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Abstract: Hepatocellular carcinoma (HCC), the most common primary liver cancer, is challenging to
treat due to its typical late diagnosis, mostly at an advanced stage. Therefore, there is a particular
need for research in diagnostic and prognostic biomarkers and therapeutic targets for HCC. The use
of long noncoding (lnc) RNAs can widen the list of novel molecular targets improving cancer therapy.
In hepatocarcinogenesis, the role of the lncRNA H19, which has been known for more than 30 years
now, is still controversially discussed. H19 was described to work either as a tumor suppressor in vitro
and in vivo, or to have oncogenic features. This review attempts to survey the conflicting study
results and tries to elucidate the potential reasons for the contrary findings, i.e., different methods,
models, or readout parameters. This review encompasses in vitro and in vivo models as well as
studies on human patient samples. Although the function of H19 in HCC remains elusive, a short
outlook summarizes some ideas of using the H19 locus as a novel target for liver cancer therapy.
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1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most prevalent cancer worldwide and the fourth
most frequent cause of cancer-related deaths, with about 841,000 new cases and 782,000 deaths in
2018 [1]. In about 80–90% of HCCs, fibrosis, and subsequent cirrhosis is present, thereby being the most
significant risk factor [2,3]. In both fibrosis and cirrhosis, a chronic liver inflammation is underlying,
which is regulated by a complex network of cytokine-mediated signaling pathways [3,4]. Also, HCC
evolves due to metabolic and oxidative stress [5]. The therapy of HCC is challenging due to its late
diagnosis, mostly at an advanced stage, its chemotherapy-resistant nature, and limited treatment
options [3]. Therefore, there is a special need for research in diagnostic and prognostic biomarkers and
therapeutic targets for HCC [6,7]. Promising potential therapeutic targets are long non-coding RNAs
(lncRNAs), which combine several benefits due to their participation in different cellular complexes [7].
In the context of HCC, the lncRNA H19 has been a matter of prolonged debate. The biological functions
of H19 in hepatocarcinogenesis remain controversial. It has been a major challenge to interpret the data
on H19 expression in HCC given the small number of samples in most of the available studies and the
different experimental settings [5]. Therefore, this review aimed at summarizing the different studies
and settings in order to provide an overview of the lncRNA H19, which might represent a therapeutic
target in HCC.

2. Hepatocellular Carcinoma

Our liver can regenerate in both volume and function after chemical or physical damage [8].
But malignant tumors, such as hepatocellular carcinoma (HCC), which mostly develops from chronic
liver disease (70–90% of all patients), pose a challenge to the renewal of the liver [9,10]. HCC is
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a frequent and deadly tumor due to metastasis and recurrence in 50–70% of patients five years
post-surgery [1,3,9,10].

The limited treatment options available range from chemoembolization therapy to systemic
therapy. Sorafenib, as an inhibitor of tumor cell proliferation and angiogenesis [11,12] is effective in
first-line therapy. It was the first drug, which demonstrated a survival benefit in patients with advanced
HCC [12]. Other kinase inhibitors, such as regorafenib, that blocks the activity of protein kinases
involved in angiogenesis, oncogenesis, and the tumor microenvironment, are used in second-line
therapy [12]. Clinical trials in phase III, for first-line and second-line treatments, and combinations
with sorafenib, are already completed but do not point towards an exceptional improvement of HCC
therapy. The treatment of choice for patients without cirrhosis is liver resection [9,10]. However,
systematic chemotherapy and chemoembolization is ineffective in increasing survival, and resection
is appropriate only for a minor patient population, i.e., 5% of patients in the USA and Europe [9].
Therefore, the identification of a biomarker for the early detection of HCC and discovery of improved
therapeutic targets could lead to new treatment options.

3. The H19 Locus: Two LncRNAs, a MicroRNA and Two Putative Proteins

The H19 locus encodes various transcripts: the main transcript lncRNA H19, the encoded
microRNA, miR-675, and the two antisense transcripts 91H and H19 opposite tumor suppressor
(HOTS) [13] (Figure 1).
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3.1. LncRNA H19

H19 was originally isolated in murine tissue from different laboratories and was defined as one of
the first imprinted genes with maternal expression [14–16]. H19 was classified as a non-coding RNA
because of the absence of a detectable translated protein in mice. Furthermore, it has a poor open
reading frame (ORF) conservation between mouse and human, but a high overall DNA sequence
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identity [17]. The gene contains five exons and four small introns and is fully capped, spliced,
polyadenylated, and exported into the cytosol [14]. The expression profile of H19 was first examined
during development in the mouse [18]. It is highly expressed during fetal development just as the
reciprocally imprinted insulin-like growth factor 2 (IGF2) gene. Both genes share the same enhancer
elements, which bind and thereby activate the H19 promotor [13].

H19 underlies the genomic imprinting: Under imprinted conditions, H19 is expressed from the
maternal allele and IGF2 from the paternal allele [13,19]. Both genes are controlled by a differentially
methylated region (DMR), which is located in an intergenic region of IGF2 [20]. In the imprinted state,
the DMR on the maternal allele is unmethylated so that the zinc finger protein CCCTC-binding factor
(CTCF) can bind, thereby insulating and preventing the expression of IGF2. On the paternal allele,
the DMR is methylated, thereby blocking the CTCF insulator activity and enabling IGF2 expression.
Further, monoallelic expression of H19 and IGF2 is regulated in two distinct ways by a shared cis-acting
element [21]. Thus, the expression of both genes is tightly coordinated, mostly in endoderm and
mesoderm derived tissues during fetal life [19]. The regulation of the imprinting control region of H19
has been reviewed by Gabory et al. in more detail [19].

Especially during the development of the fetal liver, H19 is highly expressed [15,17,22]. It has
been shown that H19 inhibits the proliferation of fetal liver cells and the activity of the Wnt/β-catenin
signaling pathway [22]. Interestingly, after birth, the expression of H19 is strongly down-regulated
in all tissues, except for the skeletal muscle [14,23]. H19 is reactivated in different tumor types,
including HCC [24–27]. As mentioned before, the potential function of H19 as a tumor-suppressor
or as an oncogene is strongly debated [16,24,25,28–31]. After the downregulation of H19 in adult
livers, the imprinting can be lost in HCC [13]. This so-called loss of imprinting (LOI) is correlated with
a hypomethylation, which might be in response to environmental exposures to risk factors for the
development of HCC [32,33].

3.2. MiR-675

Part of the controversial roles of H19 observed in tumorigenesis might be explained by independent
functions of a microRNA (miRNA) encoded by H19 [25]. In the fetal liver, miR-675 is detectable
at all stages of embryonic development, although the H19 transcript is much more abundant [15].
In later life, miR-675 has various targets like the receptor insulin-like growth factor 1 receptor (IGF1R),
which is involved in proliferation and migration [5,15] or the tumor suppressor retinoblastoma
(RB) [34]. It can directly downregulate IGF-1R, SMAD family member 1 (SMAD1), SMAD family
member 5 (SMAD5), and cell division cycle 6 (CDC6), Cadherin-11, Cadherin-13, Rb, runt-related
transcription factor 1 (Runx1), Nodal Modulator 1, transforming growth factor, beta-induced (TGFBI),
calcium-binding protein 8 (CALN1), and microphthalmia-associated transcription factor (MITF) as
reviewed by Raveh et al. [25]. Interestingly, in colorectal cancer, miR-675 promotes carcinogenesis
through the downregulation of its target RB [34]. However, the RNA-binding protein human
antigen R/ELAV-like protein 1 (HuR/ELAVL1) acts as an inhibitor of miR-675 processing by binding
H19 [5,35]. HuR1/ELAVL1 is significantly upregulated in HCC, whereas the more abundant miR-675-3p
is downregulated [5]. The less abundant miR-675-5p is almost not detectable in HCC [5]. Thus, similar
to the controversy regarding the role of H19 in cancer, there are conflicting opinions about the role of
miR-675 as well [36,37]. However, the contradictory results on miR-675 might be easily resolved by
carefully investigating both miRNAs or by clearly stating which miRNA was analyzed.

Interestingly, H19 can act as a molecular sponge, i.e., competing endogenous RNA (ceRNA).
Thereby, H19 can affect activity of miRNAs and their respective target mRNA levels [13]. CeRNAs
exert widespread regulatory controls by forming ceRNA networks. With this sponge function, H19
sequesters let-7, which targets genes inhibiting the insulin-phosphointositol-3 (PI3K)-mammalian
target of rapamycin (mTOR) pathway [13]. In vitro data with chemoresistant cell lines showed higher
H19 and lower let-7a levels, and an H19 knockdown restores chemosensitivity in breast cancer cells [38].
Interestingly, though, a double-negative feedback loop exists between H19 and let-7 [39]. Besides
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the connection with let-7, also interactions with other miRNAs are mentioned, such as miR-200b and
miRNA-200c [26,40]. A higher level of complexity can be presumed due to a sponging of mir-675 by
H19 in ovarian cancer [15,27].

3.3. LncRNA 91H

Studies on the H19 locus have identified an H19 antisense RNA named 91H in humans and
mice [41]. 91H is a single 120-kb transcript, which is nuclear and short-lived. It is predominantly
expressed from the maternal allele in human and mouse within the H19 gene region. In HCC tissue
and cells, 91H is overexpressed [42]. High 91H expression is associated with a poor prognosis in
HCC patients: both disease-free survival time and the overall survival time was shorter compared to
patients with low 91H expressions [42]. In vitro studies revealed that a knockdown of 91H in Hep3B
cells down-regulated the expression of insulin-like growth factor 2 (IGF2) suggesting a co-regulation of
91H and IGF2 [42].

3.4. Proteins Encoded at the H19 Locus

In 2011, Onyango and Feinberg showed that the human H19 locus encodes another maternally
expressed translated gene in primates, which is antisense to the H19 transcript [17]. For this protein, no
ORF was found in mice. Overexpression of the so-called H19 opposite tumor suppressor (HOTS) could
inhibit choriocarcinoma tumor cell growth. The authors deduced that the protein may mediate tumor
suppressor activity through targeting DNA replication and cell cycle regulation [43]. However, this has
been the only study describing HOTS protein so far. In 2012, Gascoigne et al. identified an additional
H19 sense protein with a size of 26 kDa by an approach integrating transcriptomic and proteomic
data [17]. The expression of H19 sense protein was identified only in fetal liver, a myelogenous
leukemia cell line (K562), and in testes [17], while functional analyses of this protein have not been
performed so far.

As mentioned above, H19 as functionally-validated lncRNA has a poor ORF of 256 nucleotides.
But compared to the definition of lncRNAs with a threshold set to 300 nucleotides, H19 has a large
ORF. Therefore, it is impossible to exclude the possibility that H19 might be translated into functional
proteins, perhaps in cell-type-specific contexts or at low levels [44].

4. The Role of H19 in Pre-Malignant Liver Disease

Hepatocarcinogenesis usually evolves after years of chronic inflammatory liver disease.
Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease and is expected to
be the top indication for liver transplantation within the next decade. NAFLD is characterized by the
accumulation of lipids in the liver. This so-called steatosis can progress to an inflammatory disease,
which is then termed non-alcoholic steatohepatitis (NASH). NASH patients, as well as alcoholic
steatohepatitis (ASH) patients, may develop liver fibrosis leading to cirrhosis, which is the main
risk factor for hepatocarcinogenesis. The role of H19 in hepatic function and liver diseases has been
comprehensively reviewed by Pope et al. [13]. Thus, we will focus on the more recent achievements in
the following chapter.

The co-regulated gene IGF2 has been shown to induce hepatic lipid deposition [45]. Further,
transgenic overexpression of the IGF2 mRNA binding protein (IGF2BP2/IMP2), leading to upregulated
expression of H19, induces steatosis [46] and promotes NASH progression [47,48]. However, the role
of H19 in this disease context had remained elusive until a very recent study by Wang and colleagues.
These authors observed increased expression of H19 in steatosis and high-fat diet (HFD)-induced fatty
liver [49]. H19 has been reported to induce numerous genes involved in lipid metabolism, whereby
Carbohydrate-responsive element-binding protein (ChREBP) is suggested to be mechanistically
important [49]. H19 overexpression up-regulates mammalian Target of Rapamycin (mTOR) complex 1
(mTORC1) signaling complex in hepatocytes, which is inhibited by silencing H19 [49]. H19 stabilizes
the nuclear transcriptional activity of the lipogenic master regulator sterol regulatory element-binding
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protein 1c (SREBP1c) by interacting with polypyrimidine tract binding protein 1 (PTBP1). Vice versa,
H19 is induced by fatty acids in hepatocytes, and ectopic expression of H19 induces steatosis [50].
H19 might further act via its ceRNA function. With this, H19 was reported to target miR-130a, thereby
affecting Peroxisome proliferator-activated receptor (PPAR) γ associated lipid deposition [51]. Lipid
droplet consumption is based on the complex formation of AMP-activated protein kinase (AMPK) α
and LKB1, which is facilitated by H19 in hepatic stellate cells (HSCs) [52]. In contrast, after decreasing
hepatic triglyceride content by inhibition of perilipin 2 (PLIN2), which belongs to the lipid droplet (LD)
associated proteins and correlates with the amount of LDs [53], H19 expression is highly altered [54].
In line with the latter study, H19 is downregulated in livers of db/db mice [55].

The progression of NASH is marked by hepatic fibrosis, the scarring of the liver. Fibrosis occurs
due to increased deposition of extracellular matrix in the hepatic tissue. Whole transcriptome
RNA-sequencing analysis revealed H19 to be altered in cirrhotic livers compared to normal healthy
tissue [56]. Furthermore, H19 is increased in the classical mouse model of liver fibrosis, treatment
with CCl4, and seems to play a role, especially in cholestatic liver fibrosis. In the latter condition,
knockdown of H19 still partially rescues B-cell lymphoma 2 (BCL2)-induced liver injury [57]. In that case,
H19 prevents the inhibition of epithelial cell adhesion molecule (EpCAM) by zinc finger E-box-binding
homeobox 1 (ZEB1) through repression of promoter activity [58].

Hepatic stellate cells (HSCs) are the predominant cell type producing extracellular matrix, and their
activation promotes fibrogenesis. Activated HSCs show an induction of miR-874 [59], which can be
sequestered by H19 [60]. Another miRNA affected by H19 is miR-148a. MiR-148a targets the protease
of ubiquitin specific protease 4 (USP4), which stabilizes transforming growth factor beta (TGF) β
receptor 1. Thus, H19 promotes TGFβ signaling through the miR-148a/USP4 axis in both HSCs and
hepatocytes [61]. H19 was reported to be negatively associated with phosphorylation of extracellular
signal-regulated kinases 1/2 (ERK1/2) in HSCs [62]. This might be in part due to the repression of
IGF1R and, thus, suppression of HSC proliferation [63].

Due to its multicellular composition of hepatocytes, liver sinusoidal endothelial cells, Kupffer
cells, lymphocytes, biliary cells, and HSCs, the liver needs a complex intercellular communication
network. Besides autocrine, paracrine, endocrine, and cell-cell contacts, exosomes have recently gained
attention as an additional mechanism of cellular communication. Therefore, exosomes contain various
bioactive molecules, such as lipids, proteins, RNA, and DNA. Interestingly, serum exosomes from
human patients with cirrhosis contain elevated H19 levels [29]. In Mdr2−/− mice and CCl4 treated
mice, H19 from cholangiocyte derived exosomes promotes cholestatic liver injury and correlates with
disease progression [50]. The cholangiocyte-derived exosomal H19 can induce the expression and
secretion of chemokine ligand 2 (CCL2) and interleukin 6 (IL6) in Kupffer cells. Further, it is associated
with M1 polarization of Kupffer cells and the recruitment and differentiation of bone marrow-derived
macrophages [64].

Taken together, H19 plays a role in premalignant stages of liver disease. Although, some
observations are controversial, most of the studies point towards a disease-promoting action of H19 in
this context. Still, only a few potential mechanisms shedding light on the role of H19 in premalignant
liver diseases are described so far. Future studies investigating the exact mechanisms by which H19
affects the development of simple steatosis and NASH progression towards fibrosis will help to assess
H19’s role in the early steps of hepatocarcinogenesis.

5. The Role of H19 in HCC

Conclusions from studies in the literature range from H19 being a tumor suppressor to H19 being
an oncogene in HCC (Tables 1–3). At least part of these contradictory results might be due to the
diversity of the models used as well as small sample sizes in studies using human patient samples.
In order to shed light on this controversial issue, we will discuss the experimental design of several
studies in more detail in the following section.
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5.1. The Role of H19 In Vitro

Supporting the role of H19 as an oncogene, H19 was shown to be upregulated in the liver
cancer cell line Hep3B as a response to hypoxic stress [24]. Hep3B cells were transfected with
siRNA directed against H19. To create hypoxic conditions, cells were placed into an Aneoropack
rectangular jar under hypoxic conditions [24]. These experiments were not confirmed in additional
cell lines. In hypoxic stress conditions, H19 was significantly upregulated in the control cells compared
to the H19 siRNA treated cells. Later on, these results were confirmed in a follow-up study [65],
in which Matouk et al. investigated over nine HCC cell lines, e.g., HepG2, Huh7, HepB3, under
hypoxic conditions. Further, in the presence of the tumor suppressor p53, elevation of H19 is
inhibited under hypoxic stress [65]. Consistently, also in normoxic conditions H19 shRNA knockdown
inhibits migration and invasion in HepG2 cells and Bel-7402 cells, which can be rescued by a miR-15
inhibitor [66]. In doxorubicin-resistant R-HepG2 cells an eight-fold upregulation of H19 was observed,
accompanied with an overexpression of the multi-drug resistant 1 (MDR1) gene and a decreased
accumulation of doxorubicin [67]. Knockdown of H19 in R-HepG2 cells suppresses MDR1 expression,
increased cellular doxorubicin accumulation level, and sensitizes towards doxorubicin toxicity [67].
These results shows that H19 might induce the MDR1-associated drug resistance in liver cancer cells.
In contrast, Schultheiss et al. investigated the function of H19 in HCC in vitro and in vivo and observed
opposite results compared to the latter studies [5]. The study determined the role of H19 in three
different human liver cancer cell lines (HepG2, Plc/Prf5, and Huh7) resistant to either doxorubicin or
sorafenib. H19 was down-regulated in all six chemoresistant cell lines [5]. Regarding chemosensitivity,
liver cancer cells stably overexpressing H19, established by plasmid transfection, were treated with
doxorubicin or sorafenib. H19 overexpression decreases colonoy formation, indicating a tumor cell
survival suppressing and chemotherapy-sensitizing action of H19 [5]. H19-induced apoptosis in HepG2
cells is regulated by autophagy through the phosphoinositol-3 kinase (PI3K) signaling pathway [68].
Interestingly, under chemotherapy, human HCC cell lines showed a significantly elevated cell survival
and proliferation after an H19 knockdown [69]. Therefore, Ma et al. examined different human
HCC cell lines (HepG2, Hep3B, Bel-7402, QGY-7703, SMMC-7721) when exposed to radiation and
chemotherapies (e.g., docetaxel, paclitaxel) [69]. The study shows that after knockdown of H19
and treatment with chemotherapeutics, cell survival significantly increases compared to the control,
especially in Bel-7402 and QGY-7703 cells. In addition, in Bel-7402 cells, the apoptosis rate decreases [69]
again supporting the idea that H19 works as a tumor suppressor. Furthermore, overexpression of
H19 in SMMC-7721 cells inhibits tumor cell invasion by the reversion of EMT [70]. However, any
conclusions drawn from experiments involving Bel-7402, QGY-7703, SMMC-7721 as well as MHCC97L,
Bel-7404, QGY-7701, and QSG-7701 are problematic due to a contamination with HeLa cells [71].
SKHEP1 cells were reported to be of endothelial origin [72]. The conflicting results could simply reflect
the fact that the studies did not use the same conditions: different cell lines and also different methods
were used. The Hep3B cell line might be more suitable compared to HepG2 cells for studies in HCC
since Hep3B cells are tumorigenic in contrast to HepG2 cells [73]. Furthermore, it should be considered
that Hep3B and HepG2 have differences in ethnic origin, biology, genetics and biochemistry, which
leads to e.g., different chemosensitivity to therapeutic drugs [73]. Still, tumor suppressive action was
observed in three (Schultheiss et al.) and at least two (Ma et al.) different liver cancer cell lines [5,69]. In
summary, the results of all these studies are indeed contradictory, confirming that different cell culture
systems can have a huge impact on the outcome of the study. Thus, one has to carefully choose the
right model for the respective underlying hypothesis. Future studies should also use 3D cell culture,
which is more appropriate than 2D cell culture in terms of tumor research. The selection of the specific
cell line should be based on the aim of the respective study, e.g., whether cells are expected be derived
from an Hepatitis B virus (HBV)-associated tumor, should be alpha-fetoprotein (AFP) positive, or need
to express specific gene signatures. In general, cell lines largely retain the genomic and transcriptomic
features of primary HCCs even with an increasing number of cell passages [74]. However, there is
a high variation of correlation of gene expression among the commonly used HCC cell lines and
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HCC tissue from the TCGA data set [75]. Thus, for general questions, the best correlated cell lines,
i.e., HepG2, C3A, HuH1, Jhh5, SNU886, SNU761, SNU878, LI7, PLC/PRF75, HepB, and JHH7 should
be used. Regarding gene signatures, HCC is a very heterogeneous tumor with multiple molecular
subtypes [76–82]. If a specific subtype is investigated, the study by Hirschfield et al. may be helpful
for cell line selection, especially with regard to drug response [83].

Table 1. In vitro studies with the focus on H19 in hepatocellular carcinoma.

Model Treatment Result Reference

Hep3B
- transfected cells (siRNA)
- hypoxic conditions

- H19 ↓ downregulation of
antiapoptotic genes

- H19 ↑ in response to hypoxic stress
[24]

Hep3B, HepG2, Huh7,
Plc/Prf5

- transfected cells (p53)
- hypoxic conditions

- H19 ↑ in response to hypoxic stress
- p53 inhibits H19 [65]

HepG2, SMMC-7721,
Bel-7402, Huh7

- transfected cells (shRNA) - proliferation ↑, migration ↑, invation ↑ [66]

HepG2, R-HepG2

- transfected cells (antisense H19)
- chemoresistant cells
- (doxorubicin, etoposide,

vincristine, Taxol)
- knockdown of H19

- MDR1/P-glycoprotein expression ↓
- cellular doxorubicin accumulation level and

sensitized toxicity ↑
[67]

HepG2, Plc/Prf5, Huh7
- H19 ↑ transfected cells (vector)
- chemoresistant cells
- (sorafenib, doxorubicin)

- HCC chemoresistance↓, colony formation↓
- H19 ↓ [5]

HepG2, HCCLM3 - hypoxic conditions - apoptosis rate ↓, cell damage ↓ [68]

HepG2, Hep3B,
QGY-7703

- transfected cells (siRNA) - survival rates ↑, apoptosis rate ↓ [69]

5.2. The Role of H19 In Vivo—Animal Model

In vivo models also clearly show involvement of H19 in HCC. In addition to the in vitro data,
Matouk et al. investigated tumor growth in vivo in CD-1 nude mice by subcutaneously injecting H19
knockdown Hep3B cells into the dorsal flank of athymic female CD-1 nude mice [24]. H19 knockdown
significantly inhibited tumor growth, and, in some cases, tumors did not form at all, suggesting
an oncogenic role for H19 in HCC. In contrast, Schultheiss et al. examined the role of H19 in
a hepatocarcinogenesis model [5]. H19 knockout mice were injected with 5 mg/kg body weight
diethylnitrosamine (DEN), an inflammation-inducing carcinogen, and sacrificed 24 weeks after
injection [5]. H19 knockout leads to increased tumor development and tumor multiplicity upon DEN,
thus showing a tumor-suppressive effect of H19 in vivo and supporting their previous conclusions
from in vitro models. Interestingly, this was independent of the reciprocally imprinted IGF2. Another
H19 knockout mouse model study from Yoshimizu et al. used a transgenic SV40 hepatocarcinoma
model [16]. Males of this transgenic line have a low but constitutive expression of the SV40 T antigen,
which eventually leads to the development of multiple hepatocellular carcinomas. The lack of H19
leads to acceleration in the development of liver tumors and larger tumors [16]. In line with the study
from Schultheiss et al., the results were independent of IGF2 levels [16].

Further, support for the hypothesis that H19 is a tumor suppressor was obtained from a xenograft
study by Zhang et al. [70]. In this case, the mice received a subcutaneous injection of HCCLM3 cells into
both flanks. In mice treated with shH19 HCCLM3 cells, the number of intrahepatic tumor metastases
significantly increased [70].

Regarding the latter four studies, H19 appears to function as a tumor suppressor rather than
an oncogene in hepatocarcinogenesis. The main differences between these studies are again in the
conditions of the experiments. Matouk et al. used a xenograft model to investigate their hypothesis [24].
One has to keep in mind that xenograft models are not suitable to study carcinogenesis, but rather tumor
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progression as analyzed by Zhang et al. [70]. For tumor development, a specific microenvironment,
including an intact immune system, is required [84]. Furthermore, the immunodeficient mouse model
is not able to build an inflammatory environment with an intact immune system, which is typical in
the human setting of HCC development [84].

Another interesting aspect was highlighted by the study by Ramani et al. [85]. Mice lacking
Prohibitin 1 (Phb1), a mitochondrial chaperone protein, which regulates downstream signaling
pathways, apoptosis, and transcriptional activation, in exhibit severe oxidative stress, fibrosis, and liver
cancer. H19 and IGF2 are significantly upregulated in Phb1 deficient livers [85]. However, it is unclear
whether the induction of H19 or IGF2 by Phb1 knockout leads to tumor development.

Taken together, most in vivo studies support a tumor suppressor function for H19 [5,16,70],
with the exception of one xenograft model [24].

Table 2. In vivo animal studies with the focus on H19 in hepatocellular carcinoma.

Model Treatment Result Reference

CD-1 nude mice
- injection of transfected Hep3B cells (siRNA)

in xenograft model

- HCC tumors encountered significant
retardation of tumor growth

- in some cases tumors did not form at all
[24]

H19 ∆3 knockout
mice

- long-term experiment (24 weeks):
intraperitoneally injection of 5 mg/kg body
weight diethylnitrosamine (DEN)

- tumor development↑ and tumor cell
proliferation↑ [5]

H19∆3 knockout
mice – - tumor development ↑ [16]

Mdr2−/− - bile duct ligation→ cholestatic conditions
- cholangiocyte-derived exosomal H19

correlated with macrophage activation,
differentiation, and chemotaxis

[64]

orthotopic liver
tumor xenograft

model

- injection subcutaneously into both flanks of
HCCLM3 cells transfected (shH19)

- smaller tumor volume↓, proliferation rate↓,
apoptosis rate↑ [70]

Phb1 knockout
mice – - H19 ↑ [71,85]

5.3. The Role of H19 Ex Vivo—Human Samples

In vivo models suggest that H19 is a tumor suppressor in hepatocarcinogenesis rather than an
oncogene. Nevertheless, it is essential to compare these results with human HCC samples. Most
human studies show that H19 is overexpressed in HCC [28,30,66,86–91]. Early investigations indicated
an elevation of H19 in human HCC samples [32,89–91]. However, it should be noted that these
studies used small sample sizes (n = 18–80) as well as different methods, such as in situ hybridization
(ISH) or qPCR. Besides, H19 was not expressed in all of the analyzed HCC samples. Therefore,
the number of samples should have been even higher in order to achieve statistical significance.
Yang et al. investigated a cohort with a significant sample size of 240 tumor tissues from primary
HCC patients [88]. In this study, H19 expression correlated with HCC aggressiveness and poor
disease outcome. However, the expression of H19 in healthy tissue was not available in this study.
In contrast, Zhang and colleagues described downregulation of H19 in HCC tissue compared to
adjacent non-tumorous tissue [70]. The latter study used a unique approach investigating expression
of H19 in different regions of the non-tumorous tissue defined by the distance to the tumor [70].
Interestingly, H19 expression was highest in the peritumoral area, meaning that the sample collection,
especially of the non-tumorous adjacent tissue, has a significant impact on the outcome of the study.
Therefore, future studies should be thoroughly conducted regarding sample collection. In line with
the findings by Zhang et al. [70], Schultheiss et al. found that the majority of HCC samples show a
significantly reduced H19 expression compared to adjacent non-tumorous tissue [5]. However, in all
data sets analyzed by Schultheiss et al., there was a small subgroup of samples showing elevated H19
expression in tumor tissue. One explanation for these contradictory findings and of specific HCC
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subgroups with high H19 levels that show a more aggressive phenotype, has been reported by Iizuka
and colleagues [92]. The authors observed that although neither H19 nor IGF2 expression levels alone
are prognostic, patients with imbalanced, anti-correlated expression levels of both genes are associated
with poor survival [92]. Since H19 and IGF2 are generally tightly co-regulated, it is important to study
bith genes in parallel in future studies. Furthermore, contradictory findings of former studies might
be due to different cell composition in sample subsets of the patient cohorts. Interestingly, a recent
study showed that tumor-associated macrophages highly express H19 and thereby promote HCC
aggressiveness [93]. Thus, further studies deciphering cell-specific effects of H19 are needed to clarify
this controversy. A promising approach could be single-cell analysis of HCC samples instead of using
bulk tissue samples to gain insight into the cell-specifc expression of H19.

Wu et al. screened for polymorphisms of H19 and IGF2 in HCC samples [32]. They identified
three degrees of methylation with hyper- and hypomethylated profiles being strongly associated with
an LOI. Biallelic expression of H19 has been shown for several tumors [94,95], including HCC [24,96].
In general, overexpression of imprinted genes can be induced by either reactivation of the silenced
allele resulting in biallelic expression of the gene or higher transcription levels of the active allele.
Keeping in mind that HCC is a very heterogeneous tumor entity, this might explain the lack of a
difference in the imprinting status in HCC in another study [5]. In the latter study, also the surrounding
non-tumorous tissue showed biallelic expression of H19 [5]. Excitingly, aberrant methylation of the
IGF2 locus in non-tumorous tissue of Hepatitis C virus (HCV) infected livers is predictive for cancer
risk or disease progression [97]. It should be emphasized that analysis of imprinting at the H19/IGF2
locus in the healthy adult liver is complex due to the fact that while H19 expression is monoallelic,
expression of IGF2 is biallelic [98,99]. In all studies mentioned here, the sample size was quite small.
Furthermore, most of the studies do not investigate DNA methylation and the corresponding RNA
expression in parallel. Thus, it remains elusive whether LOI of H19 or H19 expression independent of
the DNA methylation status plays a role in hepatocarcinogenesis. In fact, in colorectal cancer, IGF2
expression is unrelated to its imprinting status [100], which might be also the case also for H19.

Table 3. Ex vivo studies with the focus on H19 in hepatocellular carcinoma.

Cohort Size Result Reference

n = 39
n = 7 controls

- three methylation profiles: hyper-, medium-, and hypomethylated profiles
- profiles associated with different imprinting of IGF2 and H19 [32]

n = 18 - H19 expression ↑ [89]

n = 27
- 11 samples: no H19 expression
- 16 samples: H19 ↑ [91]

n = 240 - H19↑ HCC aggressiveness↑,poor outcome↑ [88]

n = 46
n = 46 controls

- H19 expression ↑ [66]

n = 60 - IGF1 positively correlated with H19 [92]

n = 509 - H19 ↓ [5]

n = 359
n = 1190 controls

- gene polymorphisms and specific haplotype of H19 increased susceptibility to
hepatocellular carcinoma [87]

n = 944 - rs2839698 SNP of lncRNA-H19 was associated with an increased risk of HCC [102]

n = 214 - polymorphism of rs217727 in H19 was associated with HCC [101]

Two other exciting studies investigate the association between different H19 polymorphisms and
the susceptibility as well as prognosis on tumorigenesis [86,87]. A study in glioma by Deng et al. with
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605 patient samples showed that some polymorphisms decreased susceptibility to glioma, a common
and highly fatal brain tumor [86]. The rs3741219 A/G polymorphism, which is located in the first
exon of H19, is associated with a reduced risk of glioma. Interestingly, this region encodes for the
antisense transcript HOTS. But so far, there is no evidence for a co-expression of H19 and HOTS
in vivo [86]. In HCC, the T allele of H19 rs217727 polymorphism, which is associated with decreased
H19 expression, enhanced the survival rate of patients with HCC [101]. However, the study from
Wu et al. showed a correlation between H19 gene polymorphisms and the susceptibility to develop
late-stage tumors [87]. Strikingly, two exon-related gene polymorphisms (rs2839689 and rs3741219)
and a specific haplotype of H19 showed an increased susceptibility to HCC. So far, the authors did not
find any correlation between H19 and serological markers of HCC, such as AFP, alanine transaminase
(ALT), or aspartate transaminase (AST). Beside the increased risk to develop HCC when carrying
the rs2839698 polymorphism, an association with poor prognosis exists in smoking patients [102].
However, the data from the latter studies suggest that different H19 gene polymorphisms could have
either tumor-suppressing or promoting effects. Thus, H19 polymorphisms might be an explanation for
different study outcomes.

6. Possible Treatments of HCC with Respect to H19

Although the literature is still confusing, the various interactions of the H19 locus offer many
possibilities for novel diagnostics or therapeutic targets in HCC. One possibility was mentioned
by Ariel et al. [89]: for the diagnosis of hepatocellular carcinoma in fine-needle aspirates, in situ
hybridization (ISH) for H19 could be performed. They showed that the expression of H19 was detected
with ISH in 13 of 18 samples with HCC. AFP, a commonly used tumor marker in HCC, was found only
in nine of 18 samples [89]. Therefore, ISH for H19 could be a useful diagnostic method.

As mentioned before, H19 and IGF2 are often co-expressed in tumor cells. Therefore, Amit et al.
examined the therapeutic potential of a double promoter toxin vector H19-DTA-(IGF2)-P4-DTA leading
to, expressioned of the diphtheria toxin [103]. The vector had the potential to reach the tumor cells and
delivered its toxin intracellularly, without targeting healthy tissues [103]. This would be an innovative
approach to specifically target tumor cells.

Another study with a focus on IGF2, but potentially translatable for H19, designed a methylated
oligonucleotide (MON1) [104]. MON1 is complementary to a region encompassing IGF2 P4 promoter.
It specifically inhibited IGF2 mRNA accumulation in vitro in Hep3B cells. In vivo, animals bearing
engrafted tumors had prolonged survival upon treatment with MON1. Thus, a methylated sense
oligonucleotide, complementary to H19, may lead to enhanced survival in vivo [104].

Taken together, however, H19 as a therapeutic target was only investigated under the hypothesis
of H19 being an oncogene. With respect to most of the in vivo and ex vivo studies the tumor suppressor
role seems to be more plausible. Of course, re-activation of expression is far more challenging in
therapy than inhibiting expression. Still, increasing knowledge about the whole H19 locus and the
transcript-specific functions in HCC could lead to more potential therapeutic strategies for the treatment
of HCC or the modulation of the hepatic inflammatory environment in the pre-malignant phase of
liver disease.

7. Conclusions

The H19 locus is a complex gene locus and the transcript specific effects have not always been
investigated in parallel in the same studies. Data from in vivo models point towards a tumor suppressor
effect of H19 in HCC. Recent human data raise the possibility that H19 gene polymorphisms and
cell-type specific expression could explain many of the contradictory findings in the past. Therefore,
a deeper understanding of this gene locus is vital for defining a potential use of H19 in new diagnostic
and therapeutic strategies.

Funding: We acknowledge the financial support received within the Open Access Publishing funding program
from the German Research Foundation (DFG).



Cancers 2020, 12, 1261 11 of 16

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef]

2. Nordenstedt, H.; White, D.L.; El-Serag, H.B. The changing pattern of epidemiology in hepatocellular
carcinoma. Dig. Liver Dis. 2010, 42, S206–S214. [CrossRef]

3. Ringelhan, M.; Pfister, D.; O’Connor, T.; Pikarsky, E.; Heikenwalder, M. The immunology of hepatocellular
carcinoma. Nat. Immunol. 2018, 19, 222–232. [CrossRef] [PubMed]

4. Zhou, W.-C.; Zhang, Q.-B.; Qiao, L. Pathogenesis of liver cirrhosis. World J. Gastroenterol. 2014, 20, 7312–7324.
[CrossRef] [PubMed]

5. Schultheiss, C.S.; Laggai, S.; Czepukojc, B.; Hussein, U.K.; List, M.; Barghash, A.; Tierling, S.; Hosseini, K.;
Golob-Schwarzl, N.; Pokorny, J.; et al. The long non-coding RNA H19 suppresses carcinogenesis and
chemoresistance in hepatocellular carcinoma. Cell Stress 2017, 1, 37–54. [CrossRef]

6. Qiu, L.; Tang, Q.; Li, G.; Chen, K. Long non-coding RNAs as biomarkers and therapeutic targets: Recent
insights into hepatocellular carcinoma. Life Sci. 2017, 191, 273–282. [CrossRef] [PubMed]

7. Gutschner, T.; Richtig, G.; Haemmerle, M.; Pichler, M. From biomarkers to therapeutic targets-the promises
and perils of long non-coding RNAs in cancer. Cancer Metastasis Rev. 2018, 37, 83–105. [CrossRef] [PubMed]

8. Christ, B.; Dahmen, U.; Herrmann, K.-H.; König, M.; Reichenbach, J.R.; Ricken, T.; Schleicher, J.;
Ole Schwen, L.; Vlaic, S.; Waschinsky, N. Computational Modeling in Liver Surgery. Front. Physiol.
2017, 8, 906. [CrossRef]

9. Forner, A.; Llovet, J.M.; Bruix, J. Hepatocellular carcinoma. Lancet 2012, 379, 1245–1255. [CrossRef]
10. Sachdeva, M.; Chawla, Y.K.; Arora, S.K. Immunology of hepatocellular carcinoma. World J. Hepatol. 2015, 7,

2080–2090. [CrossRef]
11. Liu, L.; Cao, Y.; Chen, C.; Zhang, X.; McNabola, A.; Wilkie, D.; Wilhelm, S.; Lynch, M.; Carter, C. Sorafenib

blocks the RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and induces tumor cell apoptosis in
hepatocellular carcinoma model PLC/PRF/5. Cancer Res. 2006, 66, 11851–11858. [CrossRef] [PubMed]

12. EASL. EASL Clinical Practice Guidelines: Management of hepatocellular carcinoma. J. Hepatol. 2018, 69,
182–236. [CrossRef] [PubMed]

13. Pope, C.; Mishra, S.; Russell, J.; Zhou, Q.; Zhong, X.-B. Targeting H19, an Imprinted Long Non-Coding RNA,
in Hepatic Functions and Liver Diseases. Diseases 2017, 5, 11. [CrossRef] [PubMed]

14. Gabory, A.; Ripoche, M.-A.; Yoshimizu, T.; Dandolo, L. The H19 gene: Regulation and function of a
non-coding RNA. Cytogenet. Genome Res. 2006, 113, 188–193. [CrossRef]

15. Keniry, A.; Oxley, D.; Monnier, P.; Kyba, M.; Dandolo, L.; Smits, G.; Reik, W. The H19 lincRNA is a
developmental reservoir of miR-675 that suppresses growth and Igf1r. Nat. Cell Biol. 2012, 14, 659–665.
[CrossRef]

16. Yoshimizu, T.; Miroglio, A.; Ripoche, M.-A.; Gabory, A.; Vernucci, M.; Riccio, A.; Colnot, S.; Godard, C.;
Terris, B.; Jammes, H.; et al. The H19 locus acts in vivo as a tumor suppressor. Proc. Natl. Acad. Sci. USA
2008, 105, 12417–12422. [CrossRef]

17. Gascoigne, D.K.; Cheetham, S.W.; Cattenoz, P.B.; Clark, M.B.; Amaral, P.P.; Taft, R.J.; Wilhelm, D.; Dinger, M.E.;
Mattick, J.S. Pinstripe: A suite of programs for integrating transcriptomic and proteomic datasets identifies
novel proteins and improves differentiation of protein-coding and non-coding genes. Bioinformatics 2012, 28,
3042–3050. [CrossRef]

18. Poirier, F.; Chan, C.T.; Timmons, P.M.; Robertson, E.J.; Evans, M.J.; Rigby, P.W. The murine H19 gene is
activated during embryonic stem cell differentiation in vitro and at the time of implantation in the developing
embryo. Development 1991, 113, 1105–1114.

19. Gabory, A.; Jammes, H.; Dandolo, L. The H19 locus: Role of an imprinted non-coding RNA in growth and
development. Bioessays 2010, 32, 473–480. [CrossRef]

20. Lopes, S.; Lewis, A.; Hajkova, P.; Dean, W.; Oswald, J.; Forné, T.; Murrell, A.; Constância, M.; Bartolomei, M.;
Walter, J.; et al. Epigenetic modifications in an imprinting cluster are controlled by a hierarchy of DMRs
suggesting long-range chromatin interactions. Hum. Mol. Genet. 2003, 12, 295–305. [CrossRef]

http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1016/S1590-8658(10)60507-5
http://dx.doi.org/10.1038/s41590-018-0044-z
http://www.ncbi.nlm.nih.gov/pubmed/29379119
http://dx.doi.org/10.3748/wjg.v20.i23.7312
http://www.ncbi.nlm.nih.gov/pubmed/24966602
http://dx.doi.org/10.15698/cst2017.10.105
http://dx.doi.org/10.1016/j.lfs.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/28987633
http://dx.doi.org/10.1007/s10555-017-9718-5
http://www.ncbi.nlm.nih.gov/pubmed/29247341
http://dx.doi.org/10.3389/fphys.2017.00906
http://dx.doi.org/10.1016/S0140-6736(11)61347-0
http://dx.doi.org/10.4254/wjh.v7.i17.2080
http://dx.doi.org/10.1158/0008-5472.CAN-06-1377
http://www.ncbi.nlm.nih.gov/pubmed/17178882
http://dx.doi.org/10.1016/j.jhep.2018.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29628281
http://dx.doi.org/10.3390/diseases5010011
http://www.ncbi.nlm.nih.gov/pubmed/28933364
http://dx.doi.org/10.1159/000090831
http://dx.doi.org/10.1038/ncb2521
http://dx.doi.org/10.1073/pnas.0801540105
http://dx.doi.org/10.1093/bioinformatics/bts582
http://dx.doi.org/10.1002/bies.200900170
http://dx.doi.org/10.1093/hmg/ddg022


Cancers 2020, 12, 1261 12 of 16

21. Srivastava, M.; Hsieh, S.; Grinberg, A.; Williams-Simons, L.; Huang, S.P.; Pfeifer, K. H19 and Igf2 monoallelic
expression is regulated in two distinct ways by a shared cis acting regulatory region upstream of H19.
Genes Dev. 2000, 14, 1186–1195. [PubMed]

22. Wang, S.; Wu, X.; Liu, Y.; Yuan, J.; Yang, F.; Huang, J.; Meng, Q.; Zhou, C.; Liu, F.; Ma, J.; et al. Long noncoding
RNA H19 inhibits the proliferation of fetal liver cells and the Wnt signaling pathway. FEBS Lett. 2016, 590,
559–570. [CrossRef] [PubMed]

23. Weber, M.; Milligan, L.; Delalbre, A.; Antoine, E.; Brunel, C.; Cathala, G.; Forné, T. Extensive tissue-specific
variation of allelic methylation in the Igf2 gene during mouse fetal development: Relation to expression and
imprinting. Mech. Dev. 2001, 101, 133–141. [CrossRef]

24. Matouk, I.J.; DeGroot, N.; Mezan, S.; Ayesh, S.; Abu-lail, R.; Hochberg, A.; Galun, E. The H19 non-coding
RNA is essential for human tumor growth. PLoS ONE 2007, 2, e845. [CrossRef]

25. Raveh, E.; Matouk, I.J.; Gilon, M.; Hochberg, A. The H19 Long non-coding RNA in cancer initiation,
progression and metastasis—A proposed unifying theory. Mol. Cancer 2015, 14, 184. [CrossRef]

26. Zhou, W.; Ye, X.-L.; Xu, J.; Cao, M.-G.; Fang, Z.-Y.; Li, L.-Y.; Guan, G.-H.; Liu, Q.; Qian, Y.-H.; Xie, D.
The lncRNA H19 mediates breast cancer cell plasticity during EMT and MET plasticity by differentially
sponging miR-200b/c and let-7b. Sci. Signal. 2017, 10. [CrossRef]

27. Ji, F.; Chen, B.; Du, R.; Zhang, M.; Liu, Y.; Ding, Y. Long non-coding RNA H19 promotes tumorigenesis of
ovarian cancer by sponging miR-675. Int. J. Clin. Exp. Pathol. 2019, 12, 113–122.

28. Chen, S.-W.; Wang, P.-Y.; Liu, Y.-C.; Sun, L.; Zhu, J.; Zuo, S.; Ma, J.; Li, T.-Y.; Zhang, J.-L.; Chen, G.-W.; et al.
Effect of Long Noncoding RNA H19 Overexpression on Intestinal Barrier Function and Its Potential Role in
the Pathogenesis of Ulcerative Colitis. Inflamm. Bowel Dis. 2016, 22, 2582–2592. [CrossRef]

29. Li, X.; Liu, R.; Huang, Z.; Gurley, E.C.; Wang, X.; Wang, J.; He, H.; Yang, H.; Lai, G.; Zhang, L.; et al.
Cholangiocyte-derived exosomal long noncoding RNA H19 promotes cholestatic liver injury in mouse and
humans. Hepatology 2018, 68, 599–615. [CrossRef]

30. Ohtsuka, M.; Ling, H.; Ivan, C.; Pichler, M.; Matsushita, D.; Goblirsch, M.; Stiegelbauer, V.; Shigeyasu, K.;
Zhang, X.; Chen, M.; et al. H19 Noncoding RNA, an Independent Prognostic Factor, Regulates Essential
Rb-E2F and CDK8-β-Catenin Signaling in Colorectal Cancer. EBioMedicine 2016, 13, 113–124. [CrossRef]

31. Yoshimura, H.; Matsuda, Y.; Yamamoto, M.; Kamiya, S.; Ishiwata, T. Expression and role of long non-coding
RNA H19 in carcinogenesis. Front. Biosci. (Landmark Ed.) 2018, 23, 614–625. [CrossRef] [PubMed]

32. Wu, J.; Qin, Y.; Li, B.; He, W.-z.; Sun, Z.-l. Hypomethylated and hypermethylated profiles of H19DMR are
associated with the aberrant imprinting of IGF2 and H19 in human hepatocellular carcinoma. Genomics 2008,
91, 443–450. [CrossRef] [PubMed]

33. Lambert, M.-P.; Ancey, P.-B.; Degli Esposti, D.; Cros, M.-P.; Sklias, A.; Scoazec, J.-Y.; Durantel, D.;
Hernandez-Vargas, H.; Herceg, Z. Aberrant DNA methylation of imprinted loci in hepatocellular carcinoma
and after in vitro exposure to common risk factors. Clin. Epigenet. 2015, 7, 15. [CrossRef] [PubMed]

34. Tsang, W.P.; Ng, E.K.O.; Ng, S.S.M.; Jin, H.; Yu, J.; Sung, J.J.Y.; Kwok, T.T. Oncofetal H19-derived miR-675
regulates tumor suppressor RB in human colorectal cancer. Carcinogenesis 2010, 31, 350–358. [CrossRef]
[PubMed]

35. Zou, T.; Jaladanki, S.K.; Liu, L.; Xiao, L.; Chung, H.K.; Wang, J.-Y.; Xu, Y.; Gorospe, M.; Wang, J.-Y. H19 Long
Noncoding RNA Regulates Intestinal Epithelial Barrier Function via MicroRNA 675 by Interacting with
RNA-Binding Protein HuR. Mol. Cell. Biol. 2016, 36, 1332–1341. [CrossRef] [PubMed]

36. Vennin, C.; Spruyt, N.; Dahmani, F.; Julien, S.; Bertucci, F.; Finetti, P.; Chassat, T.; Bourette, R.P.; Le Bourhis, X.;
Adriaenssens, E. H19 non coding RNA-derived miR-675 enhances tumorigenesis and metastasis of breast
cancer cells by downregulating c-Cbl and Cbl-b. Oncotarget 2015, 6, 29209–29223. [CrossRef]

37. Zhu, M.; Chen, Q.; Liu, X.; Sun, Q.; Zhao, X.; Deng, R.; Wang, Y.; Huang, J.; Xu, M.; Yan, J.; et al. lncRNA
H19/miR-675 axis represses prostate cancer metastasis by targeting TGFBI. FEBS J. 2014, 281, 3766–3775.
[CrossRef]

38. Guo, Q.; Wen, R.; Shao, B.; Li, Y.; Jin, X.; Deng, H.; Wu, J.; Su, F.; Yu, F. Combined Let-7a and H19 Signature:
A Prognostic Index of Progression-Free Survival in Primary Breast Cancer Patients. J. Breast Cancer 2018, 21,
142–149. [CrossRef]

39. Gao, Y.; Wu, F.; Zhou, J.; Yan, L.; Jurczak, M.J.; Lee, H.-Y.; Yang, L.; Mueller, M.; Zhou, X.-B.; Dandolo, L.;
et al. The H19/let-7 double-negative feedback loop contributes to glucose metabolism in muscle cells.
Nucleic Acids Res. 2014, 42, 13799–13811. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/10817754
http://dx.doi.org/10.1002/1873-3468.12078
http://www.ncbi.nlm.nih.gov/pubmed/26801864
http://dx.doi.org/10.1016/S0925-4773(00)00573-6
http://dx.doi.org/10.1371/journal.pone.0000845
http://dx.doi.org/10.1186/s12943-015-0458-2
http://dx.doi.org/10.1126/scisignal.aak9557
http://dx.doi.org/10.1097/MIB.0000000000000932
http://dx.doi.org/10.1002/hep.29838
http://dx.doi.org/10.1016/j.ebiom.2016.10.026
http://dx.doi.org/10.2741/4608
http://www.ncbi.nlm.nih.gov/pubmed/28930564
http://dx.doi.org/10.1016/j.ygeno.2008.01.007
http://www.ncbi.nlm.nih.gov/pubmed/18358696
http://dx.doi.org/10.1186/s13148-015-0053-9
http://www.ncbi.nlm.nih.gov/pubmed/25755686
http://dx.doi.org/10.1093/carcin/bgp181
http://www.ncbi.nlm.nih.gov/pubmed/19926638
http://dx.doi.org/10.1128/MCB.01030-15
http://www.ncbi.nlm.nih.gov/pubmed/26884465
http://dx.doi.org/10.18632/oncotarget.4976
http://dx.doi.org/10.1111/febs.12902
http://dx.doi.org/10.4048/jbc.2018.21.2.142
http://dx.doi.org/10.1093/nar/gku1160


Cancers 2020, 12, 1261 13 of 16

40. Kallen, A.N.; Zhou, X.-B.; Xu, J.; Qiao, C.; Ma, J.; Yan, L.; Lu, L.; Liu, C.; Yi, J.-S.; Zhang, H.; et al. The imprinted
H19 lncRNA antagonizes let-7 microRNAs. Mol. Cell 2013, 52, 101–112. [CrossRef]

41. Berteaux, N.; Aptel, N.; Cathala, G.; Genton, C.; Coll, J.; Daccache, A.; Spruyt, N.; Hondermarck, H.;
Dugimont, T.; Curgy, J.-J.; et al. A novel H19 antisense RNA overexpressed in breast cancer contributes to
paternal IGF2 expression. Mol. Cell. Biol. 2008, 28, 6731–6745. [CrossRef] [PubMed]

42. Yi, T.; Wang, T.; Shi, Y.; Peng, X.; Tang, S.; Zhong, L.; Chen, Y.; Li, Y.; He, K.; Wang, M.; et al. Long noncoding
RNA 91H overexpression contributes to the growth and metastasis of HCC by epigenetically positively
regulating IGF2 expression. Liver Int. 2020, 40, 456–467. [CrossRef] [PubMed]

43. Onyango, P.; Feinberg, A.P. A nucleolar protein, H19 opposite tumor suppressor (HOTS), is a tumor growth
inhibitor encoded by a human imprinted H19 antisense transcript. Proc. Natl. Acad. Sci. USA 2011, 108,
16759–16764. [CrossRef] [PubMed]

44. Dinger, M.E.; Gascoigne, D.K.; Mattick, J.S. The evolution of RNAs with multiple functions. Biochimie 2011,
93, 2013–2018. [CrossRef]

45. Kessler, S.M.; Laggai, S.; van Wonterg, E.; Gemperlein, K.; Müller, R.; Haybaeck, J.; Vandenbroucke, R.E.;
Ogris, M.; Libert, C.; Kiemer, A.K. Transient Hepatic Overexpression of Insulin-Like Growth Factor 2 Induces
Free Cholesterol and Lipid Droplet Formation. Front. Physiol. 2016, 7, 147. [CrossRef]

46. Tybl, E.; Shi, F.-D.; Kessler, S.M.; Tierling, S.; Walter, J.; Bohle, R.M.; Wieland, S.; Zhang, J.; Tan, E.M.;
Kiemer, A.K. Overexpression of the IGF2-mRNA binding protein p62 in transgenic mice induces a steatotic
phenotype. J. Hepatol. 2011, 54, 994–1001. [CrossRef]

47. Laggai, S.; Kessler, S.M.; Boettcher, S.; Lebrun, V.; Gemperlein, K.; Lederer, E.; Leclercq, I.A.; Mueller, R.;
Hartmann, R.W.; Haybaeck, J.; et al. The IGF2 mRNA binding protein p62/IGF2BP2-2 induces fatty acid
elongation as a critical feature of steatosis. J. Lipid Res. 2014, 55, 1087–1097. [CrossRef]

48. Simon, Y.; Kessler, S.M.; Bohle, R.M.; Haybaeck, J.; Kiemer, A.K. The insulin-like growth factor 2 (IGF2)
mRNA-binding protein p62/IGF2BP2-2 as a promoter of NAFLD and HCC? Gut 2014, 63, 861–863. [CrossRef]

49. Wang, H.; Cao, Y.; Shu, L.; Zhu, Y.; Peng, Q.; Ran, L.; Wu, J.; Luo, Y.; Zuo, G.; Luo, J.; et al. Long non-coding
RNA (lncRNA) H19 induces hepatic steatosis through activating MLXIPL and mTORC1 networks in
hepatocytes. J. Cell. Mol. Med. 2020, 24, 1399–1412. [CrossRef]

50. Liu, C.; Yang, Z.; Wu, J.; Zhang, L.; Lee, S.; Shin, D.-J.; Tran, M.; Wang, L. Long noncoding RNA H19 interacts
with polypyrimidine tract-binding protein 1 to reprogram hepatic lipid homeostasis. Hepatology 2018, 67,
1768–1783. [CrossRef]

51. Liu, J.; Tang, T.; Wang, G.-D.; Liu, B. LncRNA-H19 promotes hepatic lipogenesis by directly regulating
miR-130a/PPARγ axis in non-alcoholic fatty liver disease. Biosci. Rep. 2019, 39. [CrossRef] [PubMed]

52. Wang, Z.; Yang, X.; Kai, J.; Wang, F.; Wang, S.; Tan, S.; Anping, C.; Shao, J.; Zhang, F.; Zhang, Z.; et al.
LncRNA H19-induced AMPKα/LKB1 Complex Is Required for Dihydroartemisinin to Regulate Lipid Droplet
Metabolism in Hepatic Stellate Cells. SSRN 2019. [CrossRef]

53. Straub, B.K.; Stoeffel, P.; Heid, H.; Zimbelmann, R.; Schirmacher, P. Differential pattern of lipid
droplet-associated proteins and de novo perilipin expression in hepatocyte steatogenesis. Hepatology
2008, 47, 1936–1946. [CrossRef] [PubMed]

54. Imai, Y.; Boyle, S.; Varela, G.M.; Caron, E.; Yin, X.; Dhir, R.; Dhir, R.; Graham, M.J.; Ahima, R.S. Effects
of perilipin 2 antisense oligonucleotide treatment on hepatic lipid metabolism and gene expression.
Physiol. Genom. 2012, 44, 1125–1131. [CrossRef]

55. Goyal, N.; Sivadas, A.; Shamsudheen, K.V.; Jayarajan, R.; Verma, A.; Sivasubbu, S.; Scaria, V.; Datta, M. RNA
sequencing of db/db mice liver identifies lncRNA H19 as a key regulator of gluconeogenesis and hepatic
glucose output. Sci. Rep. 2017, 7, 8312. [CrossRef]

56. Degli Esposti, D.; Hernandez-Vargas, H.; Voegele, C.; Fernandez-Jimenez, N.; Forey, N.; Bancel, B.;
Le Calvez-Kelm, F.; McKay, J.; Merle, P.; Herceg, Z. Identification of novel long non-coding RNAs deregulated
in hepatocellular carcinoma using RNA-sequencing. Oncotarget 2016, 7, 31862–31877. [CrossRef]

57. Zhang, Y.; Liu, C.; Barbier, O.; Smalling, R.; Tsuchiya, H.; Lee, S.; Delker, D.; Zou, A.; Hagedorn, C.H.;
Wang, L. Bcl2 is a critical regulator of bile acid homeostasis by dictating Shp and lncRNA H19 function.
Sci. Rep. 2016, 6, 20559. [CrossRef]

58. Song, Y.; Liu, C.; Liu, X.; Trottier, J.; Beaudoin, M.; Zhang, L.; Pope, C.; Peng, G.; Barbier, O.; Zhong, X.; et al.
H19 promotes cholestatic liver fibrosis by preventing ZEB1-mediated inhibition of epithelial cell adhesion
molecule. Hepatology 2017, 66, 1183–1196. [CrossRef]

http://dx.doi.org/10.1016/j.molcel.2013.08.027
http://dx.doi.org/10.1128/MCB.02103-07
http://www.ncbi.nlm.nih.gov/pubmed/18794369
http://dx.doi.org/10.1111/liv.14300
http://www.ncbi.nlm.nih.gov/pubmed/31724285
http://dx.doi.org/10.1073/pnas.1110904108
http://www.ncbi.nlm.nih.gov/pubmed/21940503
http://dx.doi.org/10.1016/j.biochi.2011.07.018
http://dx.doi.org/10.3389/fphys.2016.00147
http://dx.doi.org/10.1016/j.jhep.2010.08.034
http://dx.doi.org/10.1194/jlr.M045500
http://dx.doi.org/10.1136/gutjnl-2013-305736
http://dx.doi.org/10.1111/jcmm.14818
http://dx.doi.org/10.1002/hep.29654
http://dx.doi.org/10.1042/BSR20181722
http://www.ncbi.nlm.nih.gov/pubmed/31064820
http://dx.doi.org/10.2139/ssrn.3448009
http://dx.doi.org/10.1002/hep.22268
http://www.ncbi.nlm.nih.gov/pubmed/18393390
http://dx.doi.org/10.1152/physiolgenomics.00045.2012
http://dx.doi.org/10.1038/s41598-017-08281-7
http://dx.doi.org/10.18632/oncotarget.7364
http://dx.doi.org/10.1038/srep20559
http://dx.doi.org/10.1002/hep.29209


Cancers 2020, 12, 1261 14 of 16

59. Kitano, M.; Bloomston, P.M. Hepatic Stellate Cells and microRNAs in Pathogenesis of Liver Fibrosis.
J. Clin. Med. 2016, 5, 38. [CrossRef]

60. Su, Z.; Zhi, X.; Zhang, Q.; Yang, L.; Xu, H.; Xu, Z. LncRNA H19 functions as a competing endogenous RNA
to regulate AQP3 expression by sponging miR-874 in the intestinal barrier. FEBS Lett. 2016, 590, 1354–1364.
[CrossRef]

61. Zhu, J.; Luo, Z.; Pan, Y.; Zheng, W.; Li, W.; Zhang, Z.; Xiong, P.; Xu, D.; Du, M.; Wang, B.; et al.
H19/miR-148a/USP4 axis facilitates liver fibrosis by enhancing TGF-β signaling in both hepatic stellate cells
and hepatocytes. J. Cell. Physiol. 2019, 234, 9698–9710. [CrossRef] [PubMed]

62. Yang, J.-J.; She, Q.; Yang, Y.; Tao, H.; Li, J. DNMT1 controls LncRNA H19/ERK signal pathway in hepatic
stellate cell activation and fibrosis. Toxicol. Lett. 2018, 295, 325–334. [CrossRef] [PubMed]

63. Yang, J.-J.; Liu, L.-P.; Tao, H.; Hu, W.; Shi, P.; Deng, Z.-Y.; Li, J. MeCP2 silencing of LncRNA H19 controls
hepatic stellate cell proliferation by targeting IGF1R. Toxicology 2016, 359, 39–46. [CrossRef] [PubMed]

64. Li, X.; Liu, R.; Wang, Y.; Zhu, W.; Zhao, D.; Wang, X.; Yang, H.; Gurley, E.C.; Chen, W.; Hylemon, P.B.; et al.
Cholangiocyte-Derived Exosomal lncRNA H19 Promotes Macrophage Activation and Hepatic Inflammation
under Cholestatic Conditions. Cells 2020, 9, 190. [CrossRef] [PubMed]

65. Matouk, I.J.; Mezan, S.; Mizrahi, A.; Ohana, P.; Abu-lail, R.; Fellig, Y.; DeGroot, N.; Galun, E.; Hochberg, A.
The oncofetal H19 RNA connection: Hypoxia, p53 and cancer. Biochim. Biophys. Acta 2010, 1803, 443–451.
[CrossRef] [PubMed]

66. Zhou, Y.; Fan, R.-G.; Qin, C.-L.; Jia, J.; Wu, X.-D.; Zha, W.-Z. LncRNA-H19 activates CDC42/PAK1 pathway
to promote cell proliferation, migration and invasion by targeting miR-15b in hepatocellular carcinoma.
Genomics 2019, 111, 1862–1872. [CrossRef]

67. Tsang, W.P.; Kwok, T.T. Riboregulator H19 induction of MDR1-associated drug resistance in human
hepatocellular carcinoma cells. Oncogene 2007, 26, 4877–4881. [CrossRef]

68. Cui, C.; Li, Z.; Wu, D. The long non-coding RNA H19 induces hypoxia/reoxygenation injury by up-regulating
autophagy in the hepatoma carcinoma cells. Biol. Res. 2019, 52, 32. [CrossRef]

69. Ma, H.; Yuan, L.; Li, W.; Xu, K.; Yang, L. The LncRNA H19/miR-193a-3p axis modifies the radio-resistance
and chemotherapeutic tolerance of hepatocellular carcinoma cells by targeting PSEN1. J. Cell. Biochem. 2018,
119, 8325–8335. [CrossRef]

70. Zhang, L.; Yang, F.; Yuan, J.; Yuan, S.; Zhou, W.; Huo, X.; Xu, D.; Bi, H.; Wang, F.; Sun, S. Epigenetic activation
of the MiR-200 family contributes to H19-mediated metastasis suppression in hepatocellular carcinoma.
Carcinogenesis 2013, 34, 577–586. [CrossRef]

71. Rebouissou, S.; Zucman-Rossi, J.; Moreau, R.; Qiu, Z.; Hui, L. Note of caution: Contaminations of
hepatocellular cell lines. J. Hepatol. 2017, 67, 896–897. [CrossRef] [PubMed]

72. Heffelfinger, S.C.; Hawkins, H.H.; Barrish, J.; Taylor, L.; Darlington, G.J. SK HEP-1: A human cell line of
endothelial origin. In Vitro Cell. Dev. Biol. 1992, 28A, 136–142. [CrossRef] [PubMed]

73. Qiu, G.-H.; Xie, X.; Xu, F.; Shi, X.; Wang, Y.; Deng, L. Distinctive pharmacological differences between liver
cancer cell lines HepG2 and Hep3B. Cytotechnology 2015, 67, 1–12. [CrossRef] [PubMed]

74. Qiu, Z.; Zou, K.; Zhuang, L.; Qin, J.; Li, H.; Li, C.; Zhang, Z.; Chen, X.; Cen, J.; Meng, Z.; et al. Hepatocellular
carcinoma cell lines retain the genomic and transcriptomic landscapes of primary human cancers. Sci. Rep.
2016, 6, 27411. [CrossRef]

75. Chen, B.; Sirota, M.; Fan-Minogue, H.; Hadley, D.; Butte, A.J. Relating hepatocellular carcinoma tumor
samples and cell lines using gene expression data in translational research. BMC Med. Genomics 2015, 8
(Suppl. 2), S5. [CrossRef]

76. Hoshida, Y.; Toffanin, S.; Lachenmayer, A.; Villanueva, A.; Minguez, B.; Llovet, J.M. Molecular classification
and novel targets in hepatocellular carcinoma: Recent advancements. Semin. Liver Dis. 2010, 30, 35–51.
[CrossRef]

77. Mínguez, B.; Hoshida, Y.; Villanueva, A.; Toffanin, S.; Cabellos, L.; Thung, S.; Mandeli, J.; Sia, D.; April, C.;
Fan, J.-B.; et al. Gene-expression signature of vascular invasion in hepatocellular carcinoma. J. Hepatol. 2011,
55, 1325–1331. [CrossRef]

78. Lee, J.-S.; Chu, I.-S.; Heo, J.; Calvisi, D.F.; Sun, Z.; Roskams, T.; Durnez, A.; Demetris, A.J.; Thorgeirsson, S.S.
Classification and prediction of survival in hepatocellular carcinoma by gene expression profiling. Hepatology
2004, 40, 667–676. [CrossRef]

http://dx.doi.org/10.3390/jcm5030038
http://dx.doi.org/10.1002/1873-3468.12171
http://dx.doi.org/10.1002/jcp.27656
http://www.ncbi.nlm.nih.gov/pubmed/30362572
http://dx.doi.org/10.1016/j.toxlet.2018.07.013
http://www.ncbi.nlm.nih.gov/pubmed/30010033
http://dx.doi.org/10.1016/j.tox.2016.06.016
http://www.ncbi.nlm.nih.gov/pubmed/27350269
http://dx.doi.org/10.3390/cells9010190
http://www.ncbi.nlm.nih.gov/pubmed/31940841
http://dx.doi.org/10.1016/j.bbamcr.2010.01.010
http://www.ncbi.nlm.nih.gov/pubmed/20117150
http://dx.doi.org/10.1016/j.ygeno.2018.12.009
http://dx.doi.org/10.1038/sj.onc.1210266
http://dx.doi.org/10.1186/s40659-019-0239-2
http://dx.doi.org/10.1002/jcb.26883
http://dx.doi.org/10.1093/carcin/bgs381
http://dx.doi.org/10.1016/j.jhep.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28807831
http://dx.doi.org/10.1007/BF02631017
http://www.ncbi.nlm.nih.gov/pubmed/1371504
http://dx.doi.org/10.1007/s10616-014-9761-9
http://www.ncbi.nlm.nih.gov/pubmed/25002206
http://dx.doi.org/10.1038/srep27411
http://dx.doi.org/10.1186/1755-8794-8-S2-S5
http://dx.doi.org/10.1055/s-0030-1247131
http://dx.doi.org/10.1016/j.jhep.2011.02.034
http://dx.doi.org/10.1002/hep.20375


Cancers 2020, 12, 1261 15 of 16

79. Chiang, D.Y.; Villanueva, A.; Hoshida, Y.; Peix, J.; Newell, P.; Minguez, B.; LeBlanc, A.C.; Donovan, D.J.;
Thung, S.N.; Solé, M.; et al. Focal gains of VEGFA and molecular classification of hepatocellular carcinoma.
Cancer Res. 2008, 68, 6779–6788. [CrossRef]

80. Kessler, S.M.; Laggai, S.; Barghash, A.; Schultheiss, C.S.; Lederer, E.; Artl, M.; Helms, V.; Haybaeck, J.;
Kiemer, A.K. IMP2/p62 induces genomic instability and an aggressive hepatocellular carcinoma phenotype.
Cell Death Dis. 2015, 6, e1894. [CrossRef]

81. Boyault, S.; Rickman, D.S.; de Reyniès, A.; Balabaud, C.; Rebouissou, S.; Jeannot, E.; Hérault, A.; Saric, J.;
Belghiti, J.; Franco, D.; et al. Transcriptome classification of HCC is related to gene alterations and to new
therapeutic targets. Hepatology 2007, 45, 42–52. [CrossRef] [PubMed]

82. Calderaro, J.; Ziol, M.; Paradis, V.; Zucman-Rossi, J. Molecular and histological correlations in liver cancer.
J. Hepatol. 2019, 71, 616–630. [CrossRef] [PubMed]

83. Hirschfield, H.; Bian, C.B.; Higashi, T.; Nakagawa, S.; Zeleke, T.Z.; Nair, V.D.; Fuchs, B.C.; Hoshida, Y. In vitro
modeling of hepatocellular carcinoma molecular subtypes for anti-cancer drug assessment. Exp. Mol. Med.
2018, 50, e419. [CrossRef] [PubMed]

84. Sia, D.; Villanueva, A.; Friedman, S.L.; Llovet, J.M. Liver Cancer Cell of Origin, Molecular Class, and Effects
on Patient Prognosis. Gastroenterology 2017, 152, 745–761. [CrossRef]

85. Ramani, K.; Mavila, N.; Ko, K.S.; Mato, J.M.; Lu, S.C. Prohibitin 1 Regulates the H19-Igf2 Axis and Proliferation
in Hepatocytes. J. Biol. Chem. 2016, 291, 24148–24159. [CrossRef]

86. Deng, Y.; Zhou, L.; Yao, J.; Liu, Y.; Zheng, Y.; Yang, S.; Wu, Y.; Li, N.; Xu, P.; Lyu, L.; et al. Associations
of lncRNA H19 Polymorphisms at MicroRNA Binding Sites with Glioma Susceptibility and Prognosis.
Mol. Ther. Nucleic Acids 2020, 20, 86–96. [CrossRef]

87. Wu, E.-R.; Chou, Y.-E.; Liu, Y.-F.; Hsueh, K.-C.; Lee, H.-L.; Yang, S.-F.; Su, S.-C. Association of lncRNA H19
Gene Polymorphisms with the Occurrence of Hepatocellular Carcinoma. Genes 2019, 10, 506. [CrossRef]

88. Yang, Z.; Lu, Y.; Xu, Q.; Tang, B.; Park, C.-K.; Chen, X. HULC and H19 Played Different Roles in Overall and
Disease-Free Survival from Hepatocellular Carcinoma after Curative Hepatectomy: A Preliminary Analysis
from Gene Expression Omnibus. Dis. Markers 2015, 2015, 191029. [CrossRef]

89. Ariel, I.; Miao, H.Q.; Ji, X.R.; Schneider, T.; Roll, D.; de Groot, N.; Hochberg, A.; Ayesh, S. Imprinted H19
oncofetal RNA is a candidate tumour marker for hepatocellular carcinoma. Mol. Pathol. 1998, 51, 21–25.
[CrossRef]

90. Fellig, Y.; Ariel, I.; Ohana, P.; Schachter, P.; Sinelnikov, I.; Birman, T.; Ayesh, S.; Schneider, T.; de Groot, N.;
Czerniak, A.; et al. H19 expression in hepatic metastases from a range of human carcinomas. J. Clin. Pathol.
2005, 58, 1064–1068. [CrossRef]

91. Sohda, T.; Iwata, K.; Soejima, H.; Kamimura, S.; Shijo, H.; Yun, K. In situ detection of insulin-like growth
factor II (IGF2) and H19 gene expression in hepatocellular carcinoma. J. Hum. Genet. 1998, 43, 49–53.
[CrossRef] [PubMed]

92. Iizuka, N.; Oka, M.; Tamesa, T.; Hamamoto, Y.; Yamada-Okabe, H. Imbalance in expression levels
of insulin-like growth factor 2 and H19 transcripts linked to progression of hepatocellular carcinoma.
Anticancer Res. 2004, 24, 4085–4089. [PubMed]

93. Ye, Y.; Guo, J.; Xiao, P.; Ning, J.; Zhang, R.; Liu, P.; Yu, W.; Xu, L.; Zhao, Y.; Yu, J. Macrophages-induced long
noncoding RNA H19 up-regulation triggers and activates the miR-193b/MAPK1 axis and promotes cell
aggressiveness in hepatocellular carcinoma. Cancer Lett. 2020, 469, 310–322. [CrossRef] [PubMed]

94. Rachmilewitz, J.; Goshen, R.; Ariel, I.; Schneider, T.; de Groot, N.; Hochberg, A. Parental imprinting of the
human H19 gene. FEBS Lett. 1992, 309, 25–28. [CrossRef]

95. Nonomura, N.; Miki, T.; Nishimura, K.; Kanno, N.; Kojima, Y.; Okuyama, A. Altered imprinting of the H19
and insulin-like growth factor II genes in testicular tumors. J. Urol. 1997, 157, 1977–1979. [CrossRef]

96. Kim, K.S.; Lee, Y.I. Biallelic expression of the H19 and IGF2 genes in hepatocellular carcinoma. Cancer Lett.
1997, 119, 143–148. [CrossRef]

97. Couvert, P.; Carrié, A.; Pariès, J.; Vaysse, J.; Miroglio, A.; Kerjean, A.; Nahon, P.; Chelly, J.; Trinchet, J.-C.;
Beaugrand, M.; et al. Liver insulin-like growth factor 2 methylation in hepatitis C virus cirrhosis and further
occurrence of hepatocellular carcinoma. World J. Gastroenterol. 2008, 14, 5419–5427. [CrossRef]

98. Davies, S.M. Developmental regulation of genomic imprinting of the IGF2 gene in human liver. Cancer Res.
1994, 54, 2560–2562.

http://dx.doi.org/10.1158/0008-5472.CAN-08-0742
http://dx.doi.org/10.1038/cddis.2015.241
http://dx.doi.org/10.1002/hep.21467
http://www.ncbi.nlm.nih.gov/pubmed/17187432
http://dx.doi.org/10.1016/j.jhep.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31195064
http://dx.doi.org/10.1038/emm.2017.164
http://www.ncbi.nlm.nih.gov/pubmed/29303513
http://dx.doi.org/10.1053/j.gastro.2016.11.048
http://dx.doi.org/10.1074/jbc.M116.744045
http://dx.doi.org/10.1016/j.omtn.2020.02.003
http://dx.doi.org/10.3390/genes10070506
http://dx.doi.org/10.1155/2015/191029
http://dx.doi.org/10.1136/mp.51.1.21
http://dx.doi.org/10.1136/jcp.2004.023648
http://dx.doi.org/10.1007/s100380050036
http://www.ncbi.nlm.nih.gov/pubmed/9609998
http://www.ncbi.nlm.nih.gov/pubmed/15736456
http://dx.doi.org/10.1016/j.canlet.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/31705929
http://dx.doi.org/10.1016/0014-5793(92)80731-U
http://dx.doi.org/10.1016/S0022-5347(01)64913-9
http://dx.doi.org/10.1016/S0304-3835(97)00264-4
http://dx.doi.org/10.3748/wjg.14.5419


Cancers 2020, 12, 1261 16 of 16

99. Ekström, T.J.; Cui, H.; Li, X.; Ohlsson, R. Promoter-specific IGF2 imprinting status and its plasticity during
human liver development. Development 1995, 121, 309–316.

100. Cheng, Y.-W.; Idrees, K.; Shattock, R.; Khan, S.A.; Zeng, Z.; Brennan, C.W.; Paty, P.; Barany, F. Loss of imprinting
and marked gene elevation are 2 forms of aberrant IGF2 expression in colorectal cancer. Int. J. Cancer 2010,
127, 568–577. [CrossRef]

101. Ge, L.; Wang, Q.; Hu, S.; Yang, X. Rs217727 polymorphism in H19 promotes cell apoptosis by regulating
the expressions of H19 and the activation of its downstream signaling pathway. J. Cell. Physiol. 2019, 234,
7279–7291. [CrossRef] [PubMed]

102. Yang, M.-L.; Huang, Z.; Wang, Q.; Chen, H.-H.; Ma, S.-N.; Wu, R.; Cai, W.-S. The association of polymorphisms
in lncRNA-H19 with hepatocellular cancer risk and prognosis. Biosci. Rep. 2018, 38. [CrossRef] [PubMed]

103. Amit, D.; Hochberg, A. Development of targeted therapy for a broad spectrum of cancers (pancreatic cancer,
ovarian cancer, glioblastoma and HCC) mediated by a double promoter plasmid expressing diphtheria toxin
under the control of H19 and IGF2-P4 regulatory sequences. Int. J. Clin. Exp. Med. 2012, 5, 296–305.

104. Yao, X.; Hu, J.-F.; Daniels, M.; Shiran, H.; Zhou, X.; Yan, H.; Lu, H.; Zeng, Z.; Wang, Q.; Li, T.; et al.
A methylated oligonucleotide inhibits IGF2 expression and enhances survival in a model of hepatocellular
carcinoma. J. Clin. Investig. 2003, 111, 265–273. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ijc.25086
http://dx.doi.org/10.1002/jcp.27485
http://www.ncbi.nlm.nih.gov/pubmed/30362559
http://dx.doi.org/10.1042/BSR20171652
http://www.ncbi.nlm.nih.gov/pubmed/29511035
http://dx.doi.org/10.1172/JCI200315109
http://www.ncbi.nlm.nih.gov/pubmed/12531883
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hepatocellular Carcinoma 
	The H19 Locus: Two LncRNAs, a MicroRNA and Two Putative Proteins 
	LncRNA H19 
	MiR-675 
	LncRNA 91H 
	Proteins Encoded at the H19 Locus 

	The Role of H19 in Pre-Malignant Liver Disease 
	The Role of H19 in HCC 
	The Role of H19 In Vitro 
	The Role of H19 In Vivo—Animal Model 
	The Role of H19 Ex Vivo—Human Samples 

	Possible Treatments of HCC with Respect to H19 
	Conclusions 
	References

