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Introduction
Type 2 diabetes mellitus (T2D) is a disease of  impaired glucose homeostasis, which is characterized by 
elevated blood glucose levels (hyperglycemia) and insulin resistance. Chronic hyperglycemia causes dam-
age to major organs, including the blood vessels, heart, liver, brain, kidneys, and eyes, contributing heavily 
to the health and economic burden associated with this illness. As the main organ of  endogenous glucose 
production (EGP), the liver is especially critical in maintaining blood glucose levels. It is widely accepted 
that excessive hepatic glucose production (HGP) is the major contributing factor in the hyperglycemia of  
T2D (reviewed in refs. 1, 2). In healthy individuals, the increase in HGP has been ascribed to enhanced 
glycogenolysis and gluconeogenesis, leading to the production of  glucose-6-phosphate, which is subse-
quently dephosphorylated by glucose-6-phosphatase (G6PC) to become glucose, which is then released 
into the circulation. HGP is activated by glucagon during the fasted state and inhibited by insulin during 
the fed state. The regulatory pathways involved are characterized by an intricate web of  transcriptional 
factors and coactivators that regulate the expression of  key gluconeogenic enzymes, including phosphoe-
nolpyruvate carboxykinase (PEPCK) and G6PC; both are rate-limiting enzymes that catalyze the first and 
last steps of  gluconeogenesis reaction, respectively (1, 2). During fasting, the expression of  the transcrip-
tional coactivator PGC-1α is increased, leading to activation of  the entire gluconeogenesis program (3). 
Importantly, the hepatocyte nuclear factor 4 α (HNF4A) has been shown to be absolutely required for the 
PGC-1α–induced expression of  Pck1 and G6pc (3, 4). The transcriptional activation involves cooperative 

Excessive hepatic glucose production (HGP) contributes significantly to the hyperglycemia of 
type 2 diabetes; however, the molecular mechanism underlying this dysregulation remains poorly 
understood. Here, we show that fasting temporally increases the expression of H19 long noncoding 
RNA (lncRNA) in nondiabetic mouse liver, whereas its level is chronically elevated in diet-induced 
diabetic mice, consistent with the previously reported chronic hepatic H19 increase in diabetic 
patients. Importantly, liver-specific H19 overexpression promotes HGP, hyperglycemia, and insulin 
resistance, while H19 depletion enhances insulin-dependent suppression of HGP. Using genome-
wide methylation and transcriptome analyses, we demonstrate that H19 knockdown in hepatic cells 
alters promoter methylation and expression of Hnf4a, a master gluconeogenic transcription factor, 
and that this regulation is recapitulated in vivo. Our findings offer a mechanistic explanation of 
lncRNA H19’s role in the pathogenesis of diabetic hyperglycemia and suggest that targeting hepatic 
H19 may hold the potential of new treatment for this disease.
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binding of  PGC-1α and HNF4A to well-characterized cis-elements on the promoters of  Pck1 and G6pc (3, 
4). Consistent with impaired insulin-mediated suppression of  HGP in T2D, the expression of  Hnf4a, Pck1, 
and G6pc was increased in the liver of  multiple animal models of  diabetes (5–7).

The evolutionarily conserved imprinted H19, together with its coregulated Igf2, plays an important 
role in embryo development and growth control and has been associated with human genetic disorders. 
H19 is highly expressed in fetal tissues but strongly downregulated after birth — except in a few tissues, 
including skeletal muscle and heart. H19 encodes a multifunctional long noncoding RNA (lncRNA; 
hereafter called H19) that acts both in the nucleus and in the cytoplasm (8). We have recently found 
that H19 modulates DNA methylation genome-wide, in part through interaction with S-adenosylho-
mocysteine hydrolase (SAHH) in mouse skeletal muscle and human cancer cells (9, 10). SAHH is the 
only mammalian enzyme capable of  hydrolyzing S-adenosylhomocysteine (SAH), which is a potent 
feedback inhibitor of  S-adenosylmethionine–dependent (SAM-dependent) methyltransferases, includ-
ing DNA methyltransferases. H19 binds to SAHH and inactivates its enzymatic activity. This causes 
accumulation of  SAH and inhibition of  DNA methyltransferases, leading to decreased DNA methyla-
tion (9, 10). Importantly, H19 is expressed at low but appreciable levels in adult livers (11). Interestingly, 
its expression is chronically elevated in T2D patients with unknown biological significance (12). We 
hypothesized that the chronic increase of  hepatic H19 expression may contribute to abnormal glucose 
production and, hence, hyperglycemia in T2D patients.

In this report, we show chronically increased H19 expression in diet-induced diabetic mouse liver, reca-
pitulating observations from human patients (12). Importantly, liver-specific H19 overexpression promotes 
HGP, hyperglycemia, and insulin resistance, whereas H19 deletion leads to enhanced insulin-dependent 
suppression of  HGP. Mechanistically, we provide evidence that an H19-induced alteration in promoter 
methylation and expression of  Hnf4a may contribute to the underlying mechanism.

Results
Hepatic H19 expression is chronically increased in diabetic mice. To test whether increased hepatic H19 expres-
sion seen in T2D human patients (12) could be recapitulated in a mouse model, we treated mice with a 
high-fat diet (HFD). Compared with normal chow–fed (NC-fed) mice, the HFD-fed mice gained more 
weight (Figure 1A), had an elevated fasting glucose (Figure 1B), and became glucose intolerant (Figure 
1C). These mice also displayed increased hepatic expression of  H19 (Figure 1D). These results demonstrate 
a positive relationship between increased hepatic H19 expression and impaired glucose homeostasis.

Liver-specific H19 overexpression promotes HGP, hyperglycemia, and insulin resistance. To determine wheth-
er increased hepatic H19 expression is associated with impaired glucose metabolism, a tissue-specific 
H19 gain-of-function mouse model was used. Thus, H19 was overexpressed in the liver (Figure 1E) 
using a recombinant adeno-associated virus serotype 8 (AAV8) vector shown to have superior tropism 
for liver (13, 14). Liver-specific H19 overexpression was achieved by i.v. administration of  AAV-H19 that 
expresses mouse full-length H19 driven by a liver-specific promoter, thyroxin-binding globulin (TBG) 
(13, 14). The lack of  differential H19 expression in other tissues between the AAV-Vec– and AAV-H19–
injected mice further confirmed liver-specific H19 overexpression (Supplemental Figure 1; supplemental 
material available online with this article; https://doi.org/10.1172/jci.insight.120304DS1). The H19 
gain-of-function mice showed increase in both fasting glucose (Figure 1F) and insulin (Figure 1G) levels. 
Pyruvate tolerance tests (PTT, a readout for HGP; refs. 15, 16) revealed higher glucose levels following 
pyruvate injection (Figure 1H). The H19-overexpressed mice also were glucose intolerant (Figure 1I) and 
insulin resistant (Figure 1J). Collectively, these results suggest that an elevated level of  H19 in the liver 
augments HGP and impairs glucose homeostasis.

H19 deletion enhances insulin-dependent suppression of  HGP. To further characterize H19’s role in HGP 
and glucose metabolism, we used a whole-body H19-KO mouse model (17, 18). The KO mice showed 
an overgrowth phenotype and skeletal muscle hyperplasia and hypertrophy (17, 18), consistent with the 
role of  the imprinted H19-Igf2 locus in embryo development and growth regulation (8). However, the met-
abolic phenotype of  the KO mice has not been previously documented. To determine effects of  H19 loss 
of  function in HGP, hyperinsulinemic-euglycemic clamp studies were performed. The glucose infusion 
rate (GIR) in the KO mice was significantly higher compared with the WT mice (Figure 2A), reflecting 
enhanced whole-body insulin sensitivity. While neither the peripheral glucose uptake (Figure 2B) nor the 
EGP under the basal condition (Figure 2C) was affected, there was a significant reduction in EGP under 
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the clamp condition (Figure 2D) (see Discussion). Thus, the improved whole-body insulin sensitivity could 
be attributed to enhanced insulin-dependent suppression of  EGP, which could be explained, at least in part, 
by the decreased expression of  key gluconeogenic genes in the KO liver (Figure 2E). Taken together, these 
results suggest that H19 loss of  function sensitizes the liver for insulin-dependent suppression of  HGP.

H19 positively regulates gluconeogenic gene expression and glucose production. To provide mechanistic insights 
into the H19-dependent regulation of  HGP observed in vivo, we used both HepG2 human hepatoma cells 
and primary mouse hepatocytes. H19 expression is robust in fetal hepatocytes but sharply declines in fully 
differentiated hepatocytes after birth. In human hepatoma cells, however, H19 expression is reactivated (19, 
20). Thus, HepG2 cells were transfected with control siRNA (siCon) or H19-specific siRNA (siH19) (10), 
followed by glucose production assays. When H19 was downregulated (Figure 3A), the expression of  Igf2 
was not affected (Figure 3A), despite reports that H19 and Igf2 are coregulated in mouse skeletal muscle (8, 
18). There was a significant decrease in glucose output in the H19-knockdown cells (Figure 3B), suggesting 
a positive role of  H19 in glucose production. Next, we performed genome-wide transcriptome analysis in 
H19-knockdown HepG2 cells. RNA-seq analysis revealed a significant decrease in the expression of  HNF4A, 
as well as key gluconeogenic enzyme genes PCK1 and G6PC. These downregulations were also confirmed by 
quantitative PCR (qPCR) (Figure 3C) and Western blotting (Figure 3D). On the other hand, when H19 was 
overexpressed in primary mouse hepatocytes (known to express low levels of  endogenous H19), there was 
an increase in expression of  Hnf4a, Pck1, and G6pc at both the mRNA (Figure 3E) and protein (Figure 3F) 
levels, with a concomitant increase in glucose production (Figure 3G). Collectively, these findings indicate 
that H19 increases glucose production, at least in part by stimulating key gluconeogenic gene expression.

Figure 1. Effects of hepatic H19 upregulation on HGP and glucose homeostasis. (A) Body weight of mice fed with normal chow (NC) or high-fat diet (HFD). 
(B) Fasting plasma glucose levels. (C) Results of glucose-tolerance tests (GTTs). (D) Scatter plot of H19 levels in the liver. The horizontal line depicts group 
median, and the whiskers mark the interquartile range. (E) Scatter plot of H19 levels in livers of mice injected with AAV-Vec or AAV-H19. (F) Fasting blood 
glucose levels from mice injected with AAV-Vec or AAV-H19. (G) Fasting plasma insulin levels of mice injected with AAV-Vec or AAV-H19. (H) PTT results from 
mice injected with AAV-Vec or AAV-H19. (I) GTT results from mice injected with AAV-Vec or AAV-H19. (J) ITT results from mice injected AAV-Vec or AAV-H19.  
n = 5–6 mice per group. Data are the mean ± SEM. *P < 0.05, **P < 0.01. Student t test is used to compare differences between quantitative variables.
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H19 regulates Hnf4a promoter methylation. In close inspection of  our previous single nucleotide resolution 
genome-wide methylation data from human endometrial cancer cells (10) we noticed a correlation between 
H19 downregulation and increased methylation at multiple CpG sites within a 362-bp highly conserved 
promoter region of  human HNF4A (herein designated as differentially methylated region [DMR]) (Figure 
4A and Supplemental Figure 2). To determine whether H19 knockdown in HepG2 cells might also lead to 
increased methylation of  the DMR, quantitative methylation–specific PCR (QMSP) was performed using 
previously described methods (9, 10). The QMSP primers were designed based on the differentially meth-
ylated cytosine residues within the DMR (Supplemental Figure 2). As shown in Figure 4B, cells treated 
with siH19 had an increase in promoter methylation compared with cells treated with siCon. As increased 
promoter methylation often represses gene expression, there was indeed a decrease in the Hnf4a mRNA 
level in siH19- versus siCon-treated cells (Figure 4C).

As H19 is known to bind SAHH and inactivate it, leading to decreased DNA methylation (9, 10), we test-
ed whether this H19/SAHH pathway might be involved in the regulation of  HNF4A methylation. As expect-
ed, in the presence of  D-Eritadenine (DEA), a SAHH-specific inhibitor that mimics the inhibitory function 
of  H19, both methylation (Figure 4B) and mRNA (Figure 4C) of  HNF4A were restored to control levels. To 
provide further evidence for the involvement of  the H19/SAHH pathway, RNA IP (RIP) experiments using 
a monoclonal antibody specific to SAHH (9) with AAV-H19–infected mouse livers were carried out. A nearly 
8-fold enrichment of  H19 in SAHH-containing RNA-protein complexes relative to control IgG immunopre-
cipitates was observed, whereas Gapdh mRNA, expressed at a ~100-fold higher level than that of  H19, was 
not detected in the SAHH-containing complexes (Figure 4D), indicating a physical interaction between H19 
and SAHH in hepatocytes. Taken together, these results suggest that H19 regulates promoter methylation and 
expression of  Hnf4a in hepatocytes and that this regulation is likely dependent on the H19/SAHH pathway.

Fasting temporally upregulates hepatic H19 and promotes hypomethylation and expression of  Hnf4a. To test 
whether the H19-mediated regulation of  Hnf4a promoter methylation and expression occurs in vivo, we 
took advantage of  the fasting mouse model, which is known to increase HGP. Thus, WT mice were sub-
jected to 12-hour overnight fasting, followed by gene expression and methylation analysis. Overnight 
fasting resulted in upregulation of  H19, together with Hnf4a, Pck1, and G6pc at levels of  both mRNA 
(Figure 5A) and protein (Figure 5B). Thus, H19 expression is temporally induced by fasting under phys-
iological conditions, which was not previously documented in the literature. During fasting, glucagon 
is the main peptide hormone secreted from the α cells of  the pancreas. It acts on the glucagon receptor 

Figure 2. Hyperinsulinemic/euglycemic clamp studies of WT and KO mice. Compared with the WT mice, the KO mice showed an increased glucose infu-
sion rate (A), unchanged whole-body glucose uptake (B), unchanged basal EGP (C), and increased insulin-stimulated EGP suppression (D). Western blots 
and corresponding densitometry show decreased gluconeogenic gene expression in KO versus WT mouse livers (E). n = 5–7 mice per genotype. Quantifica-
tion is based on 3 independent experiments. Numbers are the mean ± SEM. *P < 0.05 based on Student t test.
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to increase cAMP, which activates cAMP-dependent protein kinase A (PKA), leading to enhanced glu-
coneogenic gene expression (1). Incubation of  HepG2 cells with glucagon stimulated H19 expression, 
an effect that was mimicked by cAMP and abolished by H89, a pharmacological inhibitor of  PKA (21) 
(Figure 5C). These results suggest that glucagon released during fasting may contribute to H19 upregu-
lation and that the cAMP-PKA signaling may be involved in this regulation.

As decreased H19 expression increases promoter methylation of  HNF4A in cultured human cells (Fig-
ure 4B), we predicted that fasting (which increases H19 expression) would decrease Hnf4a promoter methyl-
ation and subsequently increase its expression. Indeed, our genome-wide single-nucleotide resolution DNA 
methylation analysis revealed decreased methylation at multiple CpG sites within the conserved promoter 
region of  Hnf4a in fasted versus control mouse livers (Figure 4A and Supplemental Figure 3A), which was 
further confirmed by QMSP (Figure 5D). In sharp contrast to Hnf4a, whose promoter became hypomethyl-
ated in response to fasting, the promoters of  both G6pc and Pck1 showed hypermethylation (Supplemental 
Figure 3, B and C). This suggests that the increase in expression of  G6pc and Pck1 in fasted liver is likely not 
a direct effect of  H19 but rather a result of  HNF4A-dependent regulation. Collectively, these results suggest 
that acute H19 upregulation induces Hnf4a promoter hypomethylation and expression, contributing to the 
subsequent increase in key gluconeogenic gene expression and HGP under physiological conditions.

Chronic alteration of  H19 expression affects Hnf4a methylation and gluconeogenic gene expression. We have 
induced hepatic H19 upregulation by HFD feeding (Figure 1D) or by AAV-H19 injection (Figure 1E), 
and we have used the H19-KO mouse model to test the effects of  H19 depletion. Remarkably, when H19 
was chronically increased by HFD feeding, there was a decrease in Hnf4a promoter methylation (Figure 
6A) with a concomitant increase in Hnf4a mRNA (Figure 6B). As expected, the expression of  the key 
gluconeogenic genes was also increased (Figure 6C). A similar situation was observed when H19 was 
overexpressed by AAV-H19 injection (Figure 6, D–F). On the other hand, when H19 was depleted, there 
was an increase in Hnf4a promoter methylation (Figure 6G), a decrease in Hnf4a mRNA (Figure 6H), and 
a decrease in expression of  key gluconeogenic genes (Figure 6I). Thus, there is a strong in vivo positive 

Figure 3. Effects of H19 expression on gluconeogenic gene expression and glucose output in vitro. (A) HepG2 cells were transfected with siCon or siH19, 
followed by RNA extraction and qPCR analysis 48 hours later. Relative RNA levels are presented. (B) HepG2 cells were transfected with siCon or siH19, and 
glucose output assays were performed 48 hours later. Relative glucose outputs are presented. (C) qPCR results of HepG2 cells transfected with siCon or siH19 
at 48-hour time point. (D) HepG2 cells were transfected with siCon or siH19, followed by Western blot analysis 48 hours later. Representative gel images 
from 3 transfection experiments are shown, with fold decreases in siH19 compared with siCon transfected cells marked on the right. (E–G) Mouse primary 
hepatocytes were infected with AAV-Vec or AAV-H19 viruses, followed by qPCR and Western blot analyses at 48 hours and glucose output assays at 72 hours. 
Quantification is based on 3 independent transfection/infection experiments. Numbers are the mean ± SEM. *P < 0.05, **P < 0.01 based on Student t test.
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correlation between H19 expression, Hnf4a promoter hypomethylation, Hnf4a mRNA level, and gluconeo-
genic protein levels in all cases tested so far (Figure 6, A–I, and Figure 5, A, B, and D).

Insulin suppresses hepatic gluconeogenesis by binding to and initiating signaling through the insulin 
receptor (INSR). One critical downstream pathway is the insulin-stimulated PI3K-mediated phosphory-
lation of  AKT at Ser473, leading to direct inhibition of  transcription of  Pck1 and G6pc (reviewed in ref. 
2). To rule out the possibility that the H19-induced increase in expression of  Pck1 and G6pc (Figure 6F) 
might be a result of  decreased insulin signaling, INSR expression and AKT phosphorylation at Ser473 
were analyzed. An increase in both INSR expression (Figure 6J) and AKT phosphorylation (Figure 6J) in 
AAV-H19 as compared with AAV-Vec–infected livers was observed, suggesting enhanced insulin signaling 
in the H19-overexpressed liver. While the increased insulin signaling could be due to a compensatory 

Figure 4. Regulation of HNF4A promoter methylation via the H19/SAHH pathway. (A) Sequences of DMRs in the conserved promoter region of 
human and mouse Hnf4a. The 3 differentially methylated cytosine residues are indicated. The numbers on top of the sequences mark the positions 
of the indicated nucleotides in the chromosomes. The 3 differentially methylated cytosine residues are indicated in pink with arrowheads. (B) HepG2 
cells were transfected with siCon, siH19, or siH19 + DEA. Genomic DNAs were extracted 15 hours later and analyzed by QMSP. (C) HepG2 cells were 
treated as described in B. RNAs were extracted 24 hours later and analyzed by qPCR. (D) RIP with anti-SAHH or preimmune IgGs from extracts of 
mouse livers. Top panel: RNA levels in immunoprecipitates were determined by qPCR. Levels of H19 and Gapdh mRNA are presented as fold enrich-
ment in anti-SAHH relative to IgG immunoprecipitates. Bottom panel: relative RNA levels of H19 and Gapdh in mouse livers. Quantification is based 
on 3 independent experiments. Data are the mean ± SEM. *P < 0.05, **P < 0.01 based on Student t test.
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mechanism, these results further support the notion that the H19/Hnf4a pathway likely constitutes an 
important mechanism of  hepatic gluconeogenic gene activation.

Igf2 and miR-675 are not involved in H19-mediated regulation of  HGP. To test whether miR-675 encoded by 
H19 (22) and/or Igf2 (which is coregulated with H19 in skeletal muscle; ref. 18) contribute to the H19-me-
diated regulation of  HGP, hepatic expressions of  miR-675 and Igf2 were evaluated. In WT mice, no sig-
nificant difference in levels of  Igf2 mRNA (Supplemental Figure 4A) and miR-675 (Supplemental Figure 
4B) was detected between control and fasted livers, nor was there a significant difference in Igf2 expression 
between WT and KO livers (Supplemental Figure 4C). These results are consistent with previous studies 
reporting lack of  coregulation of  H19 with miR-675 and Igf2 in livers (11, 23). Taken together with the 
notion that Igf2 expression was not affected in H19-knockdown HepG2 cells (Figure 3A), we conclude that 
Igf2 and miR-675 are likely not contributing to the H19-dependent regulation of  HGP.

Discussion
We have found that H19, which is normally expressed at a low but appreciable level in the liver, is temporal-
ly increased by fasting under physiological conditions. This acute H19 elevation leads to decreased promot-
er methylation and increased expression of  Hnf4a and subsequent activation of  the gluconeogenic program. 
Importantly, this lncRNA-mediated mechanism is shared by pathological conditions where a chronically 
elevated H19 is seen both in animals (Figure 1D) and in human subjects with T2D (12). A proposed model 
is shown in Figure 6K.

While acute insulin-stimulated repression of  gluconeogenesis can occur without alteration in glucone-
ogenic gene expression (24), in chronic diabetic states, inhibition of  rate-limiting gluconeogenic enzyme 
production has been shown to reduce HGP and improve insulin sensitivity (25). Along the same lines, in 
the H19-KO liver, the enhanced insulin-mediated suppression of  HGP (Figure 2D) can be ascribed, at least 
in part, to decreased expression of  the rate-limiting enzymes (Figure 2E). On the other hand, liver-specific 
H19 overexpression in WT mice leads to hypomethylation of  Hnf4a (Figure 6D) and increased glucone-
ogenic enzyme production (Figure 6, E and F) and HGP (Figure 1H). It is thus conceivable that, under 
diabetic conditions, the chronic increase in hepatic H19 contributes to elevated levels of  gluconeogenic 
enzymes, thereby reducing the ability of  insulin to suppress HGP.

The lack of  reduction in EGP under the basal condition in the KO versus WT livers (Figure 2C) was 
initially unexpected. Under normal conditions, the liver is the major source of  EGP during fasting. How-
ever, mice with liver-specific deletion of  G6pc (therefore incapable of  HGP) were able to maintain normal 
fasting plasma glucose levels due to compensatory induction of  gluconeogenesis in the kidney and intestine 
(26, 27). Thus, a compensatory induction of  extrahepatic gluconeogenesis in the H19-KO mice during 
fasting might have helped to maintain the basal EGP.

We have previously reported that H19 downregulation by siRNA in mouse myotubes or by metformin 
treatment in human endometrial cancer cells promotes extensive global DNA methylation changes and that 
the interaction between H19 and SAHH constitutes 1 underlying mechanism (the H19/SAHH regulatory axis) 

Figure 5. Effects of fasting on H19 and gluconeogenic gene expression. (A) WT mice were fasted overnight. qPCR analysis was performed on liver samples 
collected from fasted and nonfasted (Ctr) animals. Scatter plot of RNA levels is shown. (B) WT mice were overnight fasted, followed by protein analysis of 
the indicated genes by Western blotting. (C) HepG2 cells were treated with the indicated reagents for 2 hours. Relative H19 levels are presented. (D) Scatter 
plot of Hnf4a methylation as assessed by QMSP in fasted and control livers. n = 8–9 animals. Quantification is based on 3 independent experiments. Data 
are the mean ± SEM. *P < 0.05, **P < 0.01 based on Student t test.
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(9, 10). While the mechanism dictating H19/SAHH-mediated target gene selection remains to be investigated, 
we were able to predict and subsequently confirm (by both QMSP and genome-wide DNA methylation pro-
filing) the direction (increase or decrease) and sites of Hnf4a methylation in both human (HepG2) and mouse 
(liver). This strongly suggests that the highly conserved promoter region of Hnf4a is likely a direct target of the 
H19/SAHH-mediated regulation. The causative role of H19 in inducing Hnf4a promoter hypomethylation 
is further supported by both our in vitro (HepG2) and in vivo (liver-specific H19 overexpression and whole-
body H19-KO mouse models) studies, as well as by an independent study demonstrating a positive correlation 
between H19, HNF4A promoter hypomethylation, and expression in human gastric cancer (28). It is important 
to note that the H19-induced changes in the levels of Hnf4a promoter methylation were modest, while stronger 
changes in its protein levels were observed. This suggests that other mechanisms are involved in the regulation 
of Hnf4a expression. Likewise, HNF4A-independent pathways are most likely also involved in the H19-medi-
ated regulation of gluconeogenesis.

A recent study reported decreased H19 expression in the liver of  diabetic db/db mice and that siRNA-me-
diated H19 knockdown in HepG2 and primary mouse hepatocytes resulted in increased gluconeogenic gene 
expression and glucose production (29). These results are opposite to ours reported here. While the reason 
for this apparent discrepancy is unclear, it is noteworthy to point out that our results have been derived from 
multiple animal models (both H19 loss of  function and gain of  function, HFD, and overnight fasting) and are 
consistent with human studies reporting increased hepatic H19 expression in diabetic patients (12).

It has been well established that gluconeogenesis is activated by glucagon and inhibited by insulin. 
The upregulation of  H19 by glucagon in hepatic cells (Figure 5C) further supports a role of  H19 in glu-
coneogenesis activation. The glucagon-stimulated H19 upregulation appears to be via the cAMP/PKA 
pathway, which is interesting because H19 upregulation by cAMP analogs or PKA activators has been 

Figure 6. Effects of H19 expression on hepatic Hnf4a promoter methylation, gluconeogenic gene expression, and insulin signaling in vivo. Genomic 
DNAs were extracted from livers of NC and HFD mice (A), AAV-Vec and AAV-H19 mice (D), and WT and KO mice (G) fed ad libitum. Hnf4a promoter methyl-
ation was assessed by QMSP. (B, E, H) Relative Hnf4a mRNA levels as assessed by qPCR. (C, F, I) Relative protein levels as assessed by Western blotting. 
(J) Effects of H19 overexpression on hepatic insulin signaling. Proteins were extracted from livers of AAV-Vec– or AAV-H19–infected mice fed ad libitum and 
subjected to Western blot analysis. Quantifications (top panels) of INSR protein levels and AKT phosphorylation at Ser473 of the Western blots (bottom 
panel) are shown. n = 4–5 animals per group. Numbers are the mean ± SEM. *P < 0.05, **P < 0.01 based on Student t test. (K) A proposed model.
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reported to occur in primary cultures of  human fetal adrenal cells, as well as adult human adrenocortical 
cells (30, 31). While glucagon may promote hepatic H19 expression during fasting in healthy individu-
als, it may also contribute to the chronic increase in H19 in liver of  T2D patients (12). It has long been 
known that T2D patients have chronic hyperglucagonemia, in part due to inappropriately increased 
α cell function (32, 33). The detailed molecular mechanism by which glucagon regulates hepatic H19 
expression remains to be determined.

In summary, the findings presented in this study represent the first example to our knowledge of  a 
lncRNA-mediated mechanism in the pathogenesis of  diabetic hyperglycemia and suggest that targeting 
hepatic H19 may be a new option for the treatment of  this disease.

Methods
Antibodies and reagents. Antibodies for G6PC (ab83690 [for human G6PC], used at a dilution of  1/500, 
from Abcam; LS-C446262 [for mouse G6PC], used at dilution of  1:1,000, from LifeSpan BioSciences), 
HNF4A (Abcam, ab181604; used at a dilution of  1/1,000), PEPCK (Abcam, ab70358; used at a dilution 
of  1/1,000), INSR-β (A303-712A, Bethyl Laboratories Inc., used at a dilution of  1/1,000), pAKT Ser473 
(9271L, Cell Signaling Technology, used at a dilution of  1/1,000), AKT (9272S, Cell Signaling Technology, 
used at a dilution of  1/1,000), and β-actin (Cell Signaling Technology, 4967; used at a dilution of  1/5,000) 
were purchased. Human H19 siRNA (siH19) and siCon were previously described (34). Glucagon (G2044-
1MG, MilliporeSigma) and DEA (sc-207632, Santa Cruz Biotechnology Inc.) were purchased. DEA was 
used at a final concentration of  20 μM.

Animals. All mice used in this report were male. CD-1 mice were obtained from Charles River Labora-
tories. The H19-KO mice on the background of  C57BL/6J were gifts from Luisa Dandolo (Institut Cochin, 
Paris, France). Mice were housed at 22°C–24°C with a 12-hour light/12-hour dark cycle with standard 
chow (Purina Chow; Purina Mills) and water provided ad libitum. For fasting experiments (Figure 5, A, B, 
and D), 12-week-old CD-1 mice were fasted for 12 hours and then sacrificed by ether anesthesia followed 
by cervical dislocation. Liver samples were collected and snap frozen in liquid nitrogen and stored at –80°C 
for further analysis. For HFD experiments (Figure 1, A–D), WT C57BL/6J mice at 9 weeks old were 
exposed to HFD for 8 weeks, followed by the indicated tests.

AAV production and in vivo AAV administration. The AAV-H19 expression plasmid was created by 
cloning a mouse H19 full-length DNA (NR_001592) into an AAV8-TBG vector (Vigene Biosciences). 
Viruses were amplified, packaged, and purified by Vigene. WT CD-1 mice at 16 weeks old were tail-vein 
injected with AAV-H19 or AAV-Vec (as negative control) at 1 × 1010 gc/mouse in 150 μl of  PBS/5% 
sorbitol (Vigene Biosciences). The viral dose was based on a previously published report (14). Before 
injection, mice were exposed to heat lamp to dilate the tail vein and then placed in a restrainer permit-
ting access to the tail vein. The tail was cleansed with 70% ethanol (Decon Labs), and the injection was 
made in the lateral vein, using 27-gauge needles.

PTT, glucose-tolerance test (GTT), and insulin-tolerant test (ITT). PTT, GTT, and ITT were carried out 
as previously described (35). Briefly, mice injected with AAV-H19 or AAV-Vec were subjected to PTT 
at 2 weeks following the viral injection. PTT was performed in 16-hour–fasted animals. Mice received 
an i.p. injection of  2 g/kg body weight sodium pyruvate (MilliporeSigma, P5280). Blood glucose con-
centrations were measured from blood samples obtained from the tail vein at 15, 30, 45, 60, 90, and 120 
minutes after the injection. Fasting plasma insulin levels were measured using Mouse Insulin ELISA kit 
(MilliporeSigma, EZRMI-13K) according to the manufacturer’s instructions. For GTT, following over-
night (12-hour) fasting, the basal level of  blood glucose was measured. Glucose (1 g/kg; MilliporeSig-
ma, G5767) was injected i.p., and the blood glucose concentration was measured from a blood sample 
obtained from the tail vein 15, 30, 45, 60, 90, and 120 minutes after the glucose injection. ITTs were 
performed in ad libitum–fed mice. Each animal received an i.p. injection of  insulin at 1 U/kg (Humulin 
R; Eli Lilly). Blood glucose levels were monitored at 0, 15, 30, 45, 60, and 120 min after the injection.

Hyperinsulinemic-euglycemic clamp studies. The experiments were carried out on 11-week-old WT and H19-
KO mice as previously described with minor modification (36) (Figure 2, A–D). Briefly, mice were anesthe-
tized and cannulated. After recovery for 7 days, mice were fasted overnight (14 hours), followed by infusion of  
D-[3-3H]glucose to assess the basal rate of  whole body glucose turnover. Following the basal period, a 2-hour 
hyperinsulinemic-euglycemic clamp was conducted with a fixed amount of  insulin (4 mU/[kg-min]) and a 
variable amount of  20% dextrose to maintain euglycemia. Tissues were collected at the end of  the clamp.
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Cell culture, transfection, and AAV infection. Mouse primary hepatocytes were prepared as previously 
described (37). For H19-overexpression experiments, freshly isolated mouse primary hepatocytes were 
seeded in 12-well plates at 4 × 105 cells/well and infected with AAV-Vec or AAV-H19 at 2,000 gc/cell at 
2 hours after seeding. RNA and proteins were extracted at 48 hours after infection for qPCR and Western 
blot analyses. Glucose output assays were carried out at 72 hours after infection. HepG2 cells (American 
Type Culture Collection, ATCC HB-8065) were authenticated and were free from mycoplasma contam-
ination. The cells were maintained in ATCC-formulated Eagle’s Minimum Essential Medium (EMEM; 
ATCC30-2003) supplemented with 10% FBS, heat inactivated FBS, and 1% penicillin/streptomycin. Cells 
were transfected in a 24-well plate scale. To prepare siRNA transfection solution for each well, 2 pmol 
of  siCon or siH19 was mixed with 100 μl OPTI-MEM (Gibco) by gentle pipetting. In parallel, 1 μl Lipo-
fectamine 2000 (Thermo Fisher Scientific) was mixed with 100 μl OPTI-MEM. Following 5 minutes of  
incubation at room temperature, the 2 were mixed by gentle pipetting and incubated for 20–30 minutes at 
room temperature to allow siRNA/lipid complexes to form. At the end of  incubation, the 200-μl transfec-
tion solution was used to resuspend cell pellet (2 × 105 cells). After incubation at room temperature for 10 
minutes, regular growth medium was added at a ratio of  1:2 (1 volume of  transfection solution/2 volumes 
of  growth medium), and the cell suspension was transferred to the culture plate. After 5-hour incubation at 
37°C in 5% CO2, the medium was replaced with fresh growth medium. RNA, genomic DNA, and protein 
were extracted and analyzed at the indicated time points following transfection.

Methyl-MiniSeq library construction. Libraries were prepared from 200–500 ng of  genomic DNA 
digested with 60 units of  TaqαI and 30 units of  MspI (NEB) sequentially and then extracted with Zymo 
Research (ZR) DNA Clean & Concentrator-5 kit (catalog D4003). Fragments were ligated to preannealed 
adapters containing 5-Methylcytosine instead of  cytosine according to Illumina’s specified guidelines 
(www.illumina.com). Adaptor-ligated fragments of  150–250 bp and 250–350 bp in size were recovered 
from a 2.5% NuSieve 1:1 agarose gel (Zymoclean Gel DNA Recovery Kit, ZR, D4001). The fragments 
were then bisulfite-treated using the EZ DNA Methylation-Lightning Kit (ZR, D5020). Preparative-scale 
PCR was performed, and the resulting products were purified (DNA Clean & Concentrator, ZR, D4005) 
for sequencing on an Illumina HiSeq.

Methyl-MiniSeq sequence alignments and data analysis. Sequence reads from bisulfite-treated EpiQuest 
libraries were identified using standard Illumina base-calling software and then analyzed using a ZR 
proprietary analysis pipeline, which is written in Python and used Bismark (http://www.bioinformatics.
babraham.ac.uk/projects/bismark/) to perform the alignment. Index files were constructed using the 
bismark_genome_preparation command and the entire reference genome. The non_directional param-
eter was applied while running Bismark. All other parameters were set to default. Filled-in nucleotides 
were trimmed off  when doing methylation calling. The methylation level of  each sampled cytosine was 
estimated as the number of  reads reporting a C, divided by the total number of  reads reporting a C or 
T. Fisher’s exact test or 2-tailed Student’s t test was performed for each CpG site that has at least 5 reads 
coverage, and promoter, gene body, and CpG island annotations were added for each CpG included in 
the comparison. Methylation data are available at GEO accession GSE103437 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE103437).

RNA-seq and data analysis. HepG2 cells were transfected with siCon or siH19 in a 6-well plate. Cells 
were harvested for RNA extraction 48 hours after transfection using the Purelink RNA mini kit (Ambion, 
12183018A). RNA-seq libraries were prepared using the Illumina TruSeq Stranded Total RNA LT kit with 
Ribo-Zero Human/Mouse/Rat, setA (rs-122–2201) according to the sample preparation protocol. Briefly, 
1 μg of  total RNA was subjected to Ribo-Zero depletion to remove ribosomal RNAs (rRNAs). The remain-
ing RNA was purified, fragmented, and primed with random hexamers for cDNA synthesis. After first 
and second cDNA synthesis, cDNA fragments were adenylated and then ligated to indexing adapters. The 
cDNA fragments were enriched by PCR, purified, and then sequenced on an Illumina NextSeq500 using 
paired-end chemistry and 76-bp cycles. Sequences are available from the GEO with accession number of  
GSE103437. Illumina BaseSpace–embedding tools (https://basespace.illumina.com/) were used to ana-
lyze the RNA-seq data. RNA-Seq Alignment v1.0.0 was used to map sequencing reads to mm10 genome 
and quantify reads of  genes. DESeq2 v1.0.0 was applied to calculate differential expression of  genes.

RNA extraction and qPCR. Total RNAs were extracted from liver tissue samples or from HepG2 cells 
using PureLink RNA Mini Kit (Ambion, 12183018A). cDNA was synthesized using PrimeScript RT 
Reagent Kit (TAKARA, RR037A) in a 20-μl reaction containing 0.5–1 μg of  total RNA. qPCR was 
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performed in a 15-μl reaction containing 0.5–1 μl of  cDNA using iQSYBRGreen (Bio-Rad) in a Bio-Rad 
iCycler. PCR was performed by initial denaturation at 95°C for 5 minutes, followed by 40 cycles of  30 
seconds at 95°C, 30 seconds at 60°C, and 30 seconds at 72°C. Specificity was verified by melting curve 
analysis and agarose gel electrophoresis. The Ct values of  each sample were used in the post-PCR data 
analysis. Gene expression levels were normalized against housekeeping genes Hprt1 and Rplp0. Real-time 
PCR primers are listed in Supplemental Table 1.

Western blot analysis. Cells in 24- or 12-well plates were quickly lysed in situ in 2× SDS-sample buffer 
(100/200 μl/well), followed by heating at 100°C for 5 minutes, with occasional vortexing. In the case of  
liver samples, ~10 mg of  frozen tissues were homogenized in 200 μl of  2× SDS-sample buffer and then 
heated at 100°C for 5 minutes, with occasional vortexing. Homogenized samples were loaded onto 12% 
SDS gel (5 μg/well; Bio-Rad), followed by Western blot analysis. The linear dynamic range of  each protein 
of  interest was determined by serial dilutions. Bands on Western blot gels were quantified using ImageJ. 
β-Actin was used as a loading control.

RIP. To prepare antibodies, 10 μl of  protein G Sepharose beads (Santa Cruz Biotechnology Inc., 
sc-2002) were incubated with 20 μg of  monoclonal anti-SAHH antibody (Santa Cruz Biotechnology 
Inc., sc-271389) or 20 μg of  mouse preimmune IgG (Chemicon, PP54) in 500 μl of  IP buffer (0.5% 
Triton X-100, 200 mM NaCl, 10 mM Tris-HCl at pH 7.5, and 10 mM EDTA) at 4°C overnight. The 
next day, the beads were washed 3× with IP buffer and kept on ice until used. To prepare tissue lysates, 
30 mg of  frozen liver tissue was manually homogenized on ice in 900 μl of  freshly prepared lysis buffer 
(0.5% Triton X-100, 10 mM NaCl, 10 mM Tris-HCl at pH 7.5, 10 mM EDTA, 0.5 mM PMSF, 1 mM 
DTT, 1× protease inhibitor cocktail [Calbiochem], and 400 units/ml RNase inhibitor), followed by 
incubation on ice for 10 minutes. After removing insoluble materials by centrifugation, lysates were 
precleared using 10 μl of  protein G sepharose (NaCl was added to a final concentration of  200 mM), 
followed by addition of  yeast transfer RNA (tRNA) (Ambion) to a final concentration of  40 μg/ml. 
The cleared lysates were transferred to tubes containing antibody or preimmune IgG-coated beads, and 
RIP was carried out by rotating the tubes at 4°C for 3 hours. Following RIP, the beads were washed 5× 
with IP buffer by adding 1 ml of  the buffer and rotating the tube at 4°C for 2 minutes each time. RNA 
was extracted from the beads using PureLink RNA Mini Kit (Ambion, 12183018A). Reverse transcrip-
tion was performed in a 40 μl reaction volume using PrimeScriptRT Reagent Kit (TAKARA Bio USA 
Inc., RR037A), followed by qPCR.

Glucose output assay. Glucose output assay was performed using Amplex Red Glucose/Glucose Oxidase 
Assay Kit (Molecular Probes, Invitrogen, A22189), according to the manufacturer’s instructions. Briefly, 
HepG2 cells were transfected with siCon or siH19 in a 24-well plate, followed by glucose output assay 48 
hours later. For primary mouse hepatocytes, cells were infected with AAV-Vec or AAV-H19 in a 12-well 
plate, and glucose output assay was carried out at 72 hours after infection. On the day of  the assay, culture 
medium was replaced with glucose-free and phenol red–free DMEM (Gibco, A14430-01) for HepG2 or 
replaced with the same DMEM supplemented with 2 mM L-glutamine and 15 mM HEPES for primary 
hepatoctyes for 2 hours. Then, cells were incubated in 120 μl glucose production medium (glucose-free and 
phenol red–free DMEM, 20 mM sodium lactate, 2 mM sodium pyruvate, and 0.5% BSA) for HepG2 or 
in the same medium supplemented with 2 mM L-glutamine and 15 mM HEPES for primary hepatocytes 
for 4 hours. Then, 50 μl of  supernatant was used for measurement of  glucose concentration, which was 
normalized to total protein content of  cells.

QMSP. Genomic DNA was extracted from liver tissue samples or HepG2 cells in 1 well of  24-well 
plates using Quick-gDNA MicroPrep (ZR, D3021) according to the manufacturer’s instructions. For bisul-
fite treatment, 200 ng of  DNA was used for each column using EZ DNA Methylation-Gold Kit (ZR, 
D5006). Elution buffer (100 μl) was used to elute DNA from each column. qPCR was performed in a 15-μl 
reaction containing 5 μl of  the eluant using iQSYBRGreen (Bio-Rad, 1708880) in a Bio-Rad iCycler. Two 
sets of  PCR primers were designed: one for unmethylated and one for methylated DNA sequences. The 
PCR primers for methylated DNA were used at a final concentration of  0.6 μM in each PCR reaction. PCR 
was performed by initial denaturation at 95°C for 5 minutes, followed by 40 cycles of  30 seconds at 95°C, 
30 seconds at 60°C, and 30 seconds at 72°C. Specificity was verified by melting curve analysis and agarose 
gel electrophoresis. The Ct values of  each sample were used in the post-PCR data analysis. The relative lev-
els of  methylated versus unmethylated DNA sequences are presented in Figure 4B, Figure 5D, and Figure 
6, A, D, and G. The primers used for QMSP are listed in Supplemental Table 1.
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Statistics. Statistical analyses and figure construction were performed using GraphPad Prism version 
7.01 for Windows (GraphPad Software, www.graphpad.com). All data were analyzed using 2-tailed Student 
t test and presented as mean ± SEM. P values at 0.05 or smaller were considered statistically significant.

Study approval. All animal work was approved by the Yale University IACUC.
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