated with indicated miRNA mimics for 96 h. (D and E) Tumour volume (mean±SD) (D) and weight (E) of subcutaneous tumour in
NOD.CB17-Prkdcscid/JNju (NOD/SCID)/SCID mice injected with HL7702 cells transfected with lentivirus encoding vehicle or miR-484. (F)
Representative pictures of liver from HL7702 or miHep retrorsine-treated mice. The white arrows indicate tumours. Tumour incidence, multiplicity and
size were analysed. (G) H&E and immunohistochemistry staining in FFPE sections of HL7702 or miHep transplanted liver tissues. Scale bar, 200 μm.
*p<0.05, **p<0.01, ***p<0.001.
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miRNAs may act as the initiating signal linking type I IFN to
hepatocarcinogenesis.

MATERIALS AND METHODS
Human specimens and their analysis
All samples used in this study were obtained during liver trans-
plantations or liver resections performed in the Eastern
Hepatobiliary Surgery Hospital (Shanghai, China) from 2010 to
2014. These samples were obtained with informed consent
according to the Eastern Hepatobiliary Surgery Hospital
Research Ethics Committee. Each HGDN specimen was diag-
nosed consistently by two senior pathologists and the criteria
for HGDN reported previously.16 20 Detailed experimental
description can be found in the online supplementary experi-
mental procedures.

Cell culture
Cell lines used in this study were THLE-3, NIH/3T3, HL7702,
QSG7701, human-induced hepatocytes (hiHeps) and
mouse-induced hepatocytes (miHeps). Detailed description of
the origin of these cell lines and their culture conditions can be
found in the online supplementary experimental procedures.

Mouse experiments
All experiments of subcutaneous tumour, HCC induction,
orthotopic transplantation and therapeutic model are described
analytically in the online supplementary experimental
procedures.

RNA pull-down assay and RNA immunoprecipitation assay
The biotin-labelled microRNA pull-down assay and RNA immu-
noprecipitation (RIP) assay were performed with modifications
for using the EZ-Magna RIP Kit (Millipore, 17–701), following
the manufacturer’s instruction. Detailed experimental descrip-
tion can be found in the online supplementary experimental
procedures.

RESULTS
Characterisation of aberrant microRNA cluster for liver
precancerous lesion
The multistep process of hepatocellular carcinogenesis is mir-
rored by the morphologic classification of lesions observed in
liver, including LRN, dysplastic nodules (DN), eWDHCC and
HCC (figure 1A). Pathologically, DN is defined as dysplastic
nodules of hepatocytes at least 1 mm in diameter, with dysplasia

Figure 2 Continued
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but without histological criteria of malignancy, and is divided
into two subtypes: LGDN and HGDN21 (figure 1A).
Accordingly, HGDN has been regarded as a precancerous lesion
for hepatocarcinogenesis but not LGDN.20 21 To explore the
microRNA signature for HGDN formation and hepatocyte
malignant transformation, the expression profiles were deter-
mined for 754 miRNAs across matched normal hepatocytes,

HGDN and HCC tissues by integration laser capture microdis-
section method with the TaqMan Low-Density Array (TLDA)
assay (figure 1B). Then, a microRNA-based dynamic network
biomarker (DNB) analysis was performed to characterise the
unique microRNA cluster associated with HGDN phenotypes,
revealing 12 miRNAs included in the DNB cluster with extreme
deviations in HGDN (see figure 1C and online supplementary

Figure 3 miR-484 is essential for diethylinitrosamine (DEN-induced) hepatocellular carcinoma model. (A) miR-484 expression levels (mean±SD)
assessed by real-time RT-PCR analysis in liver tissues of DEN-injected mice. (B) Liver sections from 3-month-old or 5-month-old phosphate buffer
saline (PBS)-injected or DEN-injected mice were stained with H&E (top) and in situ hybridisation for miR-484 (bottom). Scale bar, 100 μm.
(C) miR-484 levels (mean±SD) assessed by real-time RT-PCR analysis in <40 μm and 40–70 μm cells isolated from 5-month-old PBS-injected or
DEN-injected mice. (D) AFP and CK19 mRNA levels (mean±SD) assessed by real-time RT-PCR analysis in <40 μm and 40–70 μm cells isolated from
5-month-old DEN-injected mice. (E and F) Cells of 40–70 μm were treated with 200 nM antagomir-NC or antagomir-484 for 8 h, then injected
subcutaneously into NOD/SCID mice with 200 nM antagomir-NC or antagomir-484. Tumours were evaluated 80 days later. Tumour volume
(mean±SD) (E) and weight (F) were shown. (G) A diagram of antagomir-484 therapeutic delivery experiment. (H) H&E and immunohistochemistry
(IHC) staining in FFPE sections of antagomir-NC and antagomir-484-treated, DEN-treated mice (week 20). Scale bar, 100 μm. (I) Representative
images of livers from indicated mice (top), and tumour size and number were analysed (bottom) (week 40). ( J) Identification of conventional
miR-484 knockout mice. (K) H&E and IHC staining of wild-type and miR-484-deficient (miR-484−/−) mice that were untreated or treated with DEN
for 5 months. Scale bar, 100 μm. (L and M) Shown are representative images (L), tumour incidence, size and multiplicity (M) of wild-type and
miR-484−/− mice treated with DEN for 10 months. *p<0.05, **p<0.01, ***p<0.001; ns, not significant.
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figure S1A). Among these, seven miRNAs increased in precan-
cerous lesion were regarded as candidate drivers by specific
long-term marker analysis in the following studies (figure 1C).
Both mimic miRNA transient transfection and lentivirus-

mediated stable expression system were applied to verify the
capability of those miRNAs for cell transformation through soft
agar clonal assays. As shown, only miR-484 exhibits a potential
for transformation of an immortalised hepatocyte cell line

Figure 3 Continued

Figure 4 SAMD9 is the bona fide and functional target gene of miR-484. (A) Schematic diagram for target genes discovery. (B) The Venn diagram
shows the potential target genes that were shared by TargetScan analysis and decreased mRNA signature of QSG7701, hiHep or HL7702 cells in
response to miR-484 treatment. (C) miR-484 can directly bind to 30UTR of SAMD9 and TBL1X in vivo. HL7702 cells were transfected with
biotinylated mimics. After 48 h, cells were harvested for biotin-based pull-down assay. 30UTR of nine candidate target genes from (B) were analysed
by real-time RT-PCR. (D) Representative images of biotin-based pull-down of (C). (E) Luciferase reporter constructs comprising the wild-type or
mutant SAMD9 and TBL1X 30UTR downstream of a luciferase gene were performed. (F and G) Detection of mRNA and protein levels of SAMD9 and
TBL1X in HL7702 and QSG7701 cell lines. (H) Real-time PCR analysis of SAMD9L and TBL1X in isolated hepatocytes from miR-484−/− mice or wild
type mice. (I) Immunoblot analysis of SAMD9L and TBL1X in wild-type and miR-484−/− livers. ( J) RNA immunoprecipitation (RIP) experiment was
applied using anti-Ago2 with whole-cell extracts of HL7702 cells. The sequences in Ago2 complex were analysed by RT-PCR method. (K) Western
blot assays were performed to examine the levels of SAMD9L and TBL1X protein in wild-type MEF or Ago2 knockout MEF cells. (L) The number of
colonies was calculated after the induction of si-NC, si-SAMD9 or si-TBL1X. Colonies (mean±SD) 50 μm were counted using a microscope 21 days
later. (M) Soft agar colony formation assay of HL7702 cells cotransfected with miRNA mimics or lentivirus encoding indicated miRNA or mRNA.
Colonies (mean±SD) 50 μm were counted using a microscope 21 days later. Scale bar, 1.5 cm. (N) Levels of AFP, CK19 and c-Myc protein
determined by western blot. *p<0.05, **p<0.01, ***p<0.001.
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HL7702 in vitro (see figure 1D,E and supplementary figure
S1B,C). Convincingly, in situ hybridisation and real-time
RT-PCR assays further showed enrichment of miR-484 in 15 of
17 precancerous HGDN tissues (figure 1F), but not in LGDN
(see online supplementary figure S1D), reinforcing the potential
role of miR-484 in cell transformation.

miR-484 can induce hepatocellular malignant
transformation
We transiently transfected mimic miR-484, mutant miR-484 or
an independent control miR-320 into immortalised normal
hepatocytes (HL7702, QSG7701), and transfected mimic
miR-484 into NIH3T3, immortalised normal hepatocytes
(THLE3), differentiated hepatocyte (hiHep) and primary human
hepatocyte, and found similar effects of miR-484 as noted in
HL7702 cells (see figure 2A and online supplementary figure
S2A–C). Moreover, mRNA and protein expression of two dedif-
ferentiation markers (AFP, CK19) and one malignancy marker
(C-MYC) were significantly increased in both isolated soft agar
colonies and adherent cultured cells (see figure 2B,C and online
supplementary figure S2D–G). As expected, stable overexpressed
miR-484 in normal liver cell line resulted in tumour formation
in a murine subcutaneous tumour model (see figure 2D,E and

online supplementary figure S3A–C), and was recovered by
antagomir of miR-484 (see online supplementary figure S3D).
To further verify the capacity of miR-484 to trigger malignant
transformation in vivo, BL/6 mice were first treated with retro-
rsine, a chemical that permanently inhibits hepatocyte prolifer-
ation,29 30 and then intrasplenically transplanted with cells
stably expressing miR-484 and green fluorescent protein (GFP)
(LV-484) or GFP alone (LV-GFP) and then challenged with CCl4
to induce liver injury and compensatory proliferation (see
online supplementary figure S3E). The transplantation of
miR-484 expressed HL7702 or miHep cells readily formed
HCC nodules with strong staining of AFP, CK19, c-Myc and
Ki67 and the clustered signals of GFP fluorescence (see figure
2F,G and online supplementary figure S3F–I), which were atte-
nuated after the administration of miR-484 antagomir (see
online supplementary figure S3J,K). These in vivo experiments
strongly suggest that miR-484 is sufficient to trigger hepatocellu-
lar malignant transformation and HCC development in mice.

miR-484 deletion impairs the formation of precancerous
lesion and tumourigenesis
To further evaluate whether miR-484 is necessary for HCC
development, the expression level of miR-484 was examined in

Figure 4 Continued

1192 Yang Y, et al. Gut 2016;65:1186–1201. doi:10.1136/gutjnl-2015-310318

Hepatology
 on M

ay 22, 2023 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2015-310318 on 9 F
ebruary 2016. D

ow
nloaded from

 

http://gut.bmj.com/


the mouse DEN-induced HCC model.12 As shown, a gradual
increase in miR-484 expression was observed in liver 8 weeks
after DEN injection, followed by increased Afp, c-Myc and
Ck19 mRNAs 4 weeks later (figure 3A and online supplemen-
tary figure S4C). A similar increase in miR-484 expression was
also observed in DEN-treated rat liver (see online supplemen-
tary figure S4A). More importantly, the specific enrichment of
miR-484 was found within precancerous nodules12 3 or
5 months after DEN administration (figure 3B). Accordingly, we
further enriched the majority of hepatocytes in nodule through
70 and 40 μm sieves (see online supplementary figure S4D).
Besides the previously documented seven upregulated genes in
nodules12 (see online supplementary figure S4E), miR-484,
Ck19 and c-Myc mRNAs were dramatically increased in these

aggregated cells, which implies that the majority of
miR-484-transformed hepatocytes consisted of precancerous
nodules that can be enriched in the 40–70 μm fraction (see
figure 3C,D and online supplementary figure S4E). Then, we
performed xenograft experiments (see online supplementary
figure S4F) in which 40–70 μm cell nodules were injected sub-
cutaneously into NOD/SCID mice after antagomir-484 or
antagomir-NC treatment, and found that blockage of miR-484
suppressed tumour volume and weight (see figure 3E,F and
online supplementary figure S4G–I). To better evaluate the
necessity of miR-484 for the formation of precancerous lesions
and tumourigenesis, two intervention strategies were designed
in which antagomir-484 was administered four times to
DEN-treated mice before or after the formation of HGDN

Figure 5 Critical pathways involving miR-484-induced hepatocellular transformation. (A) Cignal Finder 45-Pathway Reporter Assay for cell-based
analysis of pathway signalling activity was performed in HL7702 cells transfected with 100 nM mimic-NC or mimic-484 for 48 h. The data are
presented as mean±SD of three independent experiments. (B–D) The indicated cell line lysates were analysed by western blot with indicated
antibodies. (E) Immunoblot detection of cell cytoplasm and nucleus SMAD2, GAPDH and Histone3 of indicated cell lines exposed to transforming
growth factor (TGF)-β (10 ng/mL) for 0 or 12 h are shown. (F) Immunoblot detection of cell cytoplasm and nucleus P65, GAPDH and Histone3 of
indicated cell lines exposed to tumour necrosis factor (TNF)-α (20 ng/mL) for 0 or 30 min are shown. (G) The indicated cells were stimulated with
TGF-β (10 ng/mL) for 12 h, followed by immunofluorescence assays with SMAD2 and DAPI. The localisations of SMAD2 were detected by confocal
laser scanning microscopy as indicated. Scale bar, 100 μm. (H) The indicated cells were stimulated with TNF-α (20 ng/mL) for 30 min, followed by
immunofluorescence assays with P65 and DAPI. The localisation of SMAD2 was detected by confocal laser scanning microscopy as indicated. Scale
bar, 100 μm. (I) Indicated cell lines were pretreated with indicated inhibitor for 72 h, then soft agar colony assay was performed with the upper
medium containing indicated inhibitor for 3 weeks. Colonies (mean±SD) 50 μm were counted using a microscope 21 days later. ( J and K) Tumour
volume (mean±SD) ( J) and weight (K) of subcutaneous tumour in NOD/SCID mice injected with HL7702 cells transduced with lentivirus encoding
miR-484, which were treated with indicated inhibitor for 72 h. **p<0.01.
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(figure 3G). As compared with the post-HGDN treated group,
injection of antagomir-484 before HGDN formation resulted in
the complete elimination of HGDNs (figure 3H) and dramatic-
ally decreased tumour size or numbers (see figure 3I and online
supplementary figure S4J,K). In line with the results obtained
from xenograft experiments (figure 3E,F), the post-HGDN
treated group showed that blockage of miR-484 cannot com-
pletely prevent tumourigenesis (figure 3I). To clearly delineate
whether depletion of miR-484 would prevent liver tumourigeni-
city naturally, conventional miR-484 knockout mice (see figure
3J and online supplementary figure S4N) were generated and
treated with DEN. Convincingly, DEN-induced premalignant
lesions and HCC nodules were significantly ameliorated in
miR-484−/− mice (see figure 3K–M and supplementary figure
S4L,M). Taken together, these results reinforce that the induc-
tion of miR-484 is an indispensable factor for HCC develop-
ment in vitro and in vivo.

SAMD9 is the bona fide and functional target gene of
miR-484
In an effort to determine the potential downstream mRNA
targets regulated by miR-484 (figure 4A), integrated mRNA
expression signatures together with bioinformatics analysis were
used to screen for candidate target genes. Genes showing nega-
tive correlation with miR-484 expression in at least two cell
lines and containing potential 30UTR binding sites were consid-
ered as possible candidate target mRNAs (figure 4B). Then, a
novel biotin-based microRNA pull-down assay was applied to
verify the physical interaction of nine identified candidate target
mRNAs, of which two (SAMD9 and TBL1X) were confirmed as
the direct targets (see figure 4C,D and online supplementary
figure S5A,B). As expected, SAMD9 and TBL1X were dramatic-
ally decreased upon exogenous expression of miR-484 specific-
ally (see figure 4E–G and online supplementary figure S5C–E),

and recovered in miR-484−/− mice (see figure 4H,I and supple-
mentary figure S5F). In addition, RIP and functional studies
confirmed that Ago2 complex is indispensable for
miR-484-mediated inhibition of SAMD9 and TBL1X (see figure
4J,K and online supplementary figure S5G,H). Importantly,
both siRNA and lentivirus-mediated gene expression methods
verified the necessity of SAMD9 for miR-484-manipulated cell
soft agar colony formation and the expression of
malignant-related genes except TBL1X, implying that SAMD9
is a functional target of miR-484 (see figure 4L–N and online
supplementary figure S5I,J).

Transforming growth factor-β/Hedgehog and nuclear factor
κB pathways are necessary for miR-484-induced
hepatocellular malignant transformation
To elucidate underlying signalling pathway involved in
miR-484-triggered hepatocellular malignant transformation, a
45-pathway reporter array was used for cell-based pathway
screening, of which five reporter activities (FOXO, GLI,
STAT3, nuclear factor (NF) κB and SMAD) were significantly
increased in the presence of miR-484 (figure 5A). After evalu-
ating their upstream manipulators, transforming growth
factor (TGF)-β/Smad, Hedgehog and NF-κB pathways were
identified as the potential effector pathways influenced by
miR-484 (see figure 5B–H and supplemental figure S6A–C).
To determine whether these pathways are required for
miR-484-induced cell transformation, specific inhibitors
(LY2109761 for TGF-β/Smad, BAY11-7085 for NF-κB and
LDE225 for Hedgehog signalling) were applied separately in
the soft agar colony assay in vitro and in tumour formation
experiments in vivo. As shown, inhibition of above three
pathways dramatically abrogated the miR-484-induced malig-
nant phenotypes, in which administration of the TGF-β
inhibitor displayed the most significant effects to varying

Figure 5 Continued
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degrees (see figure 5I–K and online supplementary figure S6I–
K). Administration of miR-484 also enhanced the expression
of IL-6 (see online supplementary figure S6D–E), a key medi-
ator of HCC development,12 suggesting that IL-6 signalling
might play a potential role in miR-484-initiated liver tumour-
igenesis. Since no significant differences were observed in
IL-6-targeted p-STAT3 signalling in the presence of miR-484
(see online supplementary figure S6C), further studies are
warranted to clarify the physiologic function of
miR-484-induced IL-6 in liver dysplasia.

The reduction of SAMD9 facilitates the recycling of
endosomes and TGF-receptor relocation
Luciferase reporter assays were applied to clarify the possible
crosstalk between SAMD9 gene and TGF-β or NF-κB pathway,
revealing negative regulation of SAMD9 on TGF-β/Smad signal-
ling but not the NF-κB pathway (see figure 6A). As expected,
the levels of SMAD2 and SMAD3 phosphorylation were inhib-
ited upon expression of SAMD9 (see figure 6B and online sup-
plementary figure S7A). It was reported that SAMD9L, a
paralogous gene of SAMD9, and EEA1 encode crucial

Figure 6 The reduction of SAMD9 upon miR-484 facilitates the recycling of endosomes, prevents lysosome–endosome fusion and enhances TGF-β
signalling. (A) Luciferase activity (mean±SD) of transforming growth factor (TGF)-β or nuclear factor-κB reporter in HL7702 cells transfected with
siRNA-NC or siRNA-SAMD9 for 48 h. (B) The indicated cell line lysates were analysed by western blot with indicated antibodies. (C) Whole-cell
extracts (input) or immunoprecipitated products using control IgG, anti-EEA1 or anti-SAMD9 of HL7702 cells, followed by immunoblotting with
antibodies indicated on the left. (D) The indicated cell lines were exposed to TGF-β (10 ng/mL) for the indicated lengths of time. Cells were stained
with the antibodies indicated on the left. The colocalisations of TGFRII and Rab5 were detected by confocal laser scanning microscopy as indicated.
Scale bar, 30 μm. (E and F) Shown were the results of immunoblot detection of indicated protein of the indicated cell lines. (G) The indicated cell
lines were exposed to TGF-β (10 ng/mL) for indicated lengths of time, then stained with Lamp1 and TGFRII antibodies. The colocalisation was
detected by confocal laser scanning microscopy as indicated. Scale bar, 10 μm. (H) The indicated cell lines were exposed to TGF-β (10 ng/mL) for
indicated lengths of time, then stained with Lamp1 and Rab7 antibodies. The colocalisation was detected by confocal laser scanning microscopy as
indicated. Scale bar, 10 μm. (I) H&E staining and immunohistochemistry for indicated antibodies of TGFBR2F/F and TGFBR2Δhep mice treated with
DEN for 5 months. Scale bar, 100 μm. ( J) The indicated cell lines lysates were analysed by western blot with indicated antibodies. (K) The indicated
cell lines were treated with DMSO or LY2109761 for 72 h, then stimulated by TGF-β (10 ng/mL) for 24 h. The detection of Gli1 and GAPDH are
shown. **p<0.01.
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components of a protein complex that facilitates degradation of
PDGFR.31 Thus, the question arose whether SAMD9 could
exert a similar effect on TGF signalling. Immunoprecipitation
and immunofluorescence confocal microscopy revealed protein–
protein interaction between endogenous EEA1 and SAMD9 (see
figure 6C and online supplementary figure S7B). Since the
internalisation of TGFRI/II is necessary for TGF-β-mediated sig-
nalling,32 33 intercellular distribution of TGFRI/II was examined
after TGF-β administration, revealing that the colocalisation of
TGFRII and Rab5, early endosome marker, was significantly
enhanced in the presence of miR-484 (see figure 6D and online
supplementary figure S7C for TGFRI and EEA1). Interestingly,
SMAD2 and SMAD3 phosphorylation was strongly increased at
15 min followed by a rapid decline in miR-NC cells, while in
miR-484 cells it was maintained till 12 h after TGF-β treatment
(figure 6E,F). After checking the colocalisation of lysosome-
associated membrane protein 1 (LAMP1, marker for lysosome)
and Rab7 (maker for late endosome) or TGFRII, the fusion of
lysosome and TGFRII-contained late endosome was found
notably reduced in response to miR-484 expression (figure 6G,
H), suggesting that the reduction of SAMD9 upon miR-484 can
activate TGF-β signalling via accelerating TGF receptor recyc-
ling and blocking late endosome–lysosome fusion-dependent
receptor degradation. Convincingly, hepatocyte-specific
TGFBR2 knockout mice further verified a critical role for
TGF-β signalling in the DEN-induced HCC development model
and precancerous lesion formation (see figure 6I and online sup-
plementary figure S7D–F).

It was reported that TGF-β can induce the expression of
hedgehog (Hh) signalling molecule Gli1 in various cell types in
a canonical Hh pathway independent manner.34 As shown in
figure 6J,K, miR-484 can sensitise cells to TGF-β-induced Gli
expression, and, in contrast, the blockage of TGF-β signal com-
pletely reversed miR-484-provoked Gli expression. In line with
the finding that activation of Gli1 expression in miR-484 cells is
not controlled by the Ptch/Smo axis (see online supplementary
figure S6H), the present results imply that the
miR-484-mediated downregulation of SAMD9 is necessary for
both TGF-β and Hh signalling.

The positive feedback circuit involving type I IFN and
H3K27Ac is required for miR-484 expression
Based on previous observations that transient transfection of
miR-484 was sufficient to induce hepatocyte malignant trans-
formation, we hypothesised the existence of a positive feedback
loop for consistent activation of miR-484 signalling. As
expected, the increased levels of new miR-484 transcripts (pri
and pre miR-484) were observed upon mimic miR-484 transient
transfection (figure 7A). Similar results were also obtained via
luciferase reporter assays (see figure 7B and online supplemen-
tary figure S8A). Interestingly, an increased level of IFN-β was
observed in the presence of miR-484 (see figure 7C and online
supplementary figure S8B). In addition, a conserved
IFN-stimulated response element (ISRE) was found in the
upstream promoter region of miR-484, and increased levels of
pri, pre and matured miR-484 were observed in several normal
hepatocyte cells after low dose IFN-β treatment (figure 7D,E);
in contrast, no similar changes were found with the expression
of miR-320 as control. These results were further confirmed
with isolated primary hepatocytes after IFN-β administration
(figure 7G). Both luciferase reporter assays with wild-type or a
mutant binding site in miR-484 promoter and chromatin immu-
noprecipitation (ChIP) analysis revealed physical binding of
STAT1 with the miR-484 promoter region (figure 7F,H,I). In
comparison with other canonical IFN-stimulated genes (ISGs,
such as ISG56, OAS1, PML and TRAIL), transcription of
miR-484 could be exclusively induced after stimulation with a
wide range of IFN concentration from 0.02 to 2000 U/mL (see
online supplementary figure S8G–I). Consistently, only a low
dose of IFN (2 U/mL) showed the capability of promoting
normal hepatocyte malignant transformation (figure 7J) and
even more recruitment of STAT1 to the miR-484 promoter (see
figure 7I and online supplementary figure S8D), in an
miR-484-dependent manner (see figure 7K and online supple-
mentary figure S8C,J), which suggests a complex mechanism
involved in IFN-modulated miR-484 transcription.

Since database analysis revealed a potential H3K27Ac binding
region located upstream of miR-484 promoter (see online sup-
plementary figure S8K), C646, a selective small molecule

Figure 6 Continued
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inhibitor of histone acetyltransferase p300,35 was employed to
examine whether histone modification was associated with tran-
scription of miR-484. As shown, administration of C646 specif-
ically attenuated the IFN-induced miR-484 transcription or
reporter activity and the binding of STAT1 at the ISRE region
(see figure 7L,M and online supplementary figure S8M).
Meanwhile, the interaction of H3K27Ac with the miR-484 pro-
moter was dissociated upon C646 treatment (see figure 7N and
online supplementary figure S8L).

Unlike C57/BL6 mice, neither increased miR-484 nor prema-
lignant lesions were observed in Ifnar1−/− mice 20 weeks after
DEN treatment (figure 7O,P). DEN-induced HCC was also

dramatically depressed in the absence of IFNAR1 (see online
supplementary figure S9). Collectively, these data demonstrate
that miR-484 is transcriptionally regulated by low dose IFN-I
with a H3K27Ac-dependent manner, and the activation of type
I IFN signalling is necessary for miR-484-induced cell trans-
formation and HCC development.

Physiological relevance of the abnormal miR-484 regulatory
circuit with human hepatocellular carcinogenesis
To further verify above findings, the expression levels of
miR-484, IFN-β, SAMD9L and TBL1X were examined by
immunohistochemistry in liver tissues of mice 3, 4 or 5 months

Figure 7 miR-484 is transcriptionally regulated by type I IFN. (A) miR-484 transcript levels (mean±SD) assessed by real-time RT-PCR analysis in
soft agar colonies isolated 21 days later. (B) Luciferase assays were performed after transduction with 100 nM mimic-NC, wild-type mimic-484 and
mutant mimic-484. (C) Levels of IFN-β assessed by ELISA in supernatant of indicated cells. (D and E) Transcripts of miR-484 levels (mean±SD) were
detected by real-time RT-PCR in various cells, with or without stimulation of IFN-β for 72 h. (F) Luciferase assays with reporter constructs containing
the wild-type or mutant promoter region of miR-484 were performed after stimulation with IFN-β for 72 h. (G) Transcripts of miR-484 levels (mean
±SD) were detected by real-time RT-PCR in isolated primary hepatocytes from mice, with or without stimulation of IFN-β for 72 h. (H and I)
Chromatin immunoprecipitation from IFN-β treated HL7702 cells using STAT1 antibody. ( J) Soft agar colony assay (>50 μm) (mean±SD) of indicated
cells treated with different doses of IFN-β. (K) Soft agar colony assay (>50 μm) (mean±SD) of HL7702 cotreated with IFN-β and 200 nM antagomir.
(L) miR-484 levels were assessed by real-time RT-PCR in indicated cells, those cotreated with IFN-β and C646 (20 μM). (M) Chromatin
immunoprecipitation from IFN-β and C646 cotreated HL7702 cells using STAT1 antibody. (N) Chromatin immunoprecipitation from IFN-β and C646
cotreated HL7702 cells using H3K27Ac antibody. (O) miR-484 levels were assessed by real-time RT-PCR in wild-type and Ifnar1−/− treated with DEN
for indicated time. (P) H&E staining and in situ hybridisation for miR-484 of wild-type and IFNAR1-deficient (Ifnar1−/−) mice treated with DEN for
5 months. Scale bar, 100 μm. *p<0.05, **p<0.01, ***p<0.001.
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after DEN administration, revealing the accumulation of
miR-484 and IFN-β and absence of SAMD9L or TBL1X in pre-
malignant lesion sections in mice (figures 8A,B and 3B).
Further, serial section immunostaining was applied to check the
expression of miR-484, IFN-β, SAMD9 and TBL1X in liver
tissues with HGDN lesion from 10 clinical patients (figure 8C).
More importantly, the positive correlation of serum IFN-β con-
centration with the higher staining of IFN-β in HGDN tissues
was found in HBsAg positive clinical samples (figure 8D).
Strikingly, moderately increased serum level of IFN-β was also
found in cirrhosis or HCC with chronic hepatitis B virus infec-
tion (figure 8E). Further, immunostaining of p-SMAD2, p-P65
and Gli1 for DEN samples and clinical samples are applied to
prove the molecular scheme (see online supplementary figure
S10D,E). Taken together, the present results suggest that chronic
HBV infection-induced IFN-β accumulation may initiate cell
malignant transformation via miR-484-dependent TBL1X or
SAMD9 knockdown and the activation of TGF-β/Gli/NF-κB
pathways by turns (figure 8F).

DISCUSSION
Inflammation has been identified as the major tumour promoter
in various tumours.36 37 Being an extraordinarily heterogeneous
disease, hepatocyte malignant transformation and HCC are
believed to occur through a pathway of increased liver cell turn-
over, induced by chronic liver injury and regeneration.12 17 18 38 39

However, the potential contribution of persistent inflammation
for HGDN progression has not been elucidated yet. Previous
studies have documented that basal enriched IFN-I signalling is
associated with disease progression in persistent infections, and
blockage of IFN-I signalling reduced immune system toler-
ance.40–42 This is the first study to reveal a slightly and persist-
ently increased level of serum IFN-I in chronic HBV infection,
cirrhosis patients and HGDN-containing patients, in parallel
with the exclusive staining of IFN in HGDN tissues, implying
that persistent activation of IFN may contribute to the forma-
tion of dysplastic nodule and tumourigenesis.

In contrast to other ISGs,43 the expression of miR-484 is
more sensitive to low dose IFN stimulation. Interestingly, the
binding of H3K27Ac with miR-484 promoter is independent of
IFN stimulation, whereas the interaction of STAT1 and miR-484
is dependent on the presence of H3K27Ac (figure 7L–N), sug-
gesting that H3K27Ac is a prerequisite for low dose IFN activity
and this chromatin modification conveys selective activation of
miR-484 especially under low concentrations of IFN. To further
verify the specific function of miR-484, expression of MRAF1
and NDE1 locating nearby miR-484 was measured and no
similar enhancement observed in either IFN-stimulated cells or
DEN-treated mice (see online supplementary figure S8E,F).

It is well known that cell malignant transformation is the
most important process for tumourigenesis, during which accu-
mulated genetic and epigenetic alterations drive normal cells
from a precancerous phenotype to a cancerous phenotype.26 44 45

In recent decades, although several molecular changes that con-
tribute to cell transformation process, including proto-
oncogenes and tumour suppressor genes, were identified,12 46–

49 most of these conclusions are mainly driven from cell-based
experiments, with no in vivo data or clinical sample analysis.

Notably for HCC, despite that precancerous lesion (HGDN)
of HCC was identified clinically several years ago,16 20 the
underlying molecular mechanism involving the progression of
HGDN and the transition from LGDN to HGDN remains
unclear. In addition, since precancerous lesions are generally dis-
tributed among normal acini hepatitis or cirrhosis liver
tissues,12 21 it is hard to collect enough target cells without con-
tamination from other cell types, let alone enough for bio-
marker screening or functional studies. Here, we verified that
the majority of premalignant cells are consistent in HGDN
lesion, and knockdown of miR-484 in premalignant cells is suf-
ficient to restrain tumour development. Depletion of miR-484
in mice prevents the formation of precancerous lesions and
tumourigenesis. To our knowledge, miR-484 is the first identi-
fied miRNA enriched in HGDN tissues. Both bioinformatics
and functional studies revealed a major role of miR-484 in
HGDN formation instead of the transition from HGDN to

Figure 7 Continued
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HCC, thus reinforcing that HGDN is a unique and unstable
stage in hepatocarcinogenesis. Therefore, miR-484 is a practical
and effective target to prevent hepatocarcinogenesis through dir-
ectly reversing premalignant cells in HGDN.

Interestingly, although the inactivation of either IFN-I or
TGF-β signals shows similar inhibition on the formation of
HCC in Ifnar1−/− or Tgfbr2Δhep mice, the dysplastic nodule’s
number and size are extremely small in Ifnar1−/− mice rather
than in Tgfbr2Δhep mice. These data indicated that IFN-I signal-
ling maybe potentiate formation of DN in liver, but is

insufficient to drive hepatocarcinogenesis in the absence of
TGF-β/Gli signalling. Hence, miR-484 may be a key element for
the synergetic interaction of IFN-I and TGF-β/Gli signalling for
hepatocellular malignant transformation.

Together, the present findings elucidated a molecular mechan-
ism responsible for the initiation and maintenance of the
hepatocyte-transformed phenotype, which advances our under-
standing of HGDN’s formation and provides a microRNA and
IFN-I therapeutic strategy for prevention and intervention of
HGDN or HCC.

Figure 8 The positive feedback loop of miR-484 involving type I IFN, TBL1X and nuclear factor-κB pathway. (A) Liver sections of DEN mice were
subjected to H&E staining and immunohistochemistry (IHC) with indicated antibodies. Scale bar, 100 μm. (B) Levels of IFN-β assessed by ELISA
assay with the serum of C57BL/6 mice treated with DEN or PBS for 3, 4 and 5 months. (C) Representative images of in situ hybridization (ISH) and
IHC of 10 high grade dysplastic nodules (HGDN) samples. Scale bar, 100 μm. (D) Levels of IFN-β assessed by ELISA (left) and IHC (right) in the
serum or liver sections of the same patient. All serum and sections were obtained from 10 normal samples and three HGDN patients. Scale bar,
100 μm. (E) Levels of IFN-β assessed by ELISA assay with the serum of clinical samples. (F) Schematic representation of the proposed miR-484
circuit during hepatocellular carcinogenesis. *p<0.05, **p<0.01, ***p<0.001.
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Supplemental Data 

Supplemental Figure 1. Screening of the aberrant microRNAs in HGDN, related to Figure 1. 

(A) Dynamical network biomarkers on miRNA co-expression network across different types of cells.  

(B) Assessment of miR-449b, miR-545, miR-484, miR-320, miR-625#, miR-661, and miR-29a# levels by 

real-time RT-PCR analysis in HL7702 cells transiently transfected with 100nM microRNA mimics of 

indicated miRNA. 

(C) Assessment of miR-449b, miR-545, miR-484, miR-320, miR-625#, miR-661, and miR-29a# levels by 

real-time RT-PCR analysis in HL7702 cells stably transfected with Lentivirus encoding indicated miRNA. 

(D) Relative miR-484 levels (mean ± SD) assessed by real-time RT-PCR analysis in normal, LGDN, HGDN 

and HCC liver tissues. 

 **p<0.01, ***p<0.001, ns, not significant. 
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Supplemental Figure 2. miR-484 induces hepatocellular malignant transformation and proliferation, 

related to Figure 2. 

(A) Soft agar colony assay in HL7702 and QSG7701 cells transiently transfected with microRNA mimics of 

miR-484, mutant miR-484 (miR-484mut), miR-320 or miR-NC. Cells were plated in soft agar and colony 
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number was assessed 20 days later. 

(B) Relative levels of miR-484 in QSG7701 cells stably transfected with LV-484 or LV-GFP. 

(C) Soft agar colony assay in QSG7701 cells stably transfected with LV-484 or LV-GFP. Cells were plated in 

soft agar and colony number was assessed 20 days later. 

(D) Expression levels of dedifferentiation biomarkers in HL7702 cells stably transfected with LV-484 or 

LV-GFP and plated in soft agar for 20 days. AFP, CK19 and C-MYC mRNA levels were assessed by real-

time RT-PCR analysis and shown mean ± SD. 

(E) Expression levels of dedifferentiation biomarkers in HL7702 and QSG7701 cells treated with 

microRNA mimics of miR-484, miR-NC or stably transfected with LV-484 or LV-GFP. AFP and CK19 mRNA 

levels were assessed by real-time RT-PCR analysis and shown mean ± SD. 

(F) Western blot analysis of hiHep cells treated with microRNA mimics of miR-484 or miR-NC for 48 

hours. AFP, CK19 and c-Myc were shown and GAPDH was used as a loading control. 

(G) Western blot analysis of HL7702 and QSG7701 cell lines stably transfected with LV-484 or LV-GFP. 

AFP, CK19 and c-Myc were shown and GAPDH was used as a loading control. 

(H) EdU incorporation assay in QSG7701 cells stably transfected with LV-484 or LV-GFP. Triplicate experi-

ments were performed with essentially identical results. *p<0.05, **p<0.01, ***p<0.001. 
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Supplemental Figure 3. miR-484 induces tumor formation in vivo, related to Figure 2. 

(A) HL7702 cells (1×103) stably transfected with LV-GFP or LV-484 were mixed with 100μl of Matrigel 

(BD, CA) and injected subcutaneously in bilateral hip of NOD-SCID mice. 

(B) Histology panels represent H&E staining of xenograft and confirm a HCC phenotype. 

(C) H&E and in situ hybridization for miR-484 of xenograft tumors. 

(D) HL7702 cells (1×103) stably transfected with LV-GFP or LV-484 were treated with indicated 

antagomir for 12 hours, then mixed with 100μl of Matrigel (BD, CA) and injected subcutaneously with 

antagomir in bilateral hip of NOD-SCID mice (5 mice/group). Tumor volume and weight were shown. 

(E) Schematic of hepatocyte orthotopic transplantation. 

(F) Representative image (left) of fluorescence detection in retrorsine mice after hepatocyte 

transplanted three months. Quantification is shown in right panel. 

(G) HL7702 cells stably transfected with LV-484 or LV-GFP were injected into C57BL/6 mice and analyzed 

5 months later for HCC development. Luorescence of GFP was detected in quick frozen-sections of 

C57BL/6 mice livers. 

(H) Relative levels of miR-484 in miHep cells stably transfected with LV-484 or LV-GFP.  

(I) Relative levels of miR-484 in livers of indicated retrosine mice. 

(J) HL7702 cells stably transfected with LV-484 or LV-GFP were treated with indicated antagomir for 12 

hours, then injected into retrorsine mice with antagomir. Representative pictures of liver from HL7702 

retrorsine mice are shown. Tumor incidence, multiplicity and size were analysed.  

(K) Relative levels of miR-484 in livers of indicated retrosine mice. **p<0.01, ***p<0.001. 

 



an
ta

-N
C

 
an

ta
-4

8
4

 

H&E Ki67 

Isolated hepatocytes : 40~70μm 

C57BL/6 

DEN injection 

0 15 day 5 month 

Hepatocytes 
isolation 

<40μm 

40μm~70μm 

LV-484 or LV-GFP 
transfection (8h) 

Antagomir 
transfection (8h) 

Nod-scid 

Nod-scid 

Subcutaneous injection 

80 day 

Sacrifice 
for  

analysis 

0 

I 

A 

0 1 5 10 15  20 weeks
0

2

4

6

8 NC DEN
R

el
at

iv
e 

m
iR

-4
8

4
  

le
ve

ls
 

Rat 

<40μm 40~70μm 

Isolated hepatocytes 

H 

E D 

G 

L 

m
iR

4
8

4
+/

+
 

m
iR

4
8

4
-/

-  

H&E Ki67 

D
EN

 (1
0

 m
o

n
th

s) 

R
e

la
ti

ve
 m

R
N

A
 le

ve
ls

 AFP (mouse) 

0 4 8 12 16 20 24 32 week 
0 

2 

4 

6 

8 NC DEN 

R
e

la
ti

ve
 m

R
N

A
 le

ve
ls

 Isolated hepatocytes 

** * 
* 

** 

** 

** 

anta-NC 

anta-484 

40-70um hepatocytes 

J M 

B 

C-MYC (mouse) 

0 4 8 12 16 20 24 32 weeks 
0 

2 

4 

6 

8 

10 NC DEN 

R
e

la
ti

ve
 m

R
N

A
 le

ve
ls

 

CK19 (mouse) 

0 4 8 12 16 20 24 32 weeks 
0 

4 

8 

12 

16 NC DEN 

R
e

la
ti

ve
 m

R
N

A
 le

ve
ls

 

C 

Tumor 

F 

K 

** 

Liver 

** ** ** 

* 



Supplemental Figure 4. miR-484 is essential for DEN induced HCC in vivo, related to Figure 3. 

(A) miR-484 expression levels (mean ± SD) assessed by real-time RT-PCR analysis in liver tissues of rat 

that were untreated or treated with DEN for indicated weeks. 

(B) Levels of IFN-β assessed by ELISA assay with the serum of DEN-injected mice. 

(C) Relative mRNA expressions of AFP, CK19 and C-MYC in DEN-treated C57BL/6 mice’s livers and in 

negative control’s detected via real-time PCR. 

(D) After DEN-injected 5 months, the liver was collagenase digested and cells were isolated through 70 

μm and 40 μm cell strainer. Typical picture of <40 μm (left) and 40-70 μm (right) cells were shown. 

(E) Expression of selected genes was examined by real-time PCR (n = 3; mean ± SD). 

(F) 5×106 isolated hepatocytes from DEN-treated C57BL/6 mice (5 months), treated with antagomir-NC 

(anta-NC), antagomir-484 (anta-484), LV-GFP or LV-484 for 8 hours were mixed with 50μl of Matrigel and 

injected subcutaneously with anta-NC, anta-484, LV-GFP or LV-484 in bilateral hip of NOD-SCID mice (5 

mice/group). Tumor formation (G), miR-484 levels in tumors (H) and sections subjected to H&E staining 

and IHC with the indicated antibodies (I)  were shown. 

(J) H&E staining in FFPE sections of  the antagomir obtained between weeks 10 to 14 DEN mice (week 

40). 

(K) Relative miR-484 levels in livers of the antagomir obtained between weeks 10 to 14 DEN mice (week 

20 and 40). 

(L) H&E staining and immunohistochemistry for Ki67 in FFPE sections of wild-type and miR-484-deficient 

(miR-484-/-) mice that were untreated or treated with DEN for 10 months.  

(M) Relative miR-484 levels in livers of DEN treated 5 months miR-484+/+ and miR-484-/- mice.  

(N) A diagram of miR-484 knock out mice generation. *p<0.05, **p<0.01. 
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Supplemental Figure 5. Confirmation of SAMD9 and TBL1X as target genes of miR-484, related to 

Figure 4. 

(A) HL7702 cell lysates were transfected with biotin-labeled miR-484 (bio-miR-484), biotin-labeled miR-

484mut (bio-miR-484mut) or biotin-labeled miR-NC (bio-miR-NC). After pull-down, microRNAs were 

extracted and assessed by qRT-PCR (n = 3; mean ± SD). 

(B) Putative miR-484-binding site in the SAMD9 and TBL1X 3’UTR. 

(C) Luciferase assays with reporter constructs comprising the wild-type or mutant 3’UTR of the miR-484 

target gene SAMD9 and TBL1X, downstream of a luciferase gene were performed after stably transfected 

with LV-484 or LV-GFP in HL7702 and QSG7701 cell lines. The results are shown as mean ± SD of three 

independent experiments. 

(D) Real-time PCR analysis and (E) western-blot analysis of SAMD9 and TBL1X in HL7702 and QSG7701 

cells stably transfected with LV-484 or LV-GFP. 

(F) Luciferase assays with reporter constructs comprising the 3’UTR of SAMD9L, downstream of a 

luciferase gene were performed after stably transfected with LV-484 or LV-GFP in HL7702 cells. The 

results are shown as mean ± SD of three independent experiments. 

(G) A schematic outline of the anti-Ago2 RIP strategy used to identify endogenous Ago2-RNA binding. 

(H) The transcript-specific binding RNA-protein complexes (RISC) were immunoprecipitated from HL7702 

cell lysates with anti-Ago2 antibody, and IgG was used as a negative control. The immunoprecipitated 

proteins were assayed by Western Blotting. 

(I) AFP, CK19 and C-MYC mRNA levels (mean ± SD of three independent experiments) assessed by real-

time RT-PCR analysis in soft agar colonies isolated 21 days later of indicated cell lines. 

(J) HL7702 cells were transiently transfected with microRNA mimics of miR-484 or miR-NC, then stably 

transfected with lentivirus-SAMD9 (LV-SAMD9), Lentivirus-TBL1X (LV-TBL1X) or LV-GFP. Then western-

blot was performed to analyze AFP, CK19 and c-Myc expression. GAPDH was used as a loading control. 

*p<0.05, **p<0.01, ***p<0.001. 
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Supplemental Figure 6. Confirmation of signal transduction pathways modulated by miR-484, 

related to Figure 5. 

(A) Luciferase reporter assays of TGF-β and NFκB were performed after co-transfection with 

microRNA mimics of miR-484 and miR-NC in HL7702 and QSG7701 cell lines. The results are 

shown as mean ± SD of three independent experiments. 

(B) The indicated cell lines were exposed to EGF (40 ng/ml) for 0, 5 or 10 min and analyzed by 

western blot with indicated antibodies. 

(C) The indicated cell lines were exposed to IL-6 (10 ng/ml) for 0, 10 or 20 min and analyzed by 

western blot with indicated antibodies. 

(D) Real-time PCR and (E) ELISA assay were performed to analyze IL-6 mRNA levels and IL-6 status 

in cell culture supernatant respectively after HL7702 cells stably transfected with LV-GFP or LV-484. 

The results are shown as mean ± SD of three independent experiments. 

(F) The indicated cell lines were exposed to TGF-β (10 ng/ml) for 0, 12 or 24 hours and analyzed by 

western blot with indicated antibodies. 

(G) The indicated cell lines were exposed to TNF-α (20 ng/ml) for 0, 15 or 30 min and analyzed by 

western blot with indicated antibodies. 

(H) Western-blot analysis of Ptch/Smo axis among Gli pathway in HL7702 cells transiently 

transfected with microRNA mimics of miR-484 or miR-NC. SHH, PTCH1 and SUFU were shown. 

GAPDH was used as a load control. 

(I) Soft agar colony assay in miR-484 overexpression HL7702 cell line (LV-484) and control cell line 

(LV-GFP) treated with DMSO, LY2109761 (inhibitor of TGF-β/Smad pathway), BAY-117085 

(inhibitor of NFκB pathway) or LDE225 (inhibitor of Hedgehog/Gli pathway).  

(J) Relative levels of miR-484 in soft agar of indicated cell lines. 

(K) After treated with DMSO, LY2109761, BAY-117085 or LDE225, miR-484 overexpression HL7702 

cells were mixed with 100ul of Matrigel (BD, CA) and injected subcutaneously in bilateral hip of 

NOD-SCID mice. Tumor formation were evaluated 80 days later. **p<0.01, ns, not significant. 
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Supplemental Figure 7. Role of SAMD9 modulated by miR-484 in TGF-β/Smad pathway, related to 

Figure 6. 

(A) Western-blot analysis of TGF-β/Smad pathway core proteins in the indicated cell lines after 

stimulated with TGF-β for 0 hours, 12 hours or 24 hours. Protein shown were p-Smad2, Smad2, p-

Smad3 and Smad3. GAPDH was used as a loading control.  

(B) HL7702 cells transiently transfected with microRNA mimics of miR-484 or miR-NC were stained 

with EEA1 and SAMD9 antibodies. Nuclei were stained with DAPI. 

(C) After stimulated with TGF-β for 0 minutes, 15 minutes, 1 hour or 12 hours, HL7702 cells 

transiently transfected with microRNA mimics of miR-484 or miR-NC were stained with EEA1 and 

TGFRI antibodies. Nuclei were stained with DAPI. 

(D) PCR and western blot (E) diagnostic for TGFBR2Δhep mice and wild-type mice. 

(F) Liver sections of TGFBR2F/F and TGFBR2△hep DEN mice were subjected to H&E staining, ISH and 

IHC for miR-484 and SAMD9L. 
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Supplemental Figure 8. Type I IFN regulates miR-484 transcription, related to Figure 7. 

(A) Luciferase assays were performed in miR-484 overexpression HL7702 cell line (LV-484) and control 

cell line (LV-GFP) with reporter constructs comprising the wild-type or mutant promoter of miR-484, 

downstream of a luciferase gene. The results are shown as mean ± SD of three independent 

experiments. 

(B) Relative IFN-β levels examined via real-time PCR from HL7702 cells cultured in DMEM with 10% 

FBS and transiently transfected with microRNA mimics of miR-484 or miR-NC. 

(C) HL7702 cells transfected with lentivirus encoding vehicle or miR-484 were treated with antagomir 

for 24 hours. Chromatin immunoprecipitation from 2 U/ml IFN-β treated indicated cells using STAT1 

antibody were shown. 

(D) Chromatin immunoprecipitation (ChIP) from 2U/ml and 200U/ml of IFN-β or control stimulus 

(0.1%BSA) treated HL7702 cells using STAT1 antibody. IgG was used as a negative control. Analysis 

was conducted using specific primers for the region of IFN-stimulated response element (ISRE) in 

miR-484 putative promoter region. 

(E) Relative mRNA expressions of MARF1 and NDE1 in DEN-treated C57BL/6 mice’s livers and in 

negative control’s examined via real-time PCR. 

(F) Relative mRNA expressions of MARF1 and NDE1 in HL7702 cells treated with 2U/ml of IFN-β or 

control stimulus (0.1%BSA) for 72 hours. 

(G) Relative levels of miR-484 detected by real-time PCR from HL7702 and QSG7701 cell lines treated 

with various concentration of IFN-β (NC, 0.02U/ml, 2U/ml, 200U/ml and 2000U/ml) and plated in soft 

agar for 20 days. 

(H) Relative expression of miR-484 and IFN-stimulated response genes (ISGs) examined by real-time 

PCR from HL7702 cells treated with 2U/ml IFN-β, (I) 2000U/ml IFN-β and 0.1%BSA for 72 hours. ISGs 

shown are ISG56, OAS1, PML and TRAIL. 

(J) HL7702 cells were maintained in culture with 2U/ml IFN-β or 0.1%BSA as a control for 72 hours 

before antagomir-484 or NC transfection. Thirty-six hours after transfection, soft agar colony assay 

was performed. Cells were plated in soft agar with constant stimulation of 2U/ml IFN-β or 0.1%BSA as 

a control. Pictures were taken and colony numbers were counted 21 days later. 

(K) Schematic representation of miR-484 located on Chr16p13. H3K27Ac was significantly abundant in 

the miR-484 region. 

(L) ChIP assay from HL7702 cells using H3K27Ac antibody. IgG was used as a negative control. Analysis 

was conducted using specific primers (P0 and P1) for the H3K27Ac binding sites in miR-484 promoter 

regions. 

(M) Pre-treated with C646 or DMSO for 2 hours, HL7702 cells were treated with 2U/ml IFN-β or 

0.1%BSA as a control for 72 hours. Luciferase assays were performed with reporter constructs 

comprising the wild-type or mutant promoter of miR-484, downstream of a luciferase gene. The 

results are shown as mean ± SD of three independent experiments. *p<0.05, **p<0.01, ***p<0.001; 

ns, not significant. 
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Supplemental Figure 9. Absence of IFNAR1 depress DEN induced HCC in vivo, related to 

Figure 7. 

(A) PCR diagnostic for in IFNAR1 in genomic DNA of IFNAR1-/- mice, IFNAR1+/- mice and wild-

type mice. 

(B and C) Tumor incidence, size and number of DEN-treated WT and IFNAR1-/- mice (10 

months).  

(D) H&E staining and immunohistochemistry for Ki67 in FFPE sections of wild-type and 

IFNAR1-/- mice that were untreated or treated with DEN for 10 months . **p<0.01. 
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Supplemental Figure 10.  

(A) TUNEL staining was used to evaluate the apoptosis in liver tissues from 5 months DEN 

mice. 

(B) TUNEL staining was used to evaluate the apoptosis in tumor tissues from 10 months DEN 

mice. 

(C) Images of  ISH and IHC for miR-484 and IFN-β, SAMD9 of 2 HGDN samples without 

chronic hepatitis B. 

(D) Representative images of H&E and IHC for phospho-SMAD2, phospho-P65 and Gli1 of 5 

months DEN mice or negative control mice. 

(E) Representative images of H&E and IHC for phospho-SMAD2, phospho-P65 and Gli1 of 

HGDN samples and normal liver samples. 

(F) Relative mRNA levels of IFN-β in soft agar of indicated cell lines. 

(G) Levels of IFN-β assessed by ELISA in supernatant of indicated cells. 

(H) Relative mRNA levels of IFN-β in subcutaneous tumor of NOD/SCID mice injected with 

indicated cell lines. *p<0.05, **p<0.01. 



Supplemental Experimental Procedures 

 

Characterization of HGDN 

The multistep process of hepatic carcinogenesis is mirrored by the morphologic 

classification of lesions detectable in liver, which include large regenerative nodules 

(LRN), low grade dysplastic nodules (LGDN), and high grade dysplastic nodules 

(HGDN). The latter belongs to the “borderline malignancy” category and regards as a 

real premalignant lesion of hepatocellular carcinoma (HCC). HGDN is defined as 

nodule in which atypia is at least moderate but insufficient for the diagnosis of 

malignancy, and with a high malignant potential. HGDN may have any of the features 

of low-grade nodules but in addition have one or more of the following: A. high 

nuclear-cytoplasmic ratio; B. nuclear hyperchromasia; C. irregular nuclear contour; 

D. rare mitotic figures; E. plate more than two cells wide; F. pseudogland formation; 

G. cytoplasmic basophilia; H. resistance to iron accumulation; I. Invasion of stroma 

or portal tracts is absent. HGDN carry a worse outcome compared with the other 

non-malignant nodules (LRN and LGDN), with a fourfold risk of developing HCC. In 

recent report, 60-80% of HGDN patients can transform into HCC within five years. So 

HGDN is a truly precancerous lesion of liver tumor compared with others. 

 

Human Specimens and Their Analysis 

All samples used in this study were obtained during liver transplantations or liver resections 

in Eastern Hepatobiliary Surgery Hospital (Shanghai, China) from 2010 to 2014. These 

samples were obtained with informed consent according to the Eastern Hepatobiliary 

Surgery Hospital Research Ethics Committee. Each HGDN specimen was diagnosed 



consistently by two senior pathologists and the criteria for HGDN have been reported 

previously (Borzio et al., 2003; Roncalli et al., 2007). 10μm thick sections were prepared from 

paraffin-embedded blocks, followed by a fast haematoxylin and eosin staining procedure. 

Sections were air-dried in fuming hood for 5 minutes and microdissected with a Leica Laser 

Capture Microdissection System. MicroRNAs were isolated using miRNeasy FFPE Kit (QIAGEN, 

Germany) and detected using Applied Biosystems TaqMan® Low Density Array (Life 

Technologies, America). H&E staining, in situ microRNA hybridization and immunostaining 

(AFP, CK19, c-Myc, Ki67, IFN-β, SAMD9 and TBL1X) were performed on specimens. In 

addition, serum levels of IFN-β were detected by ELISA using VeriKine-HS Human Interferon 

Beta Serum ELISA Kit or VerKine Human Interferon Beta ELISA Kit (R&D systems, America).  

 

Cell Culture 

Human normal hepatocyte THLE-3 was purchased from ATCC and cultured in BEGM from 

Lonza. Human nontransformed immortalized primary hepatocyte was maintained in 

DMEM:F12 medium with 10% heat-inactivated FBS, 0.1 μl/ml dexamethasone, 0.11 μl/ml 

insulin, 50 ng/ml G-418, 10 units/ml penicillin, and 100 μg/ml streptomycin. Human induced 

hepatocytes (hiHeps) and mouse induced hepatocytes (miHeps) were kindly provided by 

professor Lijian Hui and cultured in growth medium as reported (Huang et al., 2011; Huang 

et al., 2014). Isolated hepatocytes from mice were maintained as described before (He et al., 

2013; He et al., 2010). In addition, human liver cell lines (HL7702, QSG7701) were purchased 

from Cell Bank of Type Culture Collection of Chinese Academy of Sciences and cultured in 

DMEM medium supplemented with 10% FBS, 10 units/ml penicillin and 100 μg/ml 

streptomycin. NIH/3T3 was purchased from ATCC and maintained in DMEM medium 

supplemented with 10% FBS, 10 units/ml penicillin and 100 μg/ml streptomycin. All cell lines 



were incubated at 37℃ with 5% CO2. 

 

Mouse Experiments 

Subcutaneous Tumor 

The NOD/Scid mouse used in our experiment was NOD.CB17-Prkdcscid/JNju, which strain 

background is NOD/ShiLtJNju [J001976]. 1×103 HL7702 cells transfected with lentivirus-GFP 

or lentivirus-484 were mixed with 100μl of Matrigel (BD, CA) and injected subcutaneously in 

bilateral hip of NOD-SCID mice (15 mice/group). 5×106 isolated hepatocytes firstly treated 

with antagomir-NC, antagomir-484 (Ribobio, China), lentivirus-GFP or lentivirus-484 for 8 

hours were mixed with 50μl of Matrigel and injected subcutaneously with antagomir-NC, 

antagomir-484, lentivirus-GFP or lentivirus-484 respectively in bilateral hip of NOD-SCID mice 

(5 mice/group). 1×103 stable overexpression miR-484 HL7702 cells firstly treated with DMSO, 

LY2109761 (Selleck, America), BAY11-7085 (Selleck, America) or LDE225 (Selleck, America) 

for 72 hours were mixed with 100μl of Matrigel and injected subcutaneously with DMSO, 

LY2109761, BAY11-7085 or LDE225 respectively in bilateral hip of NOD-SCID mice (5 

mice/group). Tumor growth was monitored every 5 days for a total period of 60-80 days. 

Tumor volumes were calculated by the equation V (mm3) = a×b2/2, where a is the largest 

diameter and b is the perpendicular diameter. 

HCC Induction 

Tgfbr2tm1Karl/J (TGFBR2Δhep) mice [Jackson Stock Number: 012603] were purchased from 

The Jackson Laboratory and The B6.Cg-Tg(Alb-cre)21Mgn/JNju [Jackson Stock Number: 

003574] mouse was used to delete the Tgfbr2 gene in hepatocytes. miR-484-/- mice 

were purchased from Model Animal Research Center of Nanjing University. IFNAR1-/- mice 

[Jackson Stock Number: 010830] were kindly provided by professor Qibin Leng. For HCC 



induction, 15-day-old littermate mice were injected with 25 mg/kg DEN (Sigma, America). 

Pools of DEN-induced C57BL/6 mice, IFNAR1-/- mice, miR-484-/- mice and TGFBR2Δhep mice 

were maintained and used in most experiments. DEN-injected mice were used as 

hepatocytes donors 5 months after DEN injection, or maintained for 10 months to monitor 

HCC development. 

Orthotopic Transplantation 

One month prior to transplantation, 8-week-old C57BL/6 mice were pretreated with 

retrorsine (70 mg/kg i.p.) (Sigma, America) twice as reported. 2×106 HL7702 or miHep cells 

transfected with lentivirus-GFP or lentivirus-484 were transplanted via an i.s. injection (5 

mice/group). After 2 weeks of recovery, transplanted mice were injected with CCl4 (0.5 ml/kg 

i.p.) and repeated three times at weekly intervals to induce liver injury and hepatocyte 

proliferation (Guo et al., 2002; He et al., 2013). Fluorescence detection of transplanted mice 

was performed 3 months later. After 6 months, all recipient mice were sacrificed, and tumor 

bigger than 0.5 mm in diameter on liver surface were counted using stereo microscopy. H&E 

staining and immunohistochemistery staining (GFP, AFP, CK19, c-Myc and Ki67) were 

performed on paraffin-embedded specimens. 

Therapeutic Protocol 

DEN-treated mice were randomly divided into 2 groups 10 weeks post treatment. The first 

group was treated with antagomir-NC (50 mg/kg) and the second group was treated with 

antagomir-484 (50 mg/kg). Antagomirs were dissolved in 200 μl DEPC water. Antagomir 

therapies were performed in week 10, 12, 13 and 14. At week 20 or 40, mice were sacrificed 

and HGDN or HCC burden were assessed. Externally visible tumors larger than 0.5 mm were 

counted using stereo microscopy. HGDN status was assessed by H&E staining, and AFP, CK19, 

c-Myc, Ki67 levels were assessed by immunohistochemistery staining. 



Dynamical Network Biomarkers (DNB) Analysis 

Pre-procession of miRNA Expressions 

For six patients, three kinds of cell are extracted from each of them, i.e. normal cell, HGDN 

cell and Cancer cell. Originally, there are expressions of about 700 miRNAs on three groups of 

samples (i.e. sample groups of normal cell, HGDN cell and Cancer cell respectively, and each 

group or cell type have six samples). If a miRNA has NA value in more than half samples from 

the same group, this miRNA will be disregarded in following analysis. And other miRNAs’ NA 

values are filled with 40 as usually. Finally, there are expressions of 407 miRNA for DNB 

analysis in bellows. 

Detection of Dynamical Network Biomarkers (DNB) on miRNA Co-expression Network 

a. miRNA Ranking. For each group of samples, the significantly expression-varying miRNAs 

were ranked and selected before clustering for cell-specific miRNA clusters/modules. The 

coefficient of variation (CV) consistent to DNB theory was applied. Given the expression 

vector E of some miRNA g, the CV(E) is the ratio of the standard deviation SD(E) to the 

mean(E) of this miRNA’s expression, which is calculated as formula 1. Then all the miRNAs 

are ranked by CV values from large to small, and Top alpha miRNAs with larger CV values are 

selected, where alpha was set to 90%. 

                             

( )
( )

( )

SD E
CV E

mean E


 

b. miRNA clustering. For each group of samples, the Pearson correlation coefficients (PCC) 

are used to measure the similarity of each miRNA-pair from above selected miRNAs; and to 

construct a distance matrix and then cluster miRNAs. The correlation value larger than 50% 

(controlled by the parameter crit set to 50%) miRNA pairs’ correlations was set as the 

threshold of cut-off to group miRNAs in the way of hierarchical clustering.  



c. DNB determining. For every miRNA cluster (containing at least 10 miRNAs) at each group 

of samples, its miRNAs with the normalized expression values were evaluated by the average 

variances of the miRNAs in cluster as SDi, the average absolute PCC of miRNA pairs in cluster 

as |PCCi|, the average absolute PCC between miRNAs in cluster and other miRNAs outside as 

|PCCo|. Then, at each group of samples, the miRNA clusters were screened by their 

composition index (CI) or DNB score as defined in formula 2, and the miRNA cluster with the 

largest CI score was selected as a candidate to represent the warning signal in particular cell 

type. The CI scores of all candidates corresponding to different cell types (i.e. three groups of 

samples) can simulate the trend of potential warning signal, and the trend of CI scores can be 

captured. Based on this trend, the cell type when significant signal peak appears was 

confirmed as the critical point, and the represented miRNA cluster at this condition was the 

final DNB. 

             CI(t)=               , t points a miRNA cluster 

Rank of Key miRNA in DNB 

The key miRNAs in DNB are thought to have potential driver ability on the change of 

biological network. Here, the consistent network importance of one miRNA is used to 

characterize its driver potential. Obviously, at the critical time / stage (i.e. HGDN cell), DNB 

miRNAs would have greatly changed network importance, because they have greatly 

changed expression correlations with other miRNAs. Given some miNRA have driver 

potential, it would have consistent network importance after this critical time until to 

another steady state (i.e. Cancer cell).  

                 E(k, N) = − ∑
wik

∑ wuvu,v∈N
In(

wik

∑ wuvu,v∈N
)i∈N  

                 S(k, N) =  −E(k, N) 

Thus, the network entropy (i.e. degree-based entropy in formula 3) is used to measure the 

SDi(t)│PCCi(t) │ 

│PCCo(t)│ 



network importance of one node (i.e. a miNRA) on the network (i.e. miRNA co-expression 

network). For each group of samples (i.e. samples of particular cell type), a miRNA 

co-expression network is inferred by PCA-CMI, whose edge weights are evaluated by 

bootstrapping with tuning parameters. Then, on each cell-specific network, the importance 

score of one miRNA can be calculated as formula 4 (i.e. a larger score, a more important 

miRNA). Based on three importance scores of one miRNA, its consistency score on network 

importance can be measured by formula 5. Obviously, given a miRNA, it will have consistent / 

no-changed importance scores after the critical time / condition determined by DNB (e.g. 

long-term effect), only when its consistency score closes to zero. Besides, another index as 

relative importance score is further calculated as formula 6, whose large value means a 

miRNA shows specific effect on and after a critical time or condition (i.e. a miRNA has 

completely different importance scores on HGDN and Cancer cells compared to Normal cell). 

R =
|S(k, Cancer) − S(k, HGDN)|

|S(k, Cancer) − S(k, Normal)|
 

 

L =
S(k, Cancer) + S(k, HGDN)

2 ∗ S(k, Normal)
 

 

Transfection System in vitro 

All lentivirus used in this study are completed by GenePharma Company (Shanghai, 

China). Lentiviral infection was carried out according to the manufacturers, 

instructions. Relevant cells were infected with the concentrated virus at a multiplicity 

of infection (MOI) of 20 in the presence of 8 ug/mL polybrene (Sigma) for 6 hours. 

After 24 hours, the original medium was replaced with fresh medium. The 

antagomirs, mimics and siRNAs were gained from Ribobio Company (Guangzhou, 

China). According to the manufactures, instructions, the antagomir was diluted into 



the medium without serum and added onto the cells. About 4 hours after incubation, 

serum was added and incubates for another 8 hours. Mimics and siRNAs transfection 

was performed with INTERFERin reagents (Poly plus) according to the manufacturers, 

instructions. Briefly, for each well (6well), dilute 11 ul (20uM storage concentration) 

mimics or siRNA duplexes into 200 ul of medium without serum. Mix by pipetting up 

and down gently. Then add 12ul of INTERFERin into the 200ul of mimics or siRNA 

duplexes, homogenize by pipetting up and down gently. Incubate for 20 minutes at 

room temperature to allow transfection complexes to form between mimics or siRNA 

duplexes and INTERFERin. Then, add 200 ul of transfection mix into the 2ml cell 

culture medium to complete a final concentration of 100nM mimics or siRNA. Finally, 

homogenize by gently swirling the plate. Expression of relevant genes in the infected 

cells was validated by RT-PCR or Western blot analysis. 

 

Colony Formation Assay 

THLE3, QSG7701, HL7702, NIH3T3, hiHep and primary hepatocyte cells were transfected 

with microRNAs, siRNAs or lentivirus, followed by triplicate samples of 3×103 cells from each 

cell line mixed 1:1 (v/v) with 0.7% agarose (Sigma, America) in growth medium for a final 

concentration of 0.35% agarose. The mixture was plated on top of a solidified layer of 0.8% 

agarose in growth medium. Cells were fed twice a week and incubated for 3 weeks. Numbers 

of colonies were counted and pictures were taken for final analysis. Each experiment was 

repeated thrice and the statistical significance was calculated. 

 

RNA Pull-Down Assay 

The biotin-labeled microRNA pull-down assay was performed with modifications for using 



the EZ-Magna RIP™ Kit (Millipore, 17-701). Briefly, cells (1×107) were seeded into 15 cm plate 

and incubated overnight then transfected with biotin-labeled wild type miR-484 

(bio-miR-484), biotin-labeled mutant miR-484 (bio-miR-484mut) or biotin-labeled microRNA 

negative control (bio-miR-NC) (Ribobio, Guangzhou, China) at a final concentration of 100nM 

for each microRNA, with 60μl of interferin (Polyplus). After 48 hours, cells were lysed with 

lysis buffer provided in kits and then incubated on ice for 5 min. Subsequently, 25μg washed 

Streptavidin magnetic beads (Invitrogen, 11205D) were added to each binding reaction and 

further incubated overnight at 4℃. Beads were washed briefly with RIP wash buffer for six 

times, and RNA was eluted by incubation with ProteinaseK-SDS buffer by heating at 55℃ for 

30 min. RNA was then precipitated using the standard Trizol (Invitrogen) protocol and 

analyzed via real-time PCR. 

 

RNA-Binding Protein Immunoprecipitation (RIP) Assay 

The anti-Ago2 RIP assay was performed according to previously reports (Wang et al., 2013) 

using the EZ-Magna RIP™ Kit (Millipore, 17-701). Briefly, cells (1×107) were seeded into 15 cm 

plate. After 48 hours, cells were lysed with lysis buffer provided in kits and then incubated on 

ice for 5 min. Then cell lysates were incubated overnight at 4℃ with control Mouse IgG or 

anti-Ago2 antibody (Abnova, H00027161-M01) that were bound to Protein A agarose beads. 

Beads were then washed six times with RIP wash buffer, and RNA was eluted by incubation 

with ProteinaseK-SDS buffer by heating at 55℃ for 30 min. RNA was then precipitated using 

the standard Trizol (Invitrogen) protocol and analyzed via real-time PCR. 

 

Luciferase Reporter Assay 

Generally, untreated or treated cells were transfected with a firefly luciferase reporter gene 



construct. Cell extracts were prepared 48 hours after transfection of the luciferase vector, 

and the relative luciferase activity was measured using the Dual Luciferase Reporter Assay 

System, and was normalized to Renilla luciferase activity. For the reporter assay of signal 

transduction pathway, it was performed using the Cignal Finder 45-Pathway Reporter Array 

Plate (Qiagen, CCA-901L), following the manufacturer’s instruction. A reverse transfection 

method was required, in which transfection complexes were resuspended and mixed in wells 

firstly, followed by the cells seeded onto the transfection complexes in a one day procedure. 

The relative luciferase activity was measured as described above. A luciferase reporter 

with wild type miR-484 promoter region which contains IFN-stimulated response 

element (484-promoterwt) and a luciferase reporter with mutant miR-484 promoter 

region which deletes IFN-stimulated response element (484-promotermut) were used 

in Fig.7F and 7B. 

 

Chromatin Immunoprecipitation (ChIP) 

Chromatin immunoprecipitation was carried out as described previously. Briefly, HL7702 cells 

treated with 0.1% BSA, IFN-β (2 or 200 units/ml) chromatin fragments were 

immunoprecipitated with anti-STAT1 antibody (Cell Signaling, America). Primer pairs for 

STAT1 binding sites (ISRE) in miR-484 promoter regions (primer-M) and for the right 

(primer-R) or left (primer-L) adjacent to ISRE were used for investigating the binding of STAT1 

towards the ISRE of miR-484. The primer pairs are shown as follows: primer-M: forward 

5’-GCAATAATCCTGTGAAATAG-3’ and reverse 5’-AAGGCACCTTGATGTAGTGG-3’ (PCR product: 

139bp); primer-R: forward 5’-CATTACTTATGTCTTCATTC-3’ and reverse 

5’-CTATTTCACAGGATTATTGC-3’ (PCR product: 144bp); primer-L: forward 

5’-CCACTACATCAAGGTGCCTT-3’ and reverse 5’-CAAGTCAAACAGAACCTGC-3’ (PCR product: 



140bp). The chromatin fragments derived from IFN-β and C646 (Selleck, America) treated 

HL7702 cells were immunoprecipitated with antibody against STAT1. Primer-M was used for 

investigating the binding of STAT1 towards the ISRE of miR-484. In addition, chromatin 

immunoprecipitation was performed in HL7702 cells, treated with IFN-β and C646, by using 

anti-H3K27Ac (Abcam, England) antibody. Real-time PCR analysis was performed for 

H3K27Ac binding sites in miR-484 promoter regions using the following primers: primer-0: 

forward 5’- TTGATTCCCGACTCCGCAGC-3’ and reverse 5’- CGAAGAGGAGAGAAGGGCG-3’ (PCR 

product: 109bp); primer-1: forward 5’- TCAGGCTCAGTCCCCTCCCG-3’ and reverse 5’- 

TTCCTCGGGTCCACGTCACG-3’ (PCR product: 171bp). 

 

In Situ miR-484 Hybridization (ISH) 

The FFPE sections were examined with locked nucleic acid (LNA) based in situ hybridization 

using double-DIG labeled miRCURYTM miIR-484 probe (Exiqon, Vedbaek, Denmark) and 

digoxin detection kit (Boster, Wuhan, China) according to the suggested procedures. Images 

were captured with a Leica Aperio ePathology system. All sections were captured and 

processed under identical settings. 

 

ELISA Assay 

The status of IFN-β in serum of patients and supernatant of cell culture were assessed by the 

VeriKine Human Interferon Beta ELISA Kit or VeriKine-HS Human Interferon Beta Serum ELISA 

Kit (R&D systems, America). The specific operations were referred to the suggested 

procedures. 

 

 



RNA Extraction and Real-time PCR Analysis 

Total RNA was extracted using Trizol reagent (Invitrogen). First-strand cDNA was generated 

using the M-MLV Reverse Transcriptase (Invitrogen) and either gene-specific primers or 

random primers. And then SYBR Green based real-time PCR was performed using the 

gene-specific primers shown in the primer sequences section below. 18S rRNA was employed 

as an endogenous control. For microRNA analysis, real-time PCR was performed as above. 

Specifically we tested the expression levels of miR-449b, miR-545, miR-484, miR-320a, 

miR-625#, miR-661 and miR-29a# (Ribobio, Guangzhou, China). U6 expression was used as 

an internal control. The experiments have been performed in triplicate. The relative 

expression of RNAs was calculated using the comparative Ct method and presented as mean 

± SD. 

Primers used for real-time PCR 

Primer names 
Sequences 

Forward (5'~3') Reverse (5'~3') 

human AFP GAACTTTCCAAGCCATAACTG TACATTGACCACGTTCCAGC 

human CK19 ATGGCCGAGCAGAACCGGAA CCATGAGCCGCTGGTACTCC 

human C-MYC TACCCTCTCAACGACAGCAG TCTTGACATTCTCCTCGGTG 

human APOL3 TCCAGAAGCCACACAGGGTA TCCCGGAAGTATTTGGTGGC 

human FCF1 GAAGTATTGCGCCGTTGGTG GGAAGGGTGTTGGGGAACTT 

human HMOX1 GCCATGAACTTTGTCCGGTG TTTCGTTGGGGAAGATGCCA 

human KCNJ2 GGTTTGCTTTGGCTCACTCG GAACATGTCCTGTTGCTGGC 

human NEDD9 TTCATCTAGCGCTGCACTCA CTTCCAGTCCCCCTGTGTTC 

human SAMD9 AGCATCGTAGGAGGAAGAAAACA TGCAACCATGAGATCAAAATCCAG 

human TBL1X CTCGCGACGAGATTTCCGTG CAAACGTGAAAGCCGAGTGG 

human PDZD2 TCTCCTGGCTTAGGTACCCC TCGTAGCAGCCTACCTTCCT 

human TUFT1 CGAGGGAAGATGAACGGGAC GAATGACCAGCTGAGTGGCT 

human IL-6 TGCAATAACCACCCCTGACC GTGCCCATGCTACATTTGCC 

human MARF1 TTGCAGTAGCTGGACAGGTG GTGTGGCACTGTGGCATTTT 

human NDE1 AGTCCCCTCCCGATAAACCC CCACGTCACGAGCTCATTCT 

human ISG56 GCTTACACCATTGGCTGCTG CCATTTGTACTCATGGTTGCTGT 

human OAS1 GATTCTGCTGGCTGAAAGCAA GTGTGCTGGGTCTATGAGAGAAATG 

human PML CGGAAGACTCAGATGCCGAA CACGCGGAACTTGCTTTCC 

human TRAIL AAGTCAAGTGGCAACTCCGT GTTGCTTCTTCCTCTGGTCCC 

human IFN-β GACCATCTATGAGATGCTCCAG CAGGTGCAGACTGCTCATGAG 

human pri-miR-484 TGCAGCCTCGTCAGGCTCAG CCTTAAACTGGGGGTTTTCG 

human pre-miR-484 TCAGTCCCCTCCCGATAAAC GCCAAAAAAGCCAGGGTCAC 



human pre-miR-320a CTTCGCTCCCCTCCGCCTTC CCTCATCCTTTTTCGCCCTC 

mouse AFP ACAGGAGGCTATGCATCACC TGGACATCTTCACCATGTGG 

mouse CK19 GGGGGTTCAGTACGCATTGG GAGGACGAGGTCACGAAGC 

mouse C-MYC GAAGAGCAAGAAGATGAGGAAG CGTAGTTGTGCTGGTGAGTGG 

mouse MARF1 AGTTTACAGGAGCTGTGCCG ACTCCTCGGAGACCAAGACT 

mouse NDE1 CAGCACTCAGAGGGTTACCG ATTGTGGCTCGTTTGGCTCT 

mouse Ly6D AAACCGTCACCTCAGTGGAG CATAGGTCAGTCTGGCAGCA 

mouse CD44 TGCATTTGGTGAACAAGGAA GGAATGACGTCTCCAATCGT 

mouse EpCAM GCGGCTCAGAGAGACTGTG CCAAGCATTTAGACGCCAGTTT 

mouse Cldn2 CAGAGCTCTTCGAAAGGACG TCACAGTGTCTCTGGCAAGC 

mouse GPC3 CCCTGAATCTCGGAATTGAA AGTCCCTGGCAGTAAGAGCA 

mouse IL-6 TGATGCACTTGCAGAAAACA ACCAGAGGAAATTTTCAATAGGC 

mouse pri-miR-484 AGCCTCGTCAGGCTCAGTC TTAGTCCTCGCTCCCAAGACC 

MIR484-loxp-tF GGACTAAACGCCTCGGAAGA (For miR-484-/- mice) 

ZMK-1R3 AAGGGTTATTGAATATGATCGGA (For miR-484-/- mice) 

ZMK-2F4 GCATCGCATTGTCTGAGTAGGTG (For miR-484-/- mice) 

MIR484-LOXP-tR TGAAGCCTTCAAGGCTCAGT (For miR-484-/- mice) 

MIR484-LOXP-tF1 TGCACGTTGCACTGCATCTT (For miR-484-/- mice) 

 

Western-Blot Analysis 

Cells were lysed in 1×SDS sample buffer and heated at 95℃ for 10min. Quantified protein 

lysates were resolved on SDS-PAGE and transferred into nitrocellulose filter membranes. 

After an incubation with specific antibodies shown in the antibody section, the blots were 

incubated with species-specific secondary antibodies and were detected using an Odyssey 

infrared scanner (Li-Cor). GAPDH was used as a loading control for western blots. 

 

Immunohistochemistry (IHC) 

For IHC, liver samples were fixed with 4% neutral buffered formalin for 24 hours and paraffin 

embedded. 4μm thick serial sections were used for immunostaining. Primary antibodies 

against target molecules are shown in the antibody section. Livers (2-3 lobes) from 5-10 mice 

were analyzed for various markers and representative pictures are shown. 

 



Antibodies 

Commercial antibodies were purchased from suppliers listed below: AFP (Abcam, ab133617), 

CK19 (Epitomics, 2473-1), c-Myc (Santa Cruz, sc-764), SAMD9 (Sigma, HPA021319), TBL1X 

(Santa Cruz, sc-365661), p-AKT (Cell Signaling, 13038), AKT (Cell Signaling, 9272), p-STAT3 

(Cell Signaling, 4113), STAT3 (Cell Signaling, 9139), Gli (Cell Signaling, 3538), SHH (Cell 

Signaling, 2207), PTCH1 (Cell Signaling, 2468), SUFU (Cell Signaling, 2520), p-SMAD2 (Cell 

Signaling, 3108), SMAD2 (Cell Signaling, 5339), p-SMAD3 (Cell Signaling, 9520), SMAD3 (Cell 

Signaling, 9523), p-P65 (Cell Signaling, 3033), P65 (Santa Cruz, sc-213), p-IκBα (Cell Signaling, 

9246), IκBα (Cell Signaling, 4814), H3 (Abcam, ab1791), EEA1 (Santa Cruz, sc-137130), GFP 

(Abcam, ab13970), Ki67 (Abcam, ab16667), IFN-β (Abcam, ab140211), Lamp1 (Abcam, 

ab24170), TGFRI (Santa Cruz, sc-9048), TGFRII (Santa Cruz, sc-33929). 

 

Statistical Analysis 

All statistical analyses were performed with SPSS 18.0 software and results were expressed 

as mean ± standard deviation (SD). Differences between groups were assessed by either 

Student's t test (two-tailed), Student-Newman-Keuls q (SNK-q) test, Least-significant 

difference (LSD) test or Pearson chi-square test as applicable. A p value < 0.05 was 

considered statistically significant. 
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