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ORIGINAL ARTICLE

Interferon—microRNA signalling drives liver
precancerous lesion formation and

hepatocarcinogenesis

Yingcheng Yang,# Ximeng Lin," Xinyuan Lu,? Guijuan Luo,"* Tao Zeng,’

Jing Tang,""* Feng Jiang," Liang Li,"* Xiuliang Cui,"* Wentao Huang," Guojun Hou,’
Xin Chen," Qing Ouyang,' Shanhua Tang," Huanlin Sun," Luonan Chen,’

Frank J Gonzalez,® Mengchao Wu,” Wenming Cong,® Lei Chen,"*® Hongyang Wang'*’

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~"~, Ifnar!~'~ and Tgfbr2 A"
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-B/Gli and nuclear factor-xB/
type | 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 Tgfbr22"P and
Ifnar1 == mice.

Conclusions These findings demonstrate a new
protumourigenic axis involving type | 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.'
Recognition of the disease at the precancerous
stage could significantly prevent the incidence of,
and reduce the mortality from, the particular
cancers.” ® In the past few years, precancerous
lesions have been observed in a wide variety of
tumours, including but not limited to colorectal,

Significance of this study

What is already known on this subject?

» Precancerous lesions are critical to human and
mouse hepatocarcinogenesis.

» Therapeutic dose of type | IFN can prevent the
progression of hepatocellular carcinoma.

» Blockage of chronic type | IFN signalling could
control persistent infections.

» SAMDOIL 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-B and type | IFN
pathways are indispensable for the oncogenic
role of miR-484. The formation of precancerous
lesions was significantly attenuated in both
Tgfbr2 2" and Ifnar? =~ mice.

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

How might it impact on clinical practice in

the foreseeable future?

» Our findings demonstrate a new
protumourigenic axis involving type |
IFN-microRNA-transforming growth factor-f
signalling, providing a potential therapeutic
strategy to manipulate or reverse liver
precancerous lesions and tumourigenesis.

gastric, pancreatic, hepatic, cervical and oral
cancer.*” Besides the activation of DNA damage
checkpoint and genomic instability,>'° many
studies have revealed the important role of persist-
ent inflammation in the generation of precancerous
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Figure 1 Identification of potential high grade dysplastic nodule (HGDN)-driven miRNAs through dynamic network biomarker (DNB) analysis. (A) 5=z
H&E staining of different stage liver tissues in the multistep process of hepatocellular carcinogenesis. Scale bar, 100 um. (B) Laser microdissection of €&
paraffin-embedded tissue for normal hepatic tissue, HGDN tissue and hepatocellular carcinoma (HCC) tissue. Scale bar, 100 um. (C) Key miRNAs 2 I
selected based on consistency of network importance. The upregulated miRNAs in HGDN were coloured red. Based on the miRNA profiles for Q-*N
normal cell, HGDN cell and cancer cell, respectively, three miRNA coexpression networks can be constructed and the DNB can be detected. DNB % Q
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 2
the miRNA coexpression networks with bootstrapping. For an miRNA, its large relative importance score means it shows specific effect on and after § g
a critical time, and its small consistency score indicates it has consistent effect/importance after the critical time. Thus, the highest ranked miRNAs >3
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. ?_, =S
(D) Normal hepatocyte was pretreated with indicated microRNA mimics (100 nM) for 48 h, then soft agar colony assay was performed. Colonies o3
. . . .. Q D
(mean=SD) 50 um were counted using a microscope 21 days later. Scale bar, 800 mm. (E) Normal hepatocyte was pretreated with lentivirus 22
containing indicated microRNA, then soft agar colonies was performed. Colonies (mean+SD) 50 um were counted using a microscope 21 days later. 25
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 m
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 um. ***p<0.001. Student's t test. ;
m
o))
[%2]
lesions."'™'* However, the underlying molecular mechanisms processes are involved in hepatocellular carcinogenesis, including g
for their formation remain unclear. the generation of large regenerative nodules (LRN), low grade s
Hepatocellular carcinoma (HCC) is the main type of liver dysplastic nodules (LGDN), high grade dysplastic nodules S
cancer and the second most common cause of cancer mortality (HGDN), early well-differentiated HCC (eWDHCC) and moder- e
worldwide.” It is well known that multihistopathological ately differentiated HCC, of which HGDN belongs to the S
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Figure 1 Continued

‘borderline malignancy”’ category, and was defined as the strongest
independent predictor of malignant transformation and tumouri-
genesis in comparison with other non-malignant nodules.'®"
According to recent reports, 60%-80% of HGDNs can progress
to HCC within 5 years.’*?>> 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.'* '® #3 2%

The major risk factor for HCC development is cell death-
provoked chronic inflammation.'” Many studies have been
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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,'> *72% 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
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Figure 2 miR-484 enhances hepatocyte malignant transformation. (A) Soft agar colony assay (>50 um) (mean=SD) of indicated cell treated with
100 nM mimic-NC or mimic-484 for 48 h. (B) o-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 um.

*p<0.05, **p<0.01, ***p<0.001.
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Figure 2 Continued

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.'® 2° 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.
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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
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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 um.

(C) miR-484 levels (mean=SD) assessed by real-time RT-PCR analysis in <40 um and 40-70 um cells isolated from 5-month-old PBS-injected or
DEN-injected mice. (D) AFP and CK79 mRNA levels (mean+SD) assessed by real-time RT-PCR analysis in <40 um and 40-70 um cells isolated from
5-month-old DEN-injected mice. (E and F) Cells of 40—70 um 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 um. (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-4847"") mice that were untreated or treated with DEN
for 5 months. Scale bar, 100 um. (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.

but without histological criteria of malignancy, and is divided
into two subtypes: LGDN and HGDN?! (figure 1A).
Accordingly, HGDN has been regarded as a precancerous lesion
for hepatocarcinogenesis but not LGDN.? ?! 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 TagMan 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
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Figure 3  Continued
figure ST1A). Among these, seven miRNAs increased in precan- mediated stable expression system were applied to verify the
cerous lesion were regarded as candidate drivers by specific capability of those miRNAs for cell transformation through soft
long-term marker analysis in the following studies (figure 1C). agar clonal assays. As shown, only miR-484 exhibits a potential
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Figure 4 SAMDSY 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 3'UTR 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. 3'UTR 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 3'UTR 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 SAMDIL and TBL1X in isolated hepatocytes from miR-484~"~ mice or wild
type mice. (I) Immunoblot analysis of SAMDIL 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 SAMDIL 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 um 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 um 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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Figure 4 Continued

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 (AFE, 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

AFP _
cK19 _
cye |

AFP _
CK19
c-Myc

GAPDH tm:]

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,” ° 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 CCl,
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 AFE 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
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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) Inmunoblot detection of cell cytoplasm and nucleus SMAD2, GAPDH and Histone3 of indicated cell lines exposed to transforming
growth factor (TGF)-B (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)-o. (20 ng/mL) for 0 or 30 min are shown. (G) The indicated cells were stimulated with
TGF-B (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 um. (H) The indicated cells were stimulated with TNF-o. (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 um. (1) 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 um 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.

the mouse DEN-induced HCC model.'* 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 nodules'> 3 or
5 months after DEN administration (figure 3B). Accordingly, we
further enriched the majority of hepatocytes in nodule through
70 and 40 um sieves (see online supplementary figure S4D).
Besides the previously documented seven upregulated genes in
nodules'” (see online supplementary figure S4E), miR-484,
Ck19 and ¢-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 um fraction (see
figure 3C,D and online supplementary figure S4E). Then, we
performed xenograft experiments (see online supplementary
figure S4F) in which 40-70 um 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

Yang Y, et al. Gut 2016;65:1186-1201. doi:10.1136/gutjnl-2015-310318
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Figure 5 Continued

(figure 3G). As compared with the post-HGDN treated group,
injection of antagomir-484 before HGDN formation resulted in
the complete elimination of HGDNSs (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
3] 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.

SAMD?Y 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 3'UTR 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, SAMDY and TBL1X were dramatic-
ally decreased upon exogenous expression of miR-484 specific-
ally (see figure 4E-G and online supplementary figure SSC-E),
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and recovered in miR-484~'~ mice (see figure 4H,I and supple-
mentary figure SSF). In addition, RIP and functional studies
confirmed that Ago2 complex is indispensable for
miR-484-mediated inhibition of SAMD9 and TBL1X (see figure
4],K and online supplementary figure S5G,H). Importantly,
both siRNA and lentivirus-mediated gene expression methods
verified the necessity of SAMDY 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 SSL,J).

Transforming growth factor-g/Hedgehog and nuclear factor
kB 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) kB and SMAD) were significantly
increased in the presence of miR-484 (figure 5A). After evalu-
ating their upstream manipulators, transforming growth
factor (TGF)-B/Smad, Hedgehog and NF-xB pathways were
identified as the potential effector pathways influenced by
miR-484 (see figure SB—H and supplemental figure S6A-C).
To determine whether these pathways are required for
miR-484-induced cell transformation, specific inhibitors
(IY2109761 for TGF-B/Smad, BAY11-7085 for NF-xB 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-B
inhibitor displayed the most significant effects to varying
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Figure 6 The reduction of SAMD9 upon miR-484 facilitates the recycling of endosomes, prevents lysosome—endosome fusion and enhances TGF-$
signalling. (A) Luciferase activity (mean+SD) of transforming growth factor (TGF)-B or nuclear factor-«xB reporter in HL7702 cells transfected with
SiIRNA-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 1gG, 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-B (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 um. (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-B (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 um. (H) The indicated cell lines were exposed to TGF- B (10 ng/mL) for
indicated lengths of time, then stained with Lamp1 and Rab7 antibodies. The colocalisation was detected by/FconfocaI laser scanning microscopy as

indicated. Scale bar, 10 um. (I) H&E staining and immunohistochemistry for indicated antibodies of TGFBR2

and TGFBR2"P mice treated with

DEN for 5 months. Scale bar, 100 um. (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- (10 ng/mL) for 24 h. The detection of Gli1 and GAPDH are

shown. **p<0.01.

degrees (see figure SI-K and online supplementary figure S61-
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,'? 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 SAMD?9 facilitates the recycling of
endosomes and TGF-receptor relocation

Luciferase reporter assays were applied to clarify the possible
crosstalk between SAMD9 gene and TGF-B or NF-kB pathway,
revealing negative regulation of SAMD9 on TGF-p/Smad signal-
ling but not the NF-kB pathway (see figure 6A). As expected,
the levels of SMAD2 and SMAD3 phosphorylation were inhib-
ited upon expression of SAMD?9 (see figure 6B and online sup-
plementary figure S7A). It was reported that SAMDIL, a
paralogous gene of SAMDY9, and EEA1 encode crucial

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

1195

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"looyoseboysnwselq v11-Z39 1uswinedsq 1e GZoz ‘€T Aew uo /woo fwginby:dny woly pspeojumod ‘910z Aleniged 6 U0 8TE0TE-GTOZ-IUINB/IETT OT Sk pays!ignd 1s11 1N


http://gut.bmj.com/

Hepatology

TGF-8 Omin 15min 1h 12h
LV-GFP + -+ = + - + -
LV484 - + - + - 4+ - o+
p-SMAD2[_ . -

SMAD2 [&=
p-SMAD3

SMAD3 [ <= -

CK19 c-Myc Ki

TGFBR2FIF

TGFBR2Ahep
Mou§e2 M 4se1_<

Figure 6 Continued

components of a protein complex that facilitates degradation of
PDGFR.?" 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 SAMD?Y (see
figure 6C and online supplementary figure S7B). Since the
internalisation of TGFRI/II is necessary for TGF-B-mediated sig-
nalling,** ** intercellular distribution of TGFRI/Il was examined
after TGF-B administration, revealing that the colocalisation of
TGFRII and Rab$, 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,
SMAD?2 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-B 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-B 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-B 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-B can induce the expression of
hedgehog (Hh) signalling molecule Glil in various cell types in
a canonical Hh pathway independent manner.>* As shown in
figure 6J,K, miR-484 can sensitise cells to TGF-B-induced Gli
expression, and, in contrast, the blockage of TGF-B signal com-
pletely reversed miR-484-provoked Gli expression. In line with
the finding that activation of Glil 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-B and Hh signalling.
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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-B 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-B 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-B 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 7EH,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 71 and online supplementary figure S8D), in an
miR-484-dependent manner (see figure 7K and online supple-
mentary figure S8C,]), 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

1196

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

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"looyoseboysnwselq v11-Z39 1uswinedsq 1e GZoz ‘€T Aew uo /woo fwginby:dny woly pspeojumod ‘910z Aleniged 6 U0 8TE0TE-GTOZ-IUINB/IETT OT Sk pays!ignd 1s11 1N


http://gut.bmj.com/

Hepatology

A HL7702 soft-agar B €
.é‘ 5 *%
miR-484 pri-miR-484 pre-miR-484 pre-miR-320 2 4

c b 3

O 207 sxx 9 12 4 S 5 "

] *%k - e ® . %

@ 15 9 3 & o=,

o 10 6 2 Z > 2

g 3 £

5 5 3 1 484-promoter,, + + + - - - —

e : 484-promotery,; - - - + + + 0

0 0 0 0 P iR- =

miR-NC o - o + - - e miR-NC + - - + - - m|§ 2;:4 +
miR-484 . + . Sk o g N miR-484 - + - - + m!R-484 i =
miR-484, - - + - - + - -+ - -4 miR-484,, - - + - - +  MR%%me -+

D E F

HL7702  QSG7701  hiHep HL7702 QsG7701 215

-] BSA s BSA 207 gsa £ s

& M FN (2U/ml) ‘g o/M IFN(2U/m) | IFN (2U/mi) g 10

S5 *k 2 18] ax ©

5o g 2

EQ 3 ©

2s o (2

'ﬁ 5 E 484 promoter, s+ + + - - -

E % 484 promoter,, 4 - - - + + +

» = BSA:~ & = = ZE
o IFNU/mI) - - + - - +

G Isolated primary H

o

0.0
one 1RE e SR

heptocytes : HL7702 ;5,, QSG7701
< m|3484
? - * ISRE e E *% * %
X, 2 PT P PR 100
€ 15 ©
> -
$3 10 § 5 ChiP: STAT1 .
ko 5 52 Q —————— m
< 05 = oo T P-L PM PR
(4

0
S O
F& VS
IFN (U/mi)

S »
Q;_,?‘g.g'b WF&@Q
IFN (U/ml)

Figure 7 miR-484 is transcriptionally regulated by type | 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-B 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-B 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-B 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-B for 72 h. (H and I)
Chromatin immunoprecipitation from IFN-B treated HL7702 cells using STAT1 antibody. (J) Soft agar colony assay (>50 um) (mean=SD) of indicated
cells treated with different doses of IFN-B. (K) Soft agar colony assay (>50 um) (mean=SD) of HL7702 cotreated with IFN-B and 200 nM antagomir.
(L) miR-484 levels were assessed by real-time RT-PCR in indicated cells, those cotreated with IFN-B and C646 (20 uM). (M) Chromatin
immunoprecipitation from IFN-B and C646 cotreated HL7702 cells using STAT1 antibody. (N) Chromatin immunoprecipitation from IFN-B and C646
cotreated HL7702 cells using H3K27Ac antibody. (O) miR-484 levels were assessed by real-time RT-PCR in wild-type and /fnar! =/~ treated with DEN
for indicated time. (P) H&E staining and in situ hybridisation for miR-484 of wild-type and /FNAR1-deficient (/fnar1 =) mice treated with DEN for

5 months. Scale bar, 100 um. *p<0.05, **p<0.01, ***p<0.001.

inhibitor of histone acetyltransferase p300,* 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 SSL).

Unlike C57/BL6 mice, neither increased miR-484 nor prema-
lignant lesions were observed in Ifnarl ™~ 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-B, SAMDIL and TBL1X were examined by
immunohistochemistry in liver tissues of mice 3, 4 or 5§ months

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

1197

‘saifojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"looyoseboysnwselq v11-Z39 1uswinedsq 1e GZoz ‘€T Aew uo /woo fwginby:dny woly pspeojumod ‘910z Aleniged 6 U0 8TE0TE-GTOZ-IUINB/IETT OT Sk pays!ignd 1s11 1N


http://gut.bmj.com/

Hepatology

K 90 L HL7702 QSG7701
0.1% BSA )
M IFN(2U/ml) o 51 Bsa BSA
[ R @ |l IFN (2U/ml) ¢{l IFN (2U/ml)
= 601 3 Y xn
= o) *k*k
3 ¥ 31 4
e
© 30 =
F* E 2
S
2 14
YE b L
N D 0
NGV 14
2 O .0
i 0\“6 Oe’b‘
)
N . e} .
% Genomic ChlIP: ChiP: o o
S DNA 19G H3K27Ac = 3
miR-484 5
Promoter x
BSA + + - -+ + - - + + - - =
IFN2U/ml) - - + + - - + + - - + + 0
DMSO + = % = # = # = & = * = 2
C646 T e e i K
4

Figure 7 Continued

after DEN administration, revealing the accumulation of
miR-484 and IFN-B and absence of SAMDIL 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-B, SAMDY9 and TBL1X in liver
tissues with HGDN lesion from 10 clinical patients (figure 8C).
More importantly, the positive correlation of serum IFN- con-
centration with the higher staining of IFN-B in HGDN tissues
was found in HBsAg positive clinical samples (figure 8D).
Strikingly, moderately increased serum level of IFN-B was also
found in cirrhosis or HCC with chronic hepatitis B virus infec-
tion (figure 8E). Further, immunostaining of p-SMAD2, p-P65
and Glil 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-B accumulation may initiate cell
malignant transformation via miR-484-dependent TBL1X or
SAMDY knockdown and the activation of TGF-B/Gli/NF-xB
pathways by turns (figure 8F).

DISCUSSION

Inflammation has been identified as the major tumour promoter
in various tumours.*® 3”7 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, !> 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.**** 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.

M
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In contrast to other ISGs,*® 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.”® ** >
In recent decades, although several molecular changes that con-
tribute to cell transformation process, including proto-
oncogenes and tumour suppressor genes, were identified,'* *¢~
* 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,'® 2° 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,'? 2! 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
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Figure 8 The positive feedback loop of miR-484 involving type | IFN, TBL1X and nuclear factor-xB pathway. (A) Liver sections of DEN mice were
subjected to H&E staining and immunohistochemistry (IHC) with indicated antibodies. Scale bar, 100 um. (B) Levels of IFN-B 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 um. (D) Levels of IFN-B 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 um. (E) Levels of IFN-B 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.

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-B signals shows similar inhibition on the formation of
HCC in Ifnar1™" or Tgfbr22"P mice, the dysplastic nodule’s
number and size are extremely small in Ifnarl ™" mice rather
than in Tgfbr22"P 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
TGEF-B/Gli signalling. Hence, miR-484 may be a key element for
the synergetic interaction of IFN-I and TGF-/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.
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