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Abstract
The oncofetal long noncoding RNA (lncRNA) H19 is postnatally repressed in most tissues, and re-expressed in many
cancers, including hepatocellular carcinoma (HCC). The role of H19 in carcinogenesis is a subject of controversy. We aimed
to examine the role of H19 in chronic inflammation-mediated hepatocarcinogenesis using the Mdr2/Abcb4 knockout (Mdr2-
KO) mouse, a well-established HCC model. For this goal, we have generated Mdr2-KO/H19-KO double knockout (dKO)
mice and followed spontaneous tumor development in the dKO and control Mdr2-KO mice. Cellular localization of H19 and
effects of H19 loss in the liver were determined in young and old Mdr2-KO mice. Tumor incidence and tumor load were
both significantly decreased in the liver of dKO versus Mdr2-KO females. The expression levels of H19 and Igf2 were
variable in nontumor liver tissues of Mdr2-KO females and were significantly downregulated in most matched tumors. In
nontumor liver tissue of agedMdr2-KO females, H19 was expressed mainly in hepatocytes, and hepatocyte proliferation was
increased compared to dKO females. At an early age, dKO females displayed lower levels of liver injury and B-cell
infiltration, with higher percentage of binuclear hepatocytes. In human samples, H19 expression was higher in females,
positively correlated with cirrhosis (in nontumor liver samples) and negatively correlated with CTNNB1 (beta-catenin)
mutations and patients’ survival (in tumors). Our data demonstrate that the lncRNA H19 is pro-oncogenic during the
development of chronic inflammation-mediated HCC in the Mdr2-KO mouse model, mainly by increasing liver injury and
decreasing hepatocyte polyploidy in young mice.

Introduction

Hepatocellular carcinoma (HCC) is the most prevalent pri-
mary liver cancer and is the 3rd leading cause of cancer-
related death worldwide [1]. Despite significant progress in
our understanding of the risk factors for HCC development,
there are still major unmet needs in HCC early diagnosis,
prevention, and therapy [1]. The role of the long noncoding
RNA (lncRNA) H19 in the pathogenesis of HCC is a
debatable issue [2]. H19 is paternally imprinted and
maternally expressed; it is widely expressed in the embryo,
but is repressed at birth in most tissues, and is re-expressed
in many cancer types, including HCC. Some studies
demonstrated a tumor-suppressive role for H19 in HCC
development [3], whereas other studies revealed its onco-
genic role [4]. However, none of these studies used an HCC
model in which tumor development was preceded by
chronic liver inflammation, as it happens in most human
cases [1]. Thus, we aimed to examine the role of H19 in
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chronic inflammation-mediated hepatocarcinogenesis and to
elucidate the associated molecular mechanisms. For this
goal, we used the Mdr2 knockout (Mdr2-KO) mouse, a
well-established model of chronic cholangitis and hepatitis,
which culminate in HCC development, mimicking these
processes in HCC patients [5–8]. In order to elucidate the
effect of H19 on hepatocarcinogenesis in chronically
inflamed liver, we generated the Mdr2-KO/H19-KO double
knockout (dKO) mice by transferring the H19Δ3 mutation
(a 3-kb deletion of the H19 encoding region [3]) from the
129Sv to the C57BL/6 (B6) Mdr2-KO strain, and followed
the development of spontaneous tumors in the dKO and the
parental Mdr2-KO mice. Previously, we found that H19
expression in the nontumor liver of adult Mdr2-KO mice
was much higher in females than in males [9]. Thus, in the
current study we focused mainly on the role of H19 in HCC
development in female Mdr2-KO mice.

Results

Loss of H19 impedes tumor development in the liver
of Mdr2-KO mice

Comparison of aged dKO with age- and sex-matched Mdr2-
KO controls demonstrated that dKO females had sig-
nificantly decreased tumor incidence (Fig. 1A) and tumor
load (Fig. 1B), and a tendency to reduced average tumor
size (Fig. 1C), while in dKO males, only tumor load was
significantly decreased (Supplementary Fig. 1C). Loss of
H19 also resulted in a significantly reduced liver-to-body
weight index (LBI) in both dKO females (Fig. 1D) and
males (Supplementary Fig. 1D). Proliferation intensity of
hepatocytes was significantly reduced in dKO versus Mdr2-
KO females (Fig. 1E and Supplementary Fig. 2). For both
genders, there was no significant difference in animal
weights between groups (data not shown) and in the ALT
and ALP serum levels that serve as indicators of hepatocyte
and cholangiocytes injury, respectively (Fig. 1F and Sup-
plementary Fig. 1E). Taken together these results demon-
strate reduced hepatocarcinogenesis in Mdr2-KO mice upon
deletion of H19.

In the liver of Mdr2-KO mice, H19 is expressed
mainly in nontumor hepatocytes

Since Igf2 is a known oncogenic driver in HCC [10], and
shares a transcriptional enhancer with H19, we measured
the levels of H19 and Igf2 transcripts in the liver of aged
Mdr2-KO mice. Both H19 and Igf2 expressions in the liver
of Mdr2-KO females were variable in the nontumor tissue,
while hardly detectable in most tumors (Fig. 2A). There was
no correlation between H19 and Igf2 expression either in

the nontumor liver (Supplementary Fig. 3A), or in tumors
(Supplementary Fig. 3B).

In order to determine which liver cell lineages express
H19, we used single-molecule RNA-FISH (smRNA-FISH)
technique combining H19-specific probe with either Pck1
(hepatocyte-specific) or Krt19 (cholangiocyte-specific)
probes. In aged Mdr2-KO females, H19 was expressed in a
small fraction of hepatocyte-shaped cells scattered in the
liver without a significant zonation (Fig. 2B). The H19-
positive cells also expressed hepatocyte-specific Pck1
transcript (Fig. 2C, D), but not cholangiocyte-specific Krt19
transcript (Supplementary Fig. 3C, D), whereas all
cholangiocyte-shaped cells did not express H19. Specificity
of the H19 probe was confirmed by the lack of its hybri-
dization in the liver of Mdr2-KO/H19-KO mouse (Supple-
mentary Fig. 3E, F). Single-cell transcriptomic analysis of
the nontumor liver tissue from an aged Mdr2-KO female
(Fig. 2E) also demonstrated that H19 was expressed mainly
in hepatocytes, while minor H19 expression was detected in
endothelial cells and monocytes/macrophages (Fig. 2F).
Thus, our data prove that in the nontumor liver of aged
Mdr2-KO females, H19 is expressed mainly in hepatocytes.

It was previously shown that H19 expression in the
rodent liver is associated with hepatocyte proliferation [11]
and that H19 level in the postnatal mouse liver drops sig-
nificantly after the 15th day [12]. To investigate the role of
H19 in hepatocyte proliferation in our model, we assessed
the co-expression of H19 with the Mki67 (Supplementary
Fig. 4A, B) and Cdkn1a (p21Cip; Supplementary Fig. 4C)
transcripts in the liver of 15-day-old Mdr2-KO females. In
both cases, about 70% of hepatocytes were H19-positive
(Supplementary Fig. 4D, E). About 17% of hepatocytes
were Mki67-positive (Supplementary Fig. 4D), and about
68% of hepatocytes were Cdkn1a-positive (Supplementary
Fig. 4E), but for both markers, about 2/3 of positive cells
were positive also for H19. Thus, we did not find any
correlation between expression of H19 and Mki67 or
Cdkn1a in hepatocytes of these mice. Also, quantitation of
the p21Cip protein level in the liver of 3-month-old Mdr2-
KO and dKO females by immunoblotting and immunohis-
tochemistry, revealed no difference between groups (data
not shown).

H19 loss decreases liver injury and increases the
proportion of binuclear hepatocytes in the liver of
young Mdr2-KO mice

Comparison of dKO with Mdr2-KO females at the age of
3 months demonstrated that dKO females had significantly
reduced serum ALT and ALP levels (Fig. 3A), as well as
reduced LBI (Fig. 3B). All these parameters in the dKO
mice were, on average, intermediate between the healthy
Mdr2+/− heterozygotes and chronically inflamed Mdr2-KO
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controls. Histologically, livers of 3-month-old dKO females
had reduced ductular reaction compared to Mdr2-KO
females (Fig. 3C). In search of a cause for the reduced
liver injury in dKO mice, we compared the numbers of
immune cells in the liver of dKO and Mdr2-KO females.
Immunohistochemical (IHC) staining for B220, a marker of
B cells, revealed a significantly lower infiltration of B cells
into the liver of dKO compared to Mdr2-KO females
(Fig. 3D, E). However, IHC staining for F4/80, a marker of
monocytes and macrophages, revealed no difference
between groups (Fig. 3F). Previously, it was demonstrated
that H19 expression in primary hepatocytes was inversely
correlated with cell polyploidization [13]. In accordance, our
results revealed that the percentage of binuclear hepatocytes
(that represent the main fraction of polyploid hepatocytes in
rodent liver [14]) was significantly higher in the 3-month-old
dKO compared to Mdr2-KO females (Fig. 4A, B). This
difference between groups disappeared at the age of
16 months (data not shown). In addition, 3-month-old dKO
compared to Mdr2-KO females had reduced numbers of

Ki67-positive hepatocytes (Fig. 4C and Supplementary
Fig. 2). H19 expression in the liver ofMdr2-KO females was
variable and significantly increasing with age (Fig. 4D
compared to Fig. 2A).

Decreased expression of genes associated with
inflammation, apoptosis, and
epithelial–mesenchimal transition in the livers of
dKO versus Mdr2-KO females

To explore molecular mechanisms associated with the effect
of H19 loss on HCC development at early and late stages of
chronic inflammatory liver disease, we compared whole
liver transcriptomes of dKO versus Mdr2-KO females aged
either 3 or 16 months using RNA-seq technique. For old
mice, total RNA was purified from nontumor liver coun-
terparts. Gene Set Enrichment Analysis (GSEA) of the
RNA-seq data revealed that at both analyzed ages, seven
gene sets were enriched in the Mdr2-KO compared to dKO
transcriptomes. These sets were mainly associated with
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Fig. 1 H19 loss impeded
hepatocarcinogenesis in Mdr2-
KO females. Decreased tumor
incidence (A, each dot
represents the largest tumor per
mouse, and its maximal diameter
is shown on the axis “Y”), and
load (B), but not tumor size (C)
in Mdr2-KO/H19-KO (black;
n= 18) versus Mdr2-KO (white;
n= 15) 16-month-old females.
Reduced liver-to-body index (D)
and percentage of Ki67-positive
hepatocytes in nontumor liver
tissue (E) in Mdr2-KO/H19-KO
(black) versus Mdr2-KO (white)
16-month-old females. F Similar
ALT and ALP levels in the
serum of both experimental
groups. Mouse numbers in
groups in D, F—as in A–C; in E
n= 8. Fisher exact test (A) or
the two-tailed unpaired t-test
(B–F). p values: *p < 0.05;
**p < 0.01; ***p < 0.001;
****p < 0.0001.
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inflammatory and interferon responses, TNFα signaling via
NFκB and epithelial–mesenchymal transition (Fig. 5A and
Supplementary Table 1). Individual genes differentially
expressed between both genotypes are shown in Supple-
mentary Table 2 (for 3-month-old females) and Supple-
mentary Table 3 (for 16-month-old females). We have
confirmed differential expression of selected genes by qRT-
PCR (Fig. 5B, C). In 3-month-old mice, we confirmed
upregulation of the pro-inflammatory genes S100a8,
S100a9, Ly6c1, Orm2, Ptprc (encoding B cells’ marker
B220), and Ccl21a (encoding a chemoattractant for B cells)
in Mdr2-KO females, and upregulation of the genes
glucocorticoid-induced leucine zipper (Gilz/Tsc22d3),
Tcim, Foxo1, and Nr0b2/Shp in dKO females (Fig. 5B). In
16-month-old mice, we confirmed upregulation of genes

dual specificity phosphatase 1 (Dusp1) and growth arrest
and DNA damage 45G (Gadd45g) in dKO females
(Fig. 5C).

H19 expression pattern in human nontumor and
tumor HCC samples is similar to that in Mdr2-KO
model

In an effort to determine the relevance of the mouse results
to those of humans, we analyzed H19 expression levels in
298 adjacent nontumor counterparts (FNT), of HCC tumors
of 55 women and 243 men (Supplementary Table 4).
Similar to our finding in mice, H19 expression in human
nontumor liver samples was significantly higher in women
compared to men (Fig. 6A). The expression of H19 was

Fig. 2 In the liver of old Mdr2-
KO females, H19 is expressed
mainly in hepatocytes. A
Expression of H19 and Igf2
transcripts in the nontumor (NT)
and tumor (T) liver tissue of 16-
month-old B6 Mdr2-KO females
(qRT-PCR, normalized to Hprt
expression). B–D Single-
molecule RNA-FISH (smRNA-
FISH) of H19 in murine liver. B
Scattered location and small
percentage of H19-positive
hepatocytes in the liver of 15-
month-old Mdr2-KO female;
H19 (green) and Pck1 (red). C
Magnification of the liver region
inside a rectangle frame in B.
The picture represents a
snapshot of all layers. White
arrows mark hepatocyte nuclei
positive for both H19 (green)
and Pck1 (red) signals. D
SmRNA-FISH of H19 (green)
and Pck1 (red) in the liver of a
15-month-old Mdr2-KO female.
The picture represents a single
layer. H19 is expressed only in
hepatocytes (Pck1-positive cells
with round nuclei), and not in
cholangiocytes (Pck1-negative
cells with prolonged nuclei).
Scale bars: 10 μm (B, D), and
100 μm (C). E, F Single-cell
transcriptomic analysis of the
nontumor liver tissue of 18-
month-old B6 Mdr2-KO female.
E Cell clusters. F H19
expression (blue dots) in cell
clusters shown in E; relative
expression scale (blue color
intensity)—from 0 to 0.7 units.
p values designations—as in
Fig. 1.
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significantly associated with hepatitis C virus (HCV)
infection in both men and women (Fig. 6B). There was a
significant association of H19 expression level with fibrosis
stage (Fig. 6C) and cirrhosis (Fig. 6D) in males, while there
was only a trend toward significance in females (Fig. 6C,
D), probably due to the small sample size. Remarkably, in
multivariate analysis, gender and cirrhosis were still sig-
nificantly associated with H19 expression, while HCV was
no longer significant (Fig. 6E). These results could be
explained by previous findings that HCV is significantly
associated with cirrhosis. In both genders, H19 expression
was significantly correlated with IGF2 expression (Fig. 6F).

Previously, using microarrays, we demonstrated that
H19-overexpressing HCC tumors were present mainly in
the “proliferative” subgroup G1 that contained mainly
female samples and was associated with the absence of
CTNNB1 mutations [15]. Here, we have confirmed these
data by direct H19 measurements of a larger number of
tumor samples. H19 was highly expressed mainly in the
subgroup G1 (Fig. 7A); its expression in tumors sig-
nificantly correlated with the IGF2 expression (Fig. 7B).
Similar to nontumor samples, H19 expression in tumors was
significantly higher in females (Fig. 7C). Remarkably, there
was a significant negative correlation between the level of
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Mdr2-KO/H19-KOMdr2-KO

F

Mdr2-KO/H19-KOMdr2-KO

A B LBIALT ALPFig. 3 H19 loss reduces liver
injury and B-cell infiltration
into the liver of 3-month-old
Mdr2-KO females. A Decreased
ALT and ALP levels in the
serum of Mdr2-KO/H19-KO
(black, n= 14) versus Mdr2-KO
(white, n= 19) females; Mdr2
+/− controls (gray, n= 4). B
Decreased liver-to-body weight
index of Mdr2-KO/H19-KO
versus Mdr2-KO females; mice
numbers and column colors—as
in A. C Decreased ductular
reaction in Mdr2-KO/H19-KO
versus Mdr2-KO females (H&E
staining; magnification ×100).
D, E Significantly decreased
level of B220-positive cells in
Mdr2-KO/H19-KO mice.
D Immunohistochemistry for
B220; magnification ×200.
E Quantitation of the B220-
positive cells (n= 10; 5–7 20x
HPFs per mouse). F Similar
levels of F4/80 expression in the
liver of Mdr2-KO/H19-KO and
Mdr2-KO females (quantitation
of immunohistochemistry for
F4/80; numbers of mice and
HPFs—as in E). p values
designations—as in Fig. 1.
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H19 expression and the presence of CTNNB1 mutations in
tumors (Fig. 7D). The level of H19 expression in the tested
HCC tumors had a tendency, at the limit of significance, to
affect patient’s survival in our dataset (Fig. 7E and Sup-
plementary Table 5), but in the TCGA dataset, there was
only a trend, without statistical significance (Supplementary
Fig. 5).

Discussion

The role of lncRNA H19 in carcinogenesis, including
hepatocarcinogenesis, is highly controversial: multiple stu-
dies support either its oncogenic or tumor-suppressive
activity [2, 16]. We decided to use the Mdr2-KO mouse
HCC model to explore the role of H19 in HCC development
for two main reasons: (1) none of the previous H19 studies
used an HCC rodent model in which tumor development
was preceded by chronic liver inflammation, which is
typical for human HCC [1]; and (2) we have previously
discovered that H19 is expressed in the nontumor liver of
adult Mdr2-KO mice, and that its expression is much higher
in females [9]. Later, our findings were independently

confirmed by others [17]. The group of L. Dandolo
demonstrated tumor-suppressive effect of H19 in three
different mouse cancer models, including HCC [3]. Our
results demonstrate the opposite: namely, in the Mdr2-KO
HCC model, H19 acts as an oncogene, especially in
females, where its expression is higher (probably, due to the
known activation of the H19 expression by 17-beta-
estradiol and estrogen receptor [18]). There are two main
differences between mouse HCC models used by us and by
L. Dandolo’s group: (1) their model was not inflammatory,
but was based on the expression of a transgene containing
both large and small SV40 T-antigens that inactivate p53
and Rb tumor suppressors; (2) they used not the H19Δ3
mutant, but a mutant with deletion of the enhancer common
for both H19 and Igf2 genes [3]. Taking into account that
H19 may interact with p53 protein and interfere with its
activity [19], the HCC model with inactivated p53 does not
seem suitable for studying the role of H19 in hepatocarci-
nogenesis. Another study, also using the H19Δ3 mutants,
demonstrated a tumor-suppressive effect of H19 on HCC
development [20]. However, in this study, HCC was
induced in mice by DEN injection, thus, this HCC model
was not a chronic inflammation-mediated one.

A

B C Ki67 DBinuclear
hepatocytes

Mdr2-KO/H19-KOMdr2-KO

H19

Fig. 4 H19 loss increases proportion of binuclear hepatocytes in
the liver of 3-month-old Mdr2-KO females. A, B Increased number
of binuclear hepatocytes (marked by white arrows) in the liver of
Mdr2-KO/H19-KO versus Mdr2-KO females. A Representative ima-
ges of liver sections stained for β-catenin (green) to mark cell walls;
magnification ×400. B Quantitation of the images shown in A; Mdr2-
KO/H19-KO (black) versus Mdr2-KO (white) females (5–6 mice per

group; 5–7 20x fields per mouse; p < 0.0001). C Decreased number of
Ki67-positive hepatocytes in the liver of Mdr2-KO/H19-KO versus
Mdr2-KO females (n= 9). D H19 level in the liver of Mdr2-KO
females at the age of 3 and 9 months (qRT-PCR normalized to Hprt
mRNA level; Mdr2+/− 3-month-old females served as controls).
p values designations—as in Fig. 1.
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Liver cells that express H19

The type of liver cells that express H19 in the Mdr2-KO
mice is a controversial issue. The group of H. Zhou found
that in the liver of young Mdr2-KO females, H19 was
expressed mainly in the cholangiocytes with minor
expression in hepatocytes [17]. In contrast, the group of L.
Wang demonstrated that in the liver of middle-aged Mdr2-
KO females, H19 was expressed mainly in hepatocytes
(with minor expression in Kupffer cells) [21]. In both these
studies, the Mdr2-KO mice were of the FVB/N genetic

Fig. 5 Transcriptome profiling of livers from young and old dKO
versusMdr2-KO females using RNA sequencing and GSEA reveals
decreased inflammation and liver injury in dKO mice. A GSEA-
generated graphic plots representing the eight top gene sets that are
enriched in the Mdr2-KO versus dKO liver transcriptomes in 3-month-
old females. The first seven gene sets (excluding “oxidative phos-
phorylation”) are also the top gene sets that are enriched in the Mdr2-
KO versus dKO liver transcriptomes in 16-month-old females. B, C
Confirmation by qRT-PCR of the results of RNA-seq analysis for
individual genes that are differentially expressed in the livers of Mdr2-
KO (empty squares) versus dKO (black triangles) females aged either
3 months (B), or 16 months (C). Seven to ten mice per group; four
healthy age-matched Mdr2+/− females used as controls (circles).
p values designations—as in Fig. 1.

Fig. 6 H19 expression in
adjacent nontumor liver of
HCC patients. A H19
expression in nontumor liver
counterparts is significantly
higher in women (N= 55)
compared to men (N= 243)
(Wilcoxon test). B H19
expression is significantly
associated with HCV in both
men (left) and women (right)
(Wilcoxon test). C, D There is a
significant association with
fibrosis (C, Kruskal–Wallis test)
and cirrhosis (D, Wilcoxon test)
in men and a trend toward
significance in women
(probably, due to the small
sample size). H19 expression
values are represented with
ΔΔCt method using 18S RNA as
calibrator and the five normal
liver samples for relative
expression. E Multivariate
analysis demonstrated that
gender and cirrhosis, but not
HCV, are significantly
associated with H19 expression.
F Significant positive correlation
between H19 and IGF2
expression in nontumor liver
samples from both men and
women (Spearman’s
correlation).
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background. We demonstrate, using smRNA-FISH tech-
nology, that in old Mdr2-KO mice of the C57BL/6 genetic
background, H19 is expressed mainly in hepatocytes, with
minor expression in endothelial cells and monocytes/mac-
rophages/Kupffer cells. Thus, our results are in agreement
with the results of L. Wang’s group.

Liver injury and H19

Our previous finding of increased H19 expression in the
nontumor liver of adult Mdr2-KO mice [9] is in line with
the published observations of the same effect in cirrhotic
liver of mice and patients [22–24]. Remarkably, H19
knockdown significantly reduced liver injury in two dif-
ferent models of cholestatic injury: mice with hepatic
overexpression of Bcl2 [24] and Mdr2-KO mice [17]. In
both these studies, increased H19 expression was

accompanied by downregulation of the Nr0b2/Shp
expression. We also demonstrate increased expression of
genes associated with inflammation and epithelial-to-
mesenchymal transition in Mdr2-KO versus dKO females,
as well as a reverse correlation between H19 and Nr0b2
expression (Fig. 5). This difference was more prominent at
the young age, when Mdr2-KO females had increased
serum ALT and ALP levels and increased LBI versus dKO
females (Fig. 3A, B). Recently, it was demonstrated that B
cells infiltrating the liver of Mdr2-KO mice promote liver
fibrosis and pro-tumorigenic TNFα/NF-κB signaling [25].
We found reduced B cells infiltration into the liver of young
dKO versus Mdr2-KO females (Fig. 3D, E), which was
associated with significant downregulation of Ccl21a
(Fig. 5B), a chemoattractor of B cells [26]. We hypothesize
that downregulation of Ccl21a and concomitant reduced B
cells infiltration into the livers of young dKO mice may

Fig. 7 H19 expression in
human HCC tumors. A H19 is
highly expressed, mainly in the
G1 (“proliferative”) subgroup of
HCC tumors (Kruskal–Wallis
test for significance). B
Significant positive correlation
between H19 and IGF2
expression in tumors
(Spearman’s correlation). C H19
expression in tumors is
significantly higher in women
(N= 45) compared to men (N=
197) (Wilcoxon test). D H19
expression in HCC tumors is
significantly negatively
correlated with mutations in the
CTNNB1 gene encoding beta-
catenin (Wilcoxon test). E H19
expression in HCC tumors is a
significant factor determining
patient’s survival (log-rank test).
Patients were divided to two
subgroups (119 patients in each
subgroup) based on the median
H19 expression in tumors (fold-
change T/NT= 0.236): “H19
low”, FC < 0.236 and “H19
high”, FC > 0.236.
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contribute to the retardation of hepatocarcinogenesis in
dKO mice.

It should be mentioned that, although dKO livers were at
average 4% smaller than Mdr2-KO livers of 3-month-old
females, both groups had comparable numbers of hepato-
cytes due to a reduced proportion of cholangiocytes in dKO
females, thus ruling out the possibility that the difference in
hepatocarcinogenesis between groups could be explained
by differences in hepatocyte numbers in their livers.

Hepatocyte polyploidy and H19

Induction of H19 expression in the injured liver could be
associated with its yet undetermined role in hepatocyte
proliferation. Increased expression of H19 (but not Igf2) in
post-hepatectomized rodent liver was shown to be preceded
by peaks of DNA synthesis and PCNA expression [11].
Previously, we have demonstrated that Mdr2-KO mutation
in the FVB/N strain caused a significantly reduced number
of binuclear hepatocytes at both early and late ages [27].
Now, we have found that young B6 Mdr2-KO females
contain significantly less binuclear hepatocytes in the liver
compared to dKO females (Fig. 4A, B). Thus, H19 loss
partially compensates for the reduction of the fraction of
binuclear hepatocytes in the liver of Mdr2-KO mice.
Hepatocyte binuclearity is one of the forms of hepatocyte
polyploidy, and binuclear hepatocytes represent the main
fraction of polyploid hepatocytes in the rodent liver [14].
Importantly, our finding of increased proportion of binuc-
lear hepatocytes in the absence of H19 is in accordance with
the previously published data that H19 expression in pri-
mary hepatocytes was reversely correlated with cell poly-
ploidization [13]. Remarkably, polyploid state of
hepatocytes plays a tumor-suppressive role in the murine
liver [28, 29]. These findings suggest that reduction of
hepatocytes’ polyploidy by H19 may be one of the
mechanisms responsible for the pro-oncogenic effect of
H19 in the Mdr2-KO HCC model.

Transcriptomic analysis

Transcriptomic analysis of differentially expressed genes
(DEGs) in the liver of dKO versus Mdr2-KO females,
revealed less intensive inflammatory response and
epithelial–mesenchymal transition in dKO mice at both
young and old ages (Fig. 5A). This difference was more
prominent at the young age, in agreement with the sig-
nificantly reduced liver injury (reflected by reduced serum
ALT and ALP activities) in the young dKO females. Ana-
lysis of specific DEGs provides clues to the molecular
mechanisms causing retardation of HCC development in
Mdr2-KO mice deficient in H19. Among DEGs in the
young females that we validated by qRT-PCR, genes

S100a8, S100a9, Ly6c1, and Orm2 were significantly
upregulated in the Mdr2-KO versus dKO females (Fig. 5B),
and genes Saa1, Saa2, Cxcl1, and Lcn2 had a tendency to
be upregulatied in Mdr2-KO females (data not shown).
Remarkably, it has been recently shown that upregulation of
all genes mentioned above in the mouse liver is a part of the
“intercellular network underpinned by hepatocytes that
forms the basis of a pro-metastatic niche in the liver” [30].
Thus, less efficient formation of the pro-metastatic niches in
the liver of young dKO mice could contribute to molecular
mechanisms that determine reduced HCC development in
the absence of H19. The pro-tumorigenic function of the
S100A8 and S100A9 genes in inflammation-mediated
hepatocarcinogenesis has been previously demonstrated
[31]. Interestingly, we found that H19 loss in Mdr2-KO
females was accompanied by increased expression of the
Tsc22d3 gene encoding potent anti-inflammatory protein
Gilz, which inhibits activation of different types of immune
cells: macrophages [32], neutrophils [33], and B cells [34].
Upregulation of the Tcim/C8orf4 expression in dKO versus
Mdr2-KO liver also could have a tumor-suppressive effect,
since Tcim/C8orf4 suppresses self-renewal of liver cancer
stem cells [35].

Other DEGs upregulated upon H19 loss in young mice are
involved in the regulation of lipids’ (Foxo1) or bile acids’
(Nr0b2/Shp) metabolism. A negative correlation between
expression levels of H19 and either Foxo1 [36], or Nr0b2/Shp
[37] in the murine liver has been demonstrated previously;
thus, our data corroborate these findings. Transcription factor
Foxo1 may promote the antitumor activity of tumor-
associated macrophages [38] and has a tumor-suppressive
activity in HCC [39, 40]. Both Dusp1 and Gadd45g genes,
that were confirmed to be upregulated in the liver of old dKO
versus Mdr2-KO females, have tumor-suppressive activities
[41–43]. Dusp1 is also a key mediator in the glucocorticoid-
driven anti-inflammatory responses [44].

H19 encodes highly conserved miR-675-5p and miR-
675-3p, both targeting multiple cellular genes [2, 16]. We
detected low levels of both miR-675 variants in the livers of
the 15-day-old mice that highly express H19: miR-675-5p
—at the level 0.05–0.1% of the RNU6 level and miR-675-
3p—at the level 0.2–0.25% of the RNU6 level (data not
shown). However, in the nontumor liver of 16-month-old
females, miR-675-5p was hardly detectable, while miR-
675-3p was detected at the level 0.01–0.02% of the RNU6
level (data not shown). Importantly, there was no correla-
tion between expression levels of miR-675-3p and H19 in
the murine liver, and none of the known (and suggested by
TargetScan) targets of both these miRNAs was upregulated
in the liver of H19-KO mice tested by RNA-seq. Thus, our
data do not provide evidence for a functional role of the
miR-675 variants in the H19-dependent phenotypes
observed in the B6 Mdr2-KO mice.
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H19 level in HCC and patients’ survival

Our measurements of the H19 level in nontumor liver tissue
of HCC patients corroborated our finding in the Mdr2-KO
mice: increased H19 expression in cirrhosis and fibrosis,
and higher H19 level in females versus males (Fig. 6); the
latter tendency took place also in HCC tumors (Fig. 7C).
Most human tumors had low or very low levels of H19
expression compared to their matched nontumor counter-
parts; tumors with high H19 expression were present mainly
in the “proliferative” class G1 (Fig. 7A). There was a strong
negative correlation between H19 expression level and
presence of CTNNB1 mutations in HCC tumors (Fig. 7D).
Similar observations of H19 overexpression in the “pro-
liferative class” of tumors, which is characterized by a very
low number of CTNNB1 mutations, were made previously
on another dataset of HCC tumors [45]. We found that level
of H19 expression in tumors inversely affected patient’s
survival in our HCC dataset (Fig. 7E and Supplementary
Table 5), but not in the TCGA dataset (Supplementary
Fig. 5). Nevertheless, other studies demonstrated that
disease-free survival of HCC patients inversely correlated
with H19 level in tumors [46] and that low tumor/nontumor
ration of H19 was associated with poor prognosis [47].

Altogether, our results point to several possible mole-
cular mechanisms responsible for the reduced HCC devel-
opment in dKO mice. This is in accordance with the known
multiple activities of H19 lncRNA, which interacts and
interferes with functions of multiple proteins and micro-
RNAs [16]. H19 is not a classical oncogene because it is not
expressed (or scantly expressed) in most human and murine
HCC tumors. Our data suggest that the pro-carcinogenic
activity of H19 in HCC development is manifested mainly
by formation of a pro-tumorigenic microenvironment, and
decreased hepatocytes’ polyploidy in young animals as well
as increased hepatocyte proliferation at all ages (Fig. 8). We
have identified several genes that could be responsible for
the anti-inflammatory and tumor-suppressive effects of H19
loss in the liver of Mdr2-KO mice at both young and old
ages. The results of single-cell transcriptomics show that
H19 is expressed mainly in hepatocytes, endothelial cells,
and macrophages/monocytes. Further studies are necessary
in order to reveal the exact molecular effects of H19
expression in each mentioned liver cell type.

Materials and methods

Mice

All animal experiments were performed according to
national regulations and guidelines of the Institutional
Animal Welfare Committee (NIH approval number OPRR-

A01-5011). The H19Δ3 mutant of the 129SV strain was
kindly provided by Prof. Luisa Dandolo (Inserm U1016,
Institute Cochin, Paris, France). The C57BL/6 Abcb4tm1Bor

(B6 Mdr2-KO) and B6 Mdr2-KO/H19-KO (dKO) mice
were produced in our institute as described in Supplemen-
tary Methods. In order to investigate the role of H19 in liver
tumor development, females of both B6 Mdr2-KO and dKO
genotypes were terminated for tumor counting and liver
tissue collection at the age of 16 months. Due to delayed
HCC development in the B6 Mdr2-KO males versus
females, male mice were terminated at the age of
17.5 months.

Gene expression analyses

Total RNA was isolated from frozen liver tissues using
Trizol reagent (Invitrogen, Carlsbad, CA) as described by
the manufacturer, following by DNaseI treatment using the
DNaseI kit (Invitrogen, Vilnius, Lithuania), or using the
miRNeasy kit (Qiagen, Hiden, Germany). Quantitative real-
time RT-PCR was performed using the qScript cDNA
Synthesis kit and qPCR SYBR Green fast mix PCR kit
(both kits of QuantaBio, Beverly, MA) using primers shown
in Supplementary Table 6. Reactions were run on a
CFX384 TM Real-Time System with C1000 Touch Thermal
Cycle (BioRad, Hercules, CA, USA). RNA-seq analysis
was conducted by the Technion Genome Center of the
Israeli Institute of Technology (“Technion”, Haifa, Israel).
Single-cell RNA-seq analysis was conducted by the Core
Research Facility at The Faculty of Medicine, Ein Kerem,
The Hebrew University and by the Bioinformatics Unit of
the I-CORE Computation Center at The Hebrew University
and Hadassah (Jerusalem, Israel).

Chronic liver inflammation HCC

Mdr2-KO/H19-WT

Mdr2-KO/H19-KO

Increased hepatocyte polyploidy
Reduced liver injury

Reduced hepatocyte proliferation
Reduced tumorigenesis

Mdr2-KO/H19-KO

Mdr2-KO/H19-WT
H19

No H19

Fig. 8 In the Mdr2-KO model of chronic inflammation-mediated
HCC, H19 has a pro-oncogenic role. H19 expression is highly
variable in the nontumor liver of the aged B6Mdr2-KO females, and is
very low or absent in their tumors. In the nontumor liver of very young
and of aged B6 Mdr2-KO females, H19 is expressed mainly in
hepatocytes; in the aged females, it is expressed also in endothelial
cells and in monocytes/macrophages. The pro-carcinogenic effect of
H19 expression in the liver is manifested mainly by increased liver
injury, increased hepatocyte proliferation, decreased hepatocyte
ploidy, and by formation of the pro-tumorigenic microenvironment,
starting from the early stages of the disease.
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Immunoblotting and immunohistochemistry/
immunofluorescence

Protein detection was performed by immunoblotting of
proteins that were electro-transferred from 2-D gel to PVDF
membrane, and by IHC/immunofluorescence staining of
formalin-fixed paraffin-embedded liver tissue sections as
described [7, 9], using antibodies shown in Supplementary
Table 7.

Statistical analysis

Statistical significance between groups was estimated using
either the Fisher exact two-tailed test (for tumor incidence),
or the two-tailed unpaired t-test (in all other cases,
excluding RNA-seq analysis). Results are expressed as the
mean ± standard deviation; differences were considered
significant at p < 0.05. For human samples, comparison of a
continuous variable in two and more groups was performed
using the Wilcoxon signed-rank test and Kruskal–Wallis
test, respectively. Correlation analysis between continuous
variables was performed using Spearman’s rank-order cor-
relation. Survival analysis was performed using the
Kaplan–Meier curve with log-rank test (univariate) and by
Cox regression analysis (univariate and multivariate).

Full details and other methods are available in the Sup-
plementary Materials and Methods.
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