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Abstract

The liver is a vital organ that controls glucose and lipid metabolism, hormone regulation, and 

bile secretion. Liver injury can occur from various insults such as viruses, metabolic diseases, 

and alcohol, which lead to acute and chronic liver diseases. Recent studies have demonstrated 

the implications of long non-coding RNAs (lncRNAs) in the pathogenesis of liver diseases. 

These newly discovered lncRNAs have various functions attributing to many cellular biological 

processes via distinct and diverse mechanisms. LncRNA H19, one of the first lncRNAs being 

identified, is highly expressed in fetal liver but not in adult normal liver. Its expression, however, 

is increased in liver diseases with various etiologies. In this review, we focused on the roles of 

H19 in the pathogenesis of liver diseases. This comprehensive review is aimed to provide useful 

perspectives and translational applications of H19 as a potential therapeutic target of liver diseases.
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1. Introduction

The new landscape of human transcriptome along with the identification of non-coding 

RNAs (ncRNAs) has uncovered their importance in the pathophysiology of human 

diseases[1]. These RNA transcripts do not code or transcribe into proteins, however, they 

have biological functions and regulate intracellular physiological processes. It is estimated 

that more than 80% of the human genome is generally transcribed of which less than 2% are 

protein-coding genes[2].

Non-coding RNA transcripts (ncRNA) are broadly categorized based on the number of 

nucleotides. Short ncRNAs (<200 bp) consist of highly abundant and functionally important 

RNAs such as ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and small regulatory 

RNAs such as microRNAs (miRNAs), and small interfering RNAs (siRNAs). Long non-

coding RNAs (lncRNAs) are newly discovered and defined as those with transcripts of 

more than 200 bp[3]. Similar to mRNAs, lncRNAs have both exons and introns and are 

transcribed by RNA polymerase II; 5’ capped, 3’ poly-adenylated and spliced[4]. They are 

tissue and cell-type specific and can also be epigenetically modified and transcriptionally 

regulated[5].

Several lines of evidence indicated the importance of lncRNA in various biological functions 

and diseases [6–9]. Several lncRNAs have been identified in hepatocellular carcinoma 

(HCC) and are closely associated with disease prognosis, such as lncRNA-SNHG7, 

LINC01278, and MALAT1[10–12]. Differential expression of specific lncRNAs was noted 

during liver regeneration after partial hepatectomy in rodents[13–15]. LncRNAs also play 

an important role in cholestatic liver diseases, non-alcoholic steatohepatitis, and alcohol-

associated liver disease[8, 16–21].

Among many lncRNAs, H19 was the first to be identified and studied in the liver[6]. 

Significant progress has been made over the past decade to advance our knowledge of the 

mechanism of H19 associated liver pathobiology. In this current review, we summarized the 

most up-to-date literature regarding the regulation and function of H19 in the pathogenesis 

of liver diseases.

2. LncRNA H19 overview

The H19 gene was originally isolated as a target for the control of embryonic transcriptional 

regulators regulation of α-fetoprotein (Raf) and regulation of induction of α-fetoprotein 

(Rif) [22]. As a non-coding RNA, it expresses an mRNA that is incapable of being translated 

into a protein[23]. The H19 locus belongs to a conserved gene cluster on chromosome 

11p15.5 in human, and on chromosome 7 in the mouse. It plays an essential role in growth 

control and embryonic development[24]. This cluster also contains the insulin-like growth 

factor 2 (IGF2) gene, located in near 90 kb upstream of the H19 gene. Both H19 and IGF2 
genes are coordinately controlled by an intergenic differentially methylated region (DMR), 

imprinting control region (ICR), and by enhancers located downstream of H19 as shown in 

Figure 1A[24, 25]. H19 and IGF2 are reciprocally imprinted genes, while IGF2 is expressed 

from the paternal allele; H19 is only expressed from the maternal allele [24, 25].
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2.1 Regulation of H19 expression

2.1.1 Regulation by an epigenetic mechanism—In normal conditions, the ICR 

is hypermethylated at the paternal allele and hypomethylated at the maternal allele. 

This differential methylation is essential in regulating the normal expression of IGF2 
and H19. The ICR carries 67 CpGs that are each methylated in sperm but remain 

unmethylated in oocytes[26, 27]. Subsequently, the zygote carries one methylated (paternal) 

and one unmethylated (maternal) copy of the ICR. This parent-of-origin difference in ICR 

methylation is maintained throughout development in all cell types, except for the primordial 

germ cells[26]. DNA methylation is not the primary genomic imprint and that the H19 
ICR insertion is sufficient to transmit parent-of-origin-dependent DNA methylation patterns 

independent of its methylation status in sperm[27]. This paternal chromosome-specific 

ICR methylation is critical for maintaining the parent-of-origin-specific epigenomes and 

expression patterns at this locus[28].

The regulation of H19 and IGF2 imprinting involves the binding of either CCCTC-binding 

factor (CTCF) or CpG binding protein 2 (MeCP2) based on the methylation status of the 

ICR[29]. Hypermethylation of ICR on the paternal chromosome leads to the repression of 

H19, activation of IGF2, and prohibition of its binding to CTCF[30]. Histone deacetylases 

(HDACs) interact with MeCP2 binding to methylated CpG dinucleotides and suppress H19 

expression [29, 31]. CTCF binds DMR located within IGF2, as a consequence of ICR 

methylation. This binding promotes the interaction of the proximal IGF2 promoter and the 

distal enhancers and drives IGF2 expression [29, 30]. On the other hand, hypomethylation 

of ICR on maternal chromosome results in the opposite effect leading to the expression of 

H19 and the binding between ICR and CTCF preventing the expression of IGF2[29]. Taken 

together, the expression of H19 and IGF2 is closely related and their expressions depend on 

the methylation of the ICR on the either paternal or maternal allele. On the paternal allele, 

the ICR is methylated, and the enhancer region can interact with IGF2 to allow expression. 

On the maternal allele, the ICR is not methylated, allowing same enhancer region to, instead, 

drive H19 expression (Fig. 1B) [29].

2.1.2. Regulation by transcriptional factors—H19 was reported to be regulated by 

transcriptional factors, including forkhead box A1 (FOXA1) [32, 33], forkhead box F2 

(FOXF2)[34], hypoxia-inducible factor 1 subunit alpha (HIF1α) [35], Paxillin (PXN) [36], 

E2F transcription factor 1 (E2F1) [37], SRY-sex determining region Y-box 2 (SOX2) [38] 

and paternally expressed gene 3 (PEG3) [39]. FOXA1, a member in the forkhead class of 

DNA-binding proteins family, is a hepatocyte nuclear factor that transcriptionally activates 

liver-specific genes [32]. Chromatin immunoprecipitation indicated that FOXA1 binds the 

H19 enhancer at its two FOXA binding sites [33]. FOXF2, primarily expressed in the 

lung, can directly bind to the H19 promoter region and accelerate its transcriptional activity 

[34, 40]. HIF1α transcriptionally activates H19 by directly binding to the H19 promoter 

or indirectly through the induction of specific protein 1 (SP1), which in turn interacts 

with the H19 promoter and promotes its expression [35]. Bioinformatics analysis of H19 

upstream DNA fragment (−596 to −146bp) using the PROMO algorithm (a program to 

predict transcription factor binding sites in DNA sequences) identified four SOX2 binding 

sites which can control H19 expression[38]. Except for those transcriptional activators, 
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PEG3 which is a DNA-binding protein with 12 C2H2 zinc finger motifs can bind to CTCF 

binding sites in the H19-ICR and act as a transcriptional repressor for H19[39].

2.2 H19 cellular and tissue distribution

H19 is highly expressed in the embryonic tissues and the placenta. Its expression is 

significantly diminished after birth in most tissues except for the skeletal muscle, cartilage, 

and cardiac muscle[41, 42]. Under pathological processes such as cancer, connective tissue 

disorders, and kidney disease, it can re-express[43–45]. In the liver, H19 is also abundantly 

expressed during the fetal stage and significantly diminished in an adult healthy liver. 

However, H19 expression is reactivated in chronic liver diseases [46].

To determine the cellular localization of H19 in the liver, we utilized the bile duct ligation 

model (BDL) in Pat−/− (as wild-type mice) and Mat−/− (as H19 knockout mice or negative 

controls) and visualized the H19 expression and distribution with RNAScope. No H19 
was detected in Mat−/−-BDL and Mat−/−-sham liver. In contrast, H19RNA-positive cells 

were detected in Pat−/−-BDL liver in the fibrosis areas close to the portal vein adjacent 

to the bile duct. H19 was found predominantly expressed in the cytosol.[46] Hepatocytes 

are the major functional cells and contributed roughly 80% of the liver mass. On double 

staining for H19 and hepatocyte nuclear factor 4-α (HNF4α, a well-established hepatocyte 

marker), H19 was identified to co-stained with HNF4α, which indicated that H19 could 

be expressed in hepatocytes. [46]. Both Kupffer cells and infiltrating macrophages have 

positive F4/80 markers, H19 was found positively expressed in F4/80 positive cells in the 

liver suggesting the possibility of its expression in both cell populations. Hepatic stellate 

cells are collagen-producing cells which are responsible for fibrogenesis in responses 

to toxic stimuli in the liver. H19 was not positively stained in stellate cells. However, 

H19 was found in the cholangiocytes and could activate stellate cells through exosome 

delivery, especially in cholestatic liver injury [47]. Of importance, H19 was also identified 

in SOX9 positive progenitor cells in the liver[46]. Due to the ability of progenitor cells to 

differentiate into hepatocytes or cholangiocytes, it is also plausible that the presence of H19 

in the cholangiocytes and hepatocytes is derived from these progenitor cells, although the 

hypothesis needs to be tested in future studies.

A microarray analysis of sexually dimorphic gene expression in somatic mouse tissues 

indicated that H19 was the top female-biased gene in the mouse eye, but not in other tissues 

(lung, liver, kidney, etc.). However, the upregulation of H19 was still from the maternal 

allele instead of escaped from its silencing genomic imprint on the paternal allele. IGF2 

was also upregulated in the female mouse eye which indicated that it was not due to loss of 

imprinting of ICR[48]. An additional study found the upregulation of H19 and IGF2 in the 

female eye was caused by the DNA methylation status of IGF2 DMRs, instead of ICR[49]. 

Mouse stain differentially expression of H19 was also observed among BALB/cJ and other 

mouse strains. BALB/cJ mice have higher adult liver H19 and alpha-fetoprotein levels due to 

the loss of zinc fingers and homeoboxes 2 (ZHX2) gene expression[50].
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2.3. The regulatory functions of H19

The regulatory functions of lncRNAs are diverse due to their various binding abilities. They 

can bind to DNA or RNA through the base pair matching, as well as bind to proteins 

through their docking structures. Through those interactions, lncRNAs modulated various 

molecular and cellular processes, including chromatin modification, epigenetic regulation, 

transcription complex recruitment, translation, and post-translation regulation[51]. LncRNA 

H19 regulates these processes through the interaction with miRNAs and proteins as 

illustrated in Figure 2. MiR-675 is embedded in H19’s first exon and had been shown 

to promote cancer cell growth and inhibit apoptosis[52–54]. H19 can bind to HuR, an 

RNA-binding protein, and suppress the processing of miR-675. In turn, the miR-675’s 

target genes were upregulated due to this suppression [52]. H19 can also interact with other 

miRNAs, such as miR-148a, to serve as the “sponge” and block these microRNA’s ability to 

inhibit their targets [55]. H19 is involved in multiple molecular processes through its ability 

to interact with different proteins[56]. For example, H19 interacts with methyl-CpG-binding 

domain protein 1 (MBD1) and recruits histone lysine methyltransferases to methylate target 

DNA region and silence the target genes [56]. H19 can interact with RNA-binding proteins, 

like polypyrimidine tract-binding protein 1 (PTBP1), to stabilize the target mRNA and 

prevent its degradation [57].

3. Roles of LncRNA H19 in the pathogenesis of liver diseases

3.1 Roles of H19 in non-alcoholic fatty liver disease (NAFLD)

NAFLD, one of the most common causes of chronic liver disease, represents a spectrum 

of histopathological disorders ranging from simple steatosis to non-alcoholic steatohepatitis 

(NASH), which can progress to cirrhosis and liver cancer[58]. The mechanism of NAFLD 

is complex[59, 60] and recent studies suggested the implications of H19 in its pathogenesis. 

In a mouse model of NAFLD using high-fat feeding, H19 as well as genes that are 

involved in hepatic lipogenesis are upregulated[61, 62]. In addition, free fatty acids 

(FFAs) promote H19 expression and facilitates lipogenesis in the hepatocytes, while 

knockdown of H19 inhibits FFA-induced lipid accumulation and triglyceride secretion[61, 

62]. Mechanistically, H19 directly downregulates the expression of miR-130a which in turn 

inhibits the expression of peroxisome proliferator-activated receptor γ (PPARγ) level in 

the liver[61]. H19 also promotes hepatic steatosis by upregulating transcription factor MLX-

interacting protein-like (MLXIPL) or carbohydrate-responsive element-binding protein 

(ChREBP)[62]. H19-induced lipid accumulation is effectively inhibited by PF-04691502, 

an PI3K/mTOR inhibitor, in a dose-dependent manner suggesting that H19 regulates 

hepatic lipid metabolism through the activation of mTOR signaling[62]. H19 also serves 

as a lipid sensor by synergizing with RNA-binding protein, PTBP1, to modulate hepatic 

metabolic homeostasis[57]. PTBP1 regulates mRNA stability and pre-mRNA splicing and 

is implicated in directing cell reprogramming[63, 64]. H19 can interact with PTBP1 

to increase SREBP1 protein cleavage, stability, and transcriptional activity to activate 

lipogenic genes [57]. In summary, H19 is one of the key regulators in the pathogenesis 

of hepatic steatosis through its regulation of other non-coding RNAs (such as miR-130a) or 

transcription factors involved in lipogenesis.
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H19-induced hepatic steatosis may also result from the indirect effect secondary to its 

role in diabetes. RNA sequencing of db/db mice liver reveals H19 as a key regulator of 

gluconeogenesis and hepatic glucose output via regulation of forkhead box O1 (FOXO1) 

nuclear levels[65]. Hepatic H19 expression is chronically increased in diabetic mice and 

liver-specific H19 overexpression promotes hepatic glucose production, hyperglycemia, and 

insulin resistance[66]. Patients with type 2 diabetes also have a higher level of circulating 

plasma H19[67].

3.2. Roles of H19 in cholestasis

Cholestasis is defined as a condition where bile flow is decreased, either due to impaired 

secretion by hepatocytes or by obstruction to the bile flow[68]. Bile acids (BA), synthesized 

from cholesterol in the liver, play an essential role in eliminating cholesterol and facilitating 

intestinal digestion and absorption of dietary fat, steroids, and lipophilic vitamins. BA 

metabolism is tightly regulated by nuclear receptor signaling to coordinate BA synthetic 

enzymes and transporters[69]. BA also serves as important signaling molecules in the 

regulation of glucose and lipid metabolism. Excessive accumulation of cytotoxic BAs 

in the hepatocytes can cause cell damage leading to inflammation and fibrosis[69]. The 

nuclear receptor small heterodimer partner (SHP, NR0B2) is an essential component in 

the negative feedback regulation of bile acid synthesis. In response to the intrahepatic 

accumulation of BA, nuclear receptor farnesoid X receptor (FXR) activates SHP to 

repress the expression of two regulatory enzymes sterol 12α -hydroxylase (CYP8B1) and 

cholesterol 7α -hydroxylase (CYP7A1) for de novo synthesis of BA[70, 71]. The activation 

of SHP also represses the transactivation of basolateral BA transporter of the hepatocytes 

such as sodium-taurocholate cotransporting polypeptide (NTCP) to block uptake of BA[72]. 

Emerging evidence demonstrated the role of H19 in cholestasis through various mechanisms 

(Fig. 3).

Apoptosis is important in regulating tissue homeostasis. B-cell lymphoma protein 2 (BCL2), 

an antiapoptotic family member containing four conserved α -helical motifs known as 

BCL-2 homology (BH1–4) domains and a transmembrane domain (TM), is known to inhibit 

apoptosis by binding to the pro-apoptotic proteins BCL2-associated X protein (BAX) and 

BCL2-antagonist/killer 1 (BAK)[72, 73]. BCL2 expression is low in normal hepatocytes; 

however, its expression is highly induced in cholestasis[74, 75]. Overexpression of hepatic 

BCL2 disrupts BA homeostasis as manifested by the accumulation of serum BA and 

bilirubin levels and leads to the induction of hepatic H19 expression[73]. Furthermore, 

knockdown H19 or re-expressed SHP largely rescued BCL2-induced cholestatic liver 

injury[73].

Using the BDL-induced cholestasis model, we found that the hepatic let-7 family, a 

family of miRNAs required for development timing, tumor suppression, and metabolism 

regulation[76], is markedly induced by H19[17]. H19 promotes the biogenesis and 

expression of a cluster of let-7 miRNAs, including let-7a-5p, let-7d-5p, and let-7f-5p, in 

hepatic cholestasis and functionally suppresses their bioavailability. H19 antagonizes the 

expression of its binding partner, PTBP1, which associates with pre-let-7d and pre-let-7a-1 

and inhibits let-7 biogenesis but promotes their bioavailability[17]. H19 also facilitates the 
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development of BDL-induced hepatic cholestasis by preventing Zinc finger E-box binding 

homeobox 1 (ZEB-1) mediated inhibition of epithelial cell adhesion molecule (EpCAM). 

ZEB1 is a transcriptional repressor that plays a role in epithelial-to-mesenchymal transition 

(EMT) during fibrogenesis [77]. Its expression is modulated by SHP; which in turn inhibits 

H19 gene transcription as described previously[73]. EpCAM is a cell to cell adhesion 

molecule that is expressed in many human epithelial tissues and is associated with enhanced 

cellular proliferation[78]. H19 induces EpCAM but inhibits ZEB1 expression in the BDL 

model and overexpression of ZEB1 or knockdown of EpCAM ameliorates H19-induced 

cholestasis[78].

H19 is also implicated in biliary atresia, a severe liver disease commonly seen in neonates. 

Biliary atresia is caused by the obliteration of the intra-and the extrahepatic biliary duct 

leading to cholestasis and fibrosis[79]. Hepatic H19 expression and the level of serum H19 

are associated with the severity of fibrosis in patients with biliary atresia[79]. Additionally, 

its expression is correlated with the up-regulation of hepatic sphingosine 1-phosphate 

receptor 2 (S1PR2) and sphingosine kinase 2 (SPHK2) which are known to attribute 

to cholestatic liver injury by enhancing cholangiocyte proliferation and inflammatory 

responses[79–81]. H19 deficiency abrogates BDL-induced liver fibrosis and cholangiocyte 

hyperplasia and attenuates the S1PR2/SPHK2 signaling pathway in the cholestatic liver[79].

Mdr2−/− mouse is another reproducible model to study chronic biliary liver disease[82]. 

In this model, the expression of hepatic H19 in 100-days-old WT mice was very low 

with a slight but significant increase in male Mdr2−/− mice. However, there was a marked 

increase in its expression by 200-fold in female Mdr2−/− mice [83]. Gender difference in 

the susceptibility for cholestatic liver disease in this mouse model has been observed and 

that female Mdr2−/− mice develop more severe cholestasis-induced liver injury especially 

with a more hydrophobic bile acid composition and taurocholate (TCA) when compared 

to their male counterparts[84]. Further mechanistic experiments revealed that TCA and 17β-

estradiol up-regulate H19 expression and that knocking down H19 ameliorates cholestatic 

liver injury in female Mdr2−/− mice[83]. The mechanism of H19 regulation by 17β-estradiol 

is still elusive and deserved further studies. The induction of H19 in the cholestatic mouse 

model appears to be cell-type specific in the liver. H19 expression level in cholangiocytes is 

significantly up-regulated in both BDL and Mdr2−/− mice and closely related to fibrotic liver 

injury[47]. Cholangiocyte-derived H19-enriched exosomes promote hepatic fibrosis through 

hepatic stellate cell (HSC) activation, proliferation, and inflammation through macrophage 

activation[18, 47]. In summary, aberrant expression of H19 not only contributes to the bile 

duct ligation (BDL) and Mdr2−/−-induced fibrotic liver injury but also is associated with 

disease progression in patients with cholestatic liver disease and biliary atresia patients [79].

3.3. Role of H19 in hepatic fibrosis

Hepatic fibrosis is a consequence of the dysregulation of the extracellular matrix 

(ECM) synthesis secondary to HSC activation. HSCs activated by various toxic stimuli 

undergo proliferation and myofibroblastic transformation, lose their retinols and produce 

a considerable amount of ECM, such as alpha-smooth muscle actin (α-SMA) and type I 

collagen[85, 86]. Hepatocyte damage can also drive HSCs to transform from the quiescent 
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state to activated type by releasing transforming growth factor-β (TGF-β)[86]. As previously 

mentioned, the regulation of H19 imprinting involves the binding of CpG binding protein 

MeCP2 based on the methylation status of the ICR[29]. MeCP2 has been shown to 

orchestrate liver fibrosis and HSC proliferation[87]. In the carbon tetrachloride (CCl4)-

induced liver fibrosis model, H19 expression is markedly reduced while the expression 

of MeCP2 is increased in the activated HSCs; suggesting the negative regulation of H19 

by MeCP2[88]. In addition to MeCP2, DNA methyltransferases1 (DNMT1) silencing of 

H19 also occurs in activated HSCs via the ERK1/2 signaling pathway[89]. More emerging 

evidence supported that H19 could promote the HSC activation. Recently, H19 was reported 

to promote the activation of HSC in vitro. The upregulation of H19 aggravates EMT in 

the liver of CCl4-induced fibrosis through sponged miR-148a[55]. Activation of H19 also 

enhances retinoic acid signals to induce HSC activation and is associated with retinol 

metabolism during HSC activation through alcohol dehydrogenase III (ADH3)[90].

3.4 Role of H19 in acute liver failure

Acute liver failure is a life-threatening medical condition manifested by the sudden loss 

of hepatic function especially in those with underlying liver diseases[91]. The study on 

the role of H19 in acute liver failure is limited. One study demonstrated that human adipose-

derived stem cells secreted extracellular vesicles (EVs) improve survival in the liver failure 

model (by injecting D-aminogalactose plus lipopolysaccharides intraperitoneally) in rats 

by releasing H19[92]. H19 reduces hepatocytes’ apoptosis and the apoptotic rate of the 

H19-EVs group is lower than that of the EVs group without H19, indicating that H19 can 

enhance the protective effect of EVs on hepatocytes[92].

3.5 Role of H19 in hepatitis B viral (HBV) infection

HBV infection is a major public health problem worldwide, approximately 257 million 

of the world’s population show serological evidence of chronic past infection. HBV is 

a double-stranded DNA virus with several serological markers: HBsAg and anti-HBs, 

HBeAg and anti-HBe, and anti-HBc IgM and IgG. It is by itself not cytopathic and liver 

damage results from the complex interaction between virus replication and host immune 

response[93]. H19 is associated with HBV-associated liver injury through its interaction with 

miRNAs[53, 94]. H19 and miR-675 are up-regulated in chronic HBV patients. Inhibition 

of H19 or miR-675 in L02 cells increases cell viability, suppresses hepatitis B X protein 

(HBx)-induced cell apoptosis, oxidative stress, inflammatory cytokine production, and 

oxidative stress through miR-675’s target gene, peroxisome proliferator-activated receptor-α 
(PPARα) [53]. The expression of PPARα is decreased in patients with chronic HBV, and 

there was a negative association between the expression of H19 and PPARα, or between 

miR-675 and PPARα. Knocking down PPARα leads to the reversal ofthe effects of H19 

or miR-675 inhibition in HBx-induced L02 cells through Akt/mTOR signaling[53]. H19 is 

also highly expressed in HBV-related hepatocellular carcinoma (see more detail on the roles 
of H19 and hepatocellular carcinoma below)[94]. Its expression is associated with lymph 

node invasion and distant metastasis and inversely correlated with the overall survival[94]. 

H19 knockdown represses cellular proliferation and invasion but upregulates apoptosis of 

HBV-related HCC cells. The function of H19 is mediated through its target, miR-22 with the 

downstream effects on the expression of genes related to the EMT pathway[94].
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3.6 Roles of H19 in hepatocellular carcinoma (HCC)

HCC is one of the leading causes of cancer-related mortality worldwide. H19 expression 

is increased in several cancers including HCC and that its involvement in cancer initiation, 

progression, and development suggests the potential of H19 as a diagnostic and prognostic 

biomarker. [95, 96]. Hypomethylated and hypermethylated profiles of H19 DMR are 

associated with the aberrant imprinting of IGF2 and H19 in human HCC[97]. H19 induces 

oxidative stress and MAPK/ERK signaling pathway[98]. It also activates cell division 

control protein 42 homolog (CDC42)/serine/threonine-protein kinase PAK 1 (P21 Activated 

Kinase 1) pathway to promote cell proliferation, migration and invasion by targeting 

miR-15b[99]. H19 can also serve as a molecular sponge for tumor suppressor miRNAs 

such as miR-326 for HCC pathogenesis[100]. Cancer stem-cell-like (CSC) liver cancer cells 

displayed aggressive and metastatic phenotype with CD90 positive expression. LncRNA 

profiling indicated that H19 was enriched in CD90+ cells and released through exosomes. 

Gain and loss of function experiments revealed H19 played an important role in the 

exosome-mediated tumor microenvironment and angiogenesis[101]. A recent meta-analysis 

showed a significant association between H19 polymorphism and cancer susceptibility[102]. 

The association of single nucleotide polymorphisms (SNPs) of H19 with the risk and 

prognosis of HCC was determined in 944 samples, 472 with HCC and 472 matched 

controls. Three SNPs on H19 gene, rs2735971 (G→A), rs2839698 (C→T), rs3024270 

(G→C), were studied. The rs2839698(T;T) and rs2839698(C;T) genotypes were found to be 

associated with a 1.32-fold increased HCC risk comparing to rs2839698(C;C) homozygotes 

(T;T and C;C representing homozygotes, while C;T representing heterozygote). In the 

stratified analysis, rs2839698 and rs3024270 were found to be a significant increase in HCC 

risk especially in those less than 60 years old. Those with rs2839698 had significantly poor 

prognosis among smokers with HCC[103]. A comprehensive review of H19, tumorigenesis, 

and HCC has been described elsewhere[96, 104].

4. The roles of IGF2 in liver diseases.

As previously stated, H19 and IGF2 are closely linked and regulated [105]. IGF2, a gene 

in the H19/IGF2 cluster, shows highly similar patterns of gene expression with H19. IGF2 

is the predominant IGF with serum concentration approximately 3 times higher than that 

of IGF1 [106]. Similar to H19, IGF2 also plays a critical role in the pathogenesis of liver 

diseases, notably NAFLD and HCC [106]. In the NASH-HCC model, liver IGF2 level 

started to rise at 3 months at the development of steatosis and significantly increased when 

HCC developed [107]. Overexpression of IGF2 increases lipid accumulation and promotes 

hepatic steatosis [108]. The expression of hepatic IGF2 was increased by 40–100 folds in the 

human HCC liver compared to normal controls [109].

5. Translational applications

Detection of circulating H19 raises the possibility for its use as the biomarkers for diagnosis, 

risk prediction, and prognosis in liver diseases. Serum H19 was associated with poor 

disease-free survival in patients with HCC [110]. Modulation of H19 has a profound 

impact on the liver disease phenotypes. BC819 is a plasmid carrying H19 regulatory 
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sequences which contain 814 bp 5’-flanking region. It was constructed and linked with a 

fragment of diphtheria toxin (DT-A). Intravesical administration of BC-819 resulted in a 

50% reduction of the marker lesion in a phase I/II human study[111] Since the presence of 

H19 transcription factors only found in tumor cells, the designed plasmid was tested in early 

phase clinical trials for several types of cancers and HCC [112, 113]. Intra-arterial treatment 

with the DTA-H19 plasmid significantly delayed the tumor growth and resulted in tumor 

regression in animals with liver metastases of colon cancer[114]. Furthermore, a double 

promoter contained both H19 and IGF2-P4 (IGF2-promoter-4) regulatory sequences were 

constructed to drive DT-A (H19-DTA-IGF2-P4-DTA). These double promoter constructs 

exhibited superior tumor growth inhibition activity compared to the single promoter vectors 

[115]. These ongoing studies suggest clinical applicability in the use of H19 as the potential 

target for liver diseases.

6. Perspectives and conclusions

Since its discovery, we now have a much better understanding of the roles of H19 in 

the pathogenesis of liver diseases. H19 is implicated in various types of liver diseases 

through different mechanisms such as epigenetic modification, its effect on target gene 

promoters and mRNA stability, its role as the sponge for other miRNAs, and its implication 

in the cross-talk between hepatic and non-hepatic parenchymal cells in the liver (Fig. 

4). These regulations trigger downstream, signaling pathways to control lipid and bile 

acid metabolism, fibrogenesis, cellular proliferation, and tumorigenesis. An improved 

understanding from these studies will certainly provide us a useful perspective that will 

eventually lead to therapeutic intervention by targeting H19 in liver diseases.

Acknowledgments

ZY is supported by NIH K01AA26385, Indiana University Research Support Fund Grant (IU RSFG), and 
the Ralph W. and Grace M. Showalter Research Trust, and Indiana Institute for Medical Research; SL is 
supported in part by R01 DK107682, R01 AA025208, U01 AA026917, UH2/UH3 AA026903, VA Merit Award 
1I01CX000361 and Indiana Clinical and Translational Sciences Institute, UL1TR002529, National Center for 
Advancing Translational Sciences, Clinical and Translational Sciences Award and Showalter Scholar Indiana 
University School of Medicine and IUSM Dean’s Scholar in Medical Research; PK is supported by the grant from 
Indiana Institute for Medical Research (IIMR). All the authors have read the journal’s authorship agreement and 
declare that the manuscript has been reviewed and approved.

Abbreviation

α-SMA alpha smooth muscle actin

ADH3 alcohol dehydrogenase 3

AFP alpha fetoprotein

BA bile acids

BAK BCL2-antagonist/killer 1

BAX BCL2-associated X protein

BCL2 B-cell lymphoma protein 2
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BDL bile duct ligation

CCl4 carbon tetrachloride

CDC42 cell division control protein 42 homolog

CK19 cytokeratin 19

ChREBP carbohydrate-responsive element-binding protein

CTCF CCCTC-binding factor

CYP8B1 cytochrome P450 family 8 subfamily B member 1

CYP7A1 cytochrome P450 family 7 subfamily A member 1

DMR differentially methylated region

DNMT1 DNA methyltransferases1

E2F1 E2F transcription factor 1

EMT epithelial–mesenchymal transition

EpCAM epithelial cell adhesion molecule

EVs extracellular vesicles

FFAs free fatty acids

FOXA forkhead box A1

FOXF2 forkhead box F2

FOXO1 forkhead box O1

FXR farnesoid X receptor

HBV hepatitis B viral

HBx hepatitis B X protein

HCC hepatocellular carcinoma

HDACs histone deacetylases

HIF1α hypoxia inducible factor 1 subunit alpha

HNF4α hepatocyte nuclear factor 4-α

HSC hepatic stellate cell

ICR imprinting control region

IGF2 insulin-like growth factor 2

lncRNAs long non-coding RNAs
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miRNAs microRNAs

Mat maternal

MDR2 multidrug resistance 2

MeCP2 CpG binding protein 2

MLXIPL MLX-interacting protein-like

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

ncRNAs non-coding RNAs

NTCP sodium-taurocholate cotransporting polypeptide

Pat paternal

PAK1 P21 activated kinase 1

PEG3 paternally expressed gene 3

PPARα peroxisome proliferator-activated receptor-α

PPARγ peroxisome proliferator-activated receptor γ

PTBP1 polypyrimidine tract-binding protein 1

PSC primary sclerosing cholangitis

PXN Paxillin

RAF regulation of α-fetoprotein

RIF regulation of induction of α-fetoprotein

rRNAs ribosomal RNAs

siRNAs small interfering RNAs

SOX2 SRY-sex determining region Y- box 2

SP1 specific protein 1

SREBP1 sterol regulatory element binding protein1

SHP small heterodimer partner

S1PR2 sphingosine 1-phosphate receptor 2

SPHK2 sphingosine kinase 2

SNPs single nucleotide polymorphisms

TCA taurocholate
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TGF-β transforming growth factor-β

TM transmembrane domain

tRNAs transfer RNAs

ZEB-1 zinc finger E-box binding homeobox 1

ZHX2 zinc fingers and homeoboxes 2
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Figure 1. Imprinting control region (ICR) on the IGF2-H19 locus determines the expression 
lncRNA H19.
The relative location of DMRs (differentially methylated regions), IGF2 (insulin-like growth 

factor 2), ICR, H19, and enhancer were presented in Fig. 1A. On the paternal allele (Fig. 1B 

left), ICR is hypermethylated and prevents the expression of H19. In contrast, on maternal 

allele (Fig. 1B right), ICR is unmethylated and CCCTC binding factor (CTCF) is recruited. 

The enhancer binds the H19 promoter and activates its expression.
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Figure 2. The regulatory function of H19.
A. H19 regulates miR-675’s targets through the host expression of this microRNA. B. H19 

serves as a “sponge” to block the interaction of miRNAs and their targets. C. H19 interacts 

with chromatin modifiers resulting in gene silencing. D. H19 binds to RNA-binding protein 

to regulate targeted mRNA stability.
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Figure 3. LncRNA H19 regulation network in liver cells under pathological conditions.
Red sphere: exosomal H19; BAs: bile acids; S1PR2: sphingosine-1-phosphate receptor 2; 

BCL2: B-cell lymphoma 2; SREBP1: sterol regulatory element-binding transcription factor 

1; PTBP1: polypyrimidine tract binding protein 1; FA: fatty acid; HuR: human antigen 

R; ZEB1: zinc finger E-box binding homeobox 1; EpCAM: epithelial cellular adhesion 

molecule.
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Figure 4. Summary of the regulation of H19 in liver diseases.
The blue boxes are mechanisms regulating H19 expression. DMR: differentially methylated 

region; ICR: imprinting control region; TFs: transcriptional factors; BPs: binding partners. 

The red boxes are the mechanisms of H19 in liver diseases. NAFLD: non-alcoholic 

fatty liver disease; HBV: hepatitis B virus; ALF: acute liver failure; HCC: hepatocellular 

carcinoma. The factors in blue represented negative regulators while the factors in 

red represented positive regulators. The factors in black indicated unknown changes in 

expression levels.
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