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Abstract

Identification of microRNAs (miRNAS) that regulate lipid metabolism is important to advance the
understanding and treatment of some of the most common human diseases. In the liver, a few key
miRNAs have been reported that regulate lipid metabolism, but since many genes contribute to
hepatic lipid metabolism, we hypothesized that other such miRNAs exist. To identify genes
repressed by miRNAs in mature hepatocytes in vivo, we injected adult mice carrying floxed
Dicerl alleles with an adenoassociated viral vector expressing Cre recombinase specifically in
hepatocytes. By inactivating Dicer in adult quiescent hepatocytes we avoided the hepatocyte
injury and regeneration observed in previous mouse models of global miRNA deficiency in
hepatocytes. Next, we combined gene and miRNA expression profiling to identify candidate gene/
miRNA interactions involved in hepatic lipid metabolism, and validated their function in vivo
using antisense oligonucleotides. A candidate gene that emerged from our screen was lipoprotein
lipase (Lpl), which encodes an enzyme that facilitates cellular uptake of lipids from the
circulation. Unlike in energy-dependent cells like myocytes, Lpl is normally repressed in adult
hepatocytes. We identified miR-29a as the miRNA responsible for repressing Lpl in hepatocytes,
and found that decreasing hepatic miR-29a levels causes lipids to accumulate in mouse livers.

Conclusion—Our screen suggests several new miRNAs are regulators of hepatic lipid
metabolism. We show that one of these, miR-29a, contributes to physiological lipid distribution
away from the liver and protects hepatocytes from steatosis. Our results, together with miR-29a’s
known anti-fibrotic effect, suggest miR-29a is a therapeutic target in fatty liver disease.

The important role that microRNAs (miRNAS) play in regulating metabolism is increasingly
being recognized (1). In the liver, miRNAs appear to contribute particularly to the regulation
of lipid metabolism (2). The most prominent example is miR-122, a miRNA expressed
specifically in hepatocytes (3), the cells responsible for virtually all aspects of hepatic lipid
metabolism. MiR-122 was shown to regulate the expression of genes involved in the
synthesis of fatty acids, triglycerides (TGs), and cholesterol, and in lipid transport and
storage (4-7). Another example is miR-33, which has inhibitory effects on cholesterol
transport and degradation of fatty acids that make it a promising therapeutic target in
cardiovascular diseases associated with dyslipidemia (8). A few other miRNAS have also
been reported to be involved in hepatic lipid metabolism (2), but their contributions are
incompletely understood.

Hepatic lipid metabolism entails many functions, which are encoded by many genes.
Because ~1/3 of all mammalian genes are regulated by miRNAs (9), we hypothesized that
other miRNAs exist that play important roles in hepatic lipid metabolism. To identify such
miRNAs, we performed a hepatocyte-focused screen in mice designed to exclude biases and
take miRNA expression levels into account.

Materials and Methods

Animal Studies

Dicer1fl mice (10) and Dicer1/fl, Alb-Cre*/~ mice (11) were on a mixed 12954, C57BL/6
strain background, wildtype mice were pure C57BL/6 (Jackson Laboratory). Male 8 to 10-
week-old mice were used unless specified. Liver and plasma samples were obtained after 4
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hours of fasting. For high-fat diet (HFD) studies, mice were fed a Western diet (D12492,
Open Source Diets) for 17 weeks before and during treatment with antisense oligonucleotide
(ASO) inhibitors for 3 weeks. ASOs were dissolved in 200 pl PBS and injected
intraperitoneally. 2’-fluoro/methoxyethyl-modified phosphorothioate backbone anti-miRs
were generated by Regulus Therapeutics, and injected for 3 weeks at 10 pg/g body weight
(twice in the first week, and once per week thereafter), or once at 20 pg/g body weight with
analysis 6 days later. 2’-methoxyethyl-modified phosphorothioate backbone anti-Lpl was
generated by Isis Pharmaceuticals, and injected once at 1 ug/g body weight with analysis 6
days later. All mouse experiments were approved by the Institutional Animal Care and Use
Committee at the University of California San Francisco.

AAVS8-Ttr-Cre and AAV8-Ttr-control virus preparation, titering, and tail-vein injection
were performed as described (12).

Gene Expression Profiling

Total RNA was isolated with Trizol (Qiagen). RNA concentration was measured with a
Nanodrop ND-1000 and RNA quality was assessed with a Bioanalyzer 2100 (Agilent
Technologies). 300 ng total RNA was amplified and hybridized to GeneChip Mouse Gene
1.0 ST microarrays (Affymetrix). Microarrays were stained and washed on a Fluidics
Station 450 (Affymetrix). Probe intensities were measured using an argon laser confocal
GeneArray Scanner (Hewlett-Packard). Microarray analysis was performed by the
Gladstone Institutes Bioinformatics Core. Linear models were fitted for each gene using the
limma package in R/Bioconductor. Moderated t statistics and the associated P values were
calculated. P values were adjusted for multiple testing by controlling for false discovery rate
(FDR) using the Benjamini-Hochberg method. Results were deposited in Gene Expression
Omnibus (accession # GSE52526).

Quantitative PCR

Total RNA was isolated with Trizol or the miRNeasy Mini Kit (Qiagen). MRNAS were
analyzed after cDONA synthesis using Superscript 11 (Invitrogen) or gScript cDNA SuperMix
(Quanta BioSciences) in a Viia7 real time-PCR system using SYBR green (both Applied
Biosystems). Gapdh was used for normalization unless stated otherwise. PCR amplification
was performed at 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles at
95°C for 15 seconds and 60°C for 1 minute. gRT-PCR primers were designed using Primer
Express software (Applied Biosystems) (Supporting Table 4). MiRNAs were analyzed using
TagMan miRNA assays (Applied Biosystems) or Exigon miRNA gPCR SYBR Green
assays. The small RNAs Sno202 and Sno429 or Snord65 were used for normalization.
Relative changes in mRNA and miRNA expression were determined using the 2-AACt
method.

Lipid and Lipoprotein Analysis

Peripheral blood was obtained by retro-orbital venipuncture. TGs, total cholesterol, and
high-density lipoprotein (HDL) cholesterol were analyzed on an ADVIA 1800 automated
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clinical chemistry system (Siemens). Pooled plasma containing 1 mM EDTA was
fractionated by fast protein liquid chromatography (FPLC) using a Superose 6 column (GE
Healthcare) (13). FPLC cholesterol and TG levels were measured using Cholesterol E and
L-Type TG M assays (Wako). Liver neutral lipids were analyzed by thin layer
chromatography (TLC). For analysis of TG uptake, mice received a single injection of anti-
miR-29a or anti-miR-control, followed by gavage of 200 pl olive oil containing 2 puCi

of 14C-Triolein 6 days later. Gavaged mice were fasted and livers and epididymal white
adipose tissues (eWATS) harvested 6 hours later. Tissues were weighed and digested in 500
pl of 1 N NaOH at 65°C for 1 hour, bleached with 50 pl 0.5 M EDTA and 100 pl 35% H»0,,
mixed with liquid scintillation cocktail (Ultima Gold, Perkin Elmer), and analyzed using a
Beckman LS 3801 liquid scintillation counter.

Statistical Analysis

Results

Data were analyzed using 2-tailed Student t test. A P value of less than 0.05 was considered
significant.

Hepatocyte-Specific, Bias-Free Global MiRNA Deficiency in Adult Mice

To determine which aspects of hepatic lipid metabolism are regulated by miRNAs, we
started by generating mice in which miRNA processing is disrupted in hepatocytes. For this,
we used mice in which exon 24 of Dicerl is floxed (Dicer1™/f mice) (10), leading to loss of
enzymatic activity and global miRNA deficiency in cells that also express Cre recombinase.
Because hepatocytes stop proliferating and become functionally mature in mice only after
weaning (14), we analyzed the effects of global miRNA deficiency in adult mice. For this,
we could not use previously reported Dicer1f/l mice carrying hepatocyte-specific Cre
transgenes, i.e., Dicer1™/f mice in which Cre expression is controlled by albumin (Alb)
promoter and a-fetoprotein enhancer sequences (15) or Dicer1/fl, Alb-Cre*/~ mice (16),
because they exhibit injury and death of hepatocytes by 3 or 4 weeks after birth, leading to
secondary changes such as hepatocyte proliferation and liver regeneration that would have
confounded our screen. Instead, we injected 8 to 10-week-old Dicer1/fl mice with our
previously reported double-stranded adenoassociated virus serotype 8 (AAV8) vector
expressing Cre from the transthyretin (Ttr) promoter (12). This vector loops out floxed
sequences in all hepatocytes, but no other cells, within 48 hours after tail vein injection of 2
x 101 viral genomes in mice. Furthermore, AAV8-Ttr-Cre does not cause liver injury or
biases from genomic integration.

As expected, we observed rapid loss of Dicerl mRNA in livers of Dicer1/fl mice after
AAVS8-Ttr-Cre injection (Fig. 1A). Surprisingly, miR-122 and miR-21, miRNAs
predominantly expressed in hepatocytes in the liver (17), were still detectable 1 week after
injection. MiR-122 and miR-21 were depleted 2 weeks after injection, suggesting high
stability of these miRNASs in the quiescent hepatocytes of the adult liver. Because miR-122
is the most abundant miRNA in the liver (3), we measured its expression also by Northern
blot to confirm disruption of miRNA processing in these mice (Fig. 1B). In addition, we
confirmed that members of the let-7 family and miR-17-5p or miR-106 clusters,
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representing miRNAs expressed at high and low levels in the liver, respectively (3, 18),
were also depleted (Fig. 1C). Delayed depletion of miR-122 in livers of AAV8-Ttr-Cre-
injected Dicer1™f mice was mirrored by slowly increasing levels of its known target genes
Aldoa, Ndrg3, Tmed3, and Slc35a4 (4, 19) (Fig. 1C). Aldoa derepression translated into
increased protein levels at 2 and 4 weeks after AAV8-Ttr-Cre injection, suggesting that the
effects of individual miRNAs on their target genes can be discerned in this new mouse
model of global miRNA deficiency in adult hepatocytes (Fig. 1D).

To obtain further evidence for the utility of AAV8-Ttr-Cre-injected Dicer1™/fl mice for
analyses of hepatic lipid metabolism, we excluded biases caused by hepatocyte injury. In
contrast to the previously reported mouse models that used Cre transgenes to achieve global
miRNA deficiency in hepatocytes (15, 16), Dicer1™/fl mice injected with AAV8-Ttr-Cre
showed no injury, DNA damage, death, or abnormal proliferation of hepatocytes, as
assessed by analysis of plasma alanine aminotransferase (ALT) levels, yH2AX
immunostaining, TdT-mediated dUTP nick end labeling (TUNEL), and Ki67
immunostaining, 4 weeks later (Supporting Table 1 and Fig. 1E). Furthermore, analysis of
hepatic malondialdehyde and 8-oxodeoxyguanosine (8-0xo-dG) levels showed that lipid
peroxidation and production of DNA adducts, common markers of hepatocyte injury in
response to reactive oxygen species (ROS) (20), were not elevated in these mice (Fig. 1F).
In accord with these results, liver repopulation with hepatocytes in which miRNA
expression was maintained because of random Cre inactivation—as previously reported for
Dicer1f/f Alb-Cre*/~ mice (16)—was also not observed in AAV8-Ttr-Cre-injected
Dicer1ff mice (Fig. 1E).

MiRNA-Regulated Aspects of Hepatic Lipid Metabolism

As a first assessment of changes in hepatic lipid metabolism due to global miRNA
deficiency in hepatocytes, we analyzed the fasting plasma lipid profile of Dicer1™f mice 4
weeks after AAV8-Ttr-Cre injection. Total and HDL cholesterol were decreased to levels
resembling or exceeding those observed in mice in which miR-122 was inhibited with ASOs
(4,5, 19, 21), or genetically knocked out (6, 7) (Supporting Fig. 1). We also observed a
moderate decrease in TG levels similar to those seen after miR-122 inhibition, but less than
in miR-122 knockout mice.

To identify miRNA-regulated genes expressed in hepatocytes responsible for the observed
plasma lipid changes, we profiled global gene expression in livers of AAV8-Ttr-Cre-
injected Dicer1™f mice (Supporting File 1). Based on 25,931 reliably detected genes,
Dicer1™/f mice 2 and 4 weeks after AAV8-Ttr-Cre injection clustered closely together—
confirming that miRNA deficiency was stable—and separately from non-injected Dicer1f/f
control mice (Supporting Fig. 1B and Supporting File 2). Because miRNAs typically repress
their target genes (22), we focused on genes significantly upregulated in AAV8-Ttr-Cre-
injected Dicer1™/f mice as compared to controls (> 1.25-fold upregulated and FDR P <
0.05) (Supporting File 3). Among 975 such genes, we identified 16 genes involved in lipid
metabolism by Gene Ontology (GO) analysis (Supporting Table 2 and Supporting File 3).
We validated these microarray results by gRT-PCR (Supporting Table 3). In addition, we
investigated whether the 16 candidate genes were upregulated in an independent experiment
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in which control mice were injected with AAV8-Ttr-control, a sibling vector of AAV8-Ttr-
Cre not expressing Cre (12) (Supporting Fig. 1C). This additional gRT-PCR analysis
confirmed upregulation for 12 of the 16 candidate genes identified by microarray analysis.
To ascertain both biological and clinical relevance, we focused on 7 genes that were
significantly upregulated in both experiments and that contained evolutionarily conserved
miRNA binding sites according to TargetScan 6.2 (Supporting File 4). To delineate the
miRNAs with the highest probability of playing a significant role in the regulation of these
genes, we ranked the miRNAs predicted to target them by expression level in wildtype
mouse liver (23) (Fig. 2A).

Most of the candidate genes were previously shown to play a role in hepatic lipid
metabolism (24). A notable exception was Lpl, the gene that encodes lipoprotein lipase and
that was most upregulated (Fig. 2B, Supporting Table 3, and Supporting Fig. 1C). Lpl
catalyzes the rate-limiting step in the hydrolysis of circulating TGs, releasing fatty acids for
uptake into energy-dependent tissues like heart and skeletal muscle, where they are used for
B-oxidation, or adipose, where they are resynthesized into TGs and stored as energy reserves
(25). In the liver, Lpl expression is gradually extinguished after birth, leading to
undetectable levels in the adult (26). This tissue-specific expression pattern contributes to
the physiological distribution of energy away from the liver (27, 28). Therefore, after
confirming by gqRT-PCR and immunoblotting that Lpl was derepressed in livers of AAV8-
Ttr-Cre-injected Dicer1fl mice (Fig. 2C and D), we focused on identifying the miRNAs
that repress Lpl in hepatocytes.

MiR-29a Contributes to Physiological Repression of Lpl in the Adult Liver

First, we determined whether the miRNAs predicted to target Lpl—miR-29a, miR-27a, and
miR-24 (Fig. 2A)—were effective in doing so in vitro. Indeed, we found that transfection of
mimics or inhibitors of all 3 of these miRNAs into Hepal-6 mouse hepatoma cells
efficiently decreased or increased Lpl mRNA levels, respectively (Supporting Fig. 2A and
B). Next, we tested whether these miRNAs were also acting as inhibitors of Lpl in vivo. For
this, we generated ASO inhibitors of these miRNAs (anti-miRs) with the same chemical
properties as anti-miRs previously shown to efficiently inhibit miR-122 in the liver (29), and
injected them intraperitoneally into 8 to 10-week-old C57BL/6 mice for 3 weeks. We found
that anti-miR-29a and anti-miR-24 efficiently inhibited their target miRNAs in the liver
(Fig. 3A and B), leading to derepression of established target genes of these miRNAs (Fig.
3C and D) (30, 31). In contrast, anti-miR-27a increased miR-27a levels and failed to
derepress miR-27a target genes (data not shown). None of the 3 anti-miRs caused
hepatotoxicity (Supporting Fig. 3A). Because of its paradoxical effect, we decided not to
pursue miR-27a further, but focus on miR-29a and miR-24. Surprisingly, when we analyzed
Lpl mRNA levels in livers of mice injected with anti-miR-29a or anti-miR-24, we found that
only inhibition of miR-29a caused Lpl derepression (Fig. 3E). We ascertained by
immunoblotting that increased Lpl mRNA levels translated into increased Lpl protein levels
(Supporting Fig. 3C). This finding suggests a higher level of complexity of miRNA-
mediated gene regulation in vivo than in vitro.
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In addition to miR-29a, the miR-29 family consists of miR-29b and miR-29c. MiR-29a and
miR-29c are located on distinct chromosomes, and exhibit differences in transcriptional
regulation, but their mature sequences are identical except for 1 nucleotide (32). In accord,
we found that both miR-29a and miR-29c were effectively inhibited in livers of mice
injected with anti-miR-29a, whereas miR-29b, which differs from miR-29a in 5 nucleotides,
appeared less affected (Supporting Fig. 3B). Because miR-29a is expressed at higher levels
than miR-29¢ in mouse and human liver (18), we focused on miR-29a as the miR-29 family
member predominantly responsible for repression of Lpl in the liver.

As evidence for a role of miR-29a in this physiological process, we found reciprocal
changes in hepatic Lpl mRNA and miR-29a levels as mice progress from the postnatal phase
to adulthood (Fig. 3F). We established that Lpl is a direct target of miR-29a by showing that
miR-29a’s inhibitory effect on Lpl is dependent on an intact miR-29a binding site in the LPL
3" UTR (Supporting Fig. 2C).

MiR-29a Inhibition Causes Lpl-Dependent Hepatic Lipid Uptake

Next, we probed the functional consequences of increased Lpl expression in livers of anti-
miR-29a-injected mice. Because increased Lpl expression would be expected to lead to
increased uptake of fatty acids, which would be stored as TGs in the liver, we measured
hepatic TG levels using TLC (33). Indeed, we found that miR-29a inhibition caused TG
accumulation in the liver (Fig. 4A). Hepatic TG accumulation was prevented in mice
additionally injected with ASOs that inhibit Lpl itself (anti-Lpl), showing that miR-29a
inhibition increased hepatic TG content by derepressing Lpl (Fig. 4A and B and Supporting
Fig. 3D). Hepatic TG accumulation can result not only from increased fatty acid uptake, but
also from increased de novo synthesis of fatty acids in hepatocytes. To determine the extent
to which the increased hepatic TG content in anti-miR-29a-injected mice was due to
increased fatty acid uptake, we measured hepatic uptake of radiolabeled TG (4C-triolein)
after intragastric gavage (34). Because dietary fatty acids absorbed by enterocytes are
secreted as TGs in chylomicrons, hepatic uptake of 14C-label would require hepatic Lpl
expression in this experiment. We found significantly more 14C-label in livers of anti-
miR-29a-injected mice than in control mice 6 hours after gavage (Fig. 4C), which confirmed
that releasing Lpl from repression by miR-29a increased hepatic uptake of TG-containing
chylomicron remnants. In addition to TGs, cholesterol also increased slightly in livers of
anti-miR-29a-injected mice (Fig. 4D). This finding, although not statistically significant, is
consistent with previous reports showing that Lpl can contribute to uptake of HDL (35) and
low-density lipoprotein (LDL) (36) cholesterol.

We also analyzed the fasting plasma lipid profile of anti-miR-29a-injected mice and found
changes that reflected the trends seen in AAV8-Ttr-Cre-injected Dicer1f/fl mice, albeit to a
lesser extent (Fig. 4E and Supporting Fig. 1A). These results suggest that, in addition to
miR-122, miR-29a expression in hepatocytes contributes significantly to the regulation of
plasma lipoprotein cholesterol levels. Indeed, plasma fractionation showed decreased levels
of both HDL and LDL cholesterol in anti-miR-29a-injected mice (Fig. 4F). As in AAV8-
Ttr-Cre-injected Dicer1™/f mice, unfractionated plasma TG levels were not significantly
decreased in anti-miR-29a-injected mice (Fig. 4E). However, plasma fractionation revealed

Hepatology. Author manuscript; available in PMC 2016 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mattis et al.

Page 8

a slight decrease in very low-density lipoprotein (VLDL) TG, and an increase in
intermediate-density lipoprotein (IDL) and LDL TG (Fig. 4F), which is consistent with
previous reports showing that increased hepatic Lpl expression increases VLDL TG
turnover (37).

MiR-29a Deficiency Promotes Hepatic Steatosis

Finally, because increased LPL expression has been observed in patients with fatty liver
disease (38-40), we investigated the consequences of derepressing hepatic Lpl expression
through miR-29a inhibition in a mouse model of fatty liver disease. For this, we fed 8 to 10-
week-old C57BL/6 mice a HFD for 20 weeks and injected them with anti-miR-29a for the
last 3 weeks. As expected, we found that Lpl mRNA and protein levels were increased in
these mice (Fig. 5A and B). Furthermore, in accord with our findings in chow-fed mice (Fig.
4A-D), anti-miR-29a-injected mice showed increased hepatic lipid accumulation as
illustrated by loss of periportal sparing in Oil-red-O (ORO) staining (Fig. 5C and Supporting
Fig. 3E). TLC confirmed this observation and showed that the accumulating lipid contained
both TGs and cholesterol (Fig. 5D and E).

Discussion

To our knowledge, we have generated the first mouse model with bias-free global miRNA
deficiency in mature hepatocytes. In contrast to previously reported mouse models using
hepatocyte-specific Cre transgenes to inactivate Dicer (15, 16), our AAV8-Ttr-Cre-injected
Dicer1/f mice showed no signs of hepatocyte injury or compensatory liver regeneration at
the time of analysis. This discrepancy is most likely due to an increased sensitivity of
proliferating hepatocytes to lack of miRNAs. The expression of the Alb-Cre transgene is
typically initiated just before birth (11), and affords maximum recombination at 3 weeks of
age in Dicer1ffl_ Alb-Cre*/~ mice (16). Dicer inactivation occurs most likely even earlier if
a-fetoprotein enhancers are included as drivers of Cre expression (15). Because final liver
mass is established in mice by extensive hepatocyte replication in the first 3 weeks after
birth (14), hepatocytes lose Dicer and miRNA expression while proliferating in the
previously reported mouse models. Proliferation has been shown to cause DNA damage and
cell death in Dicer-deficient mouse embryonic fibroblasts (41), which explains findings of
hepatocyte injury and compensatory liver regeneration in the previous mouse models of
hepatocyte-specific global miRNA deficiency. Using AAV8-Ttr-Cre allowed us to avoid the
vulnerable state of hepatocyte proliferation during postnatal liver development and disrupt
miRNA processing in the quiescent hepatocytes of the adult liver.

In the absence of confounding effects from hepatocyte injury and liver regeneration, our
mouse model allows screening for metabolic functions of hepatocytes that are regulated by
miRNAs. Illustrating the potential of this new mouse model, the hits from our screen for
miRNAs and their target genes involved in hepatic lipid metabolism include all 3 miRNAs
—miR-96, miR-182, and miR-183—recently shown to play a role in Srebp2-regulated
hepatic lipid synthesis (42). Srebp2 itself—and also the miR-122 target Agpatl (7)—were
not among the top hits emerging from our screen (Fig. 2A), because although they were
upregulated > 1.25-fold in our microarray analysis (raw P value < 0.05) they were excluded

Hepatology. Author manuscript; available in PMC 2016 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mattis et al.

Page 9

because of high FDR. In contrast, inhibition of Mttp by miR-30, a miRNA/target gene
interaction that was recently shown to limit hepatic lipoprotein assembly (43), was a top hit
from our screen.

Following up on the top hits from our screen led us to identify miR-29a as a key contributor
to the physiological repression of Lpl in mature hepatocytes. Factors controlling the tissue-
specific expression pattern of Lpl have been extensively studied (27, 28). Our findings not
only reveal that miR-29a is important for the repression of Lpl in normal adult liver, but also
suggest a role for loss of hepatic miR-29a expression in the pathogenesis of fatty liver. Anti-
miR-29a-injected mice developed hepatic lipid accumulation, which was aggravated by
HFD feeding, a common model of fatty liver disease. Lipid accumulation in anti-miR-29a-
injected mice was not limited to the pericentral area of the liver lobule as in control mice,
but also affected the periportal area, which is reminiscent of observations made in adult
patients that fatty liver disease begins pericentrally and that pan-lobular steatosis is
indicative of advanced disease (44). As additional support for the importance of miR-29a-
mediated silencing of Lpl for prevention of hepatocyte steatosis, previous studies have
shown decreased miR-29a levels in livers of mouse and rat models of fatty liver disease (45—
47) and increased LPL levels in livers of affected humans (38-40).

Because our ASO inhibitor failed to decrease hepatic levels of miR-27a, its contribution to
regulating Lpl-mediated lipid uptake into hepatocytes remains to be determined. Although it
is expressed at lower levels in the liver than miR-29a (23), miR-27a likely plays a relevant
role because it is known to inhibit Lpl in vitro (48) and—Dby repressing secretion of the Lpl
inhibitor Angptl3 from hepatocytes (49)—may additionally limit lipid uptake into the liver
by promoting uptake into muscle and adipose.

Probing the transcriptional regulation of miR-29a offers a clue to the specific role miR-29a
deficiency plays in fatty liver disease. Tgff and Nf-kb, factors that play an important role in
liver inflammation, were shown to suppress miR-29a (31). Thus, suppression of miR-29a
conceivably perpetuates and aggravates fatty liver disease by causing Lpl-mediated lipid
uptake into hepatocytes that are already injured or that reside in liver tissue infiltrated by
immune cells. The inflammatory cytokine Tnfa—known to induce Lpl expression (27, 28)
and suppress miR-29b (31)—may also be involved in this pathogenic process.

In conclusion, our in vivo screen identified miR-29 as a miRNA important for the
physiological distribution of lipids away from the liver and protection of hepatocytes from
steatosis. MiR-29a also prevents fibrosis (31)—a frequent complication of fatty liver disease
that leads to liver failure and cancer. Restoring miR-29 expression may be an effective
therapy for fatty liver disease because it would target both the cause and outcome-
determining complication of this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

8-oxo-dG 8-oxodeoxyguanosine

AAV adenoassociated virus

Aldoa aldolase A

ALT alanine aminotransferase
Angptl3 angiopoietin-like 3

anti-Lpl lipoprotein lipase ASO
anti-miR microRNA ASO

ASO antisense oligonucleotide
EDTA ethylenediaminetetraacetic acid
FPLC fast protein liquid chromatography
gH2AX phosphorylated histone H2AX
GO gene ontology

H50, hydrogen peroxide

HDL high-density lipoprotein

HFD high-fat diet

IDL intermediate-density lipoprotein
Ki67 antigen Ki-67

LDL low-density lipoprotein

let-7 lethal-7 microRNA

Lpl/LPL lipoprotein lipase

miR-XYZ microRNA-XYZ

MiRNA microRNA

MRNA messenger RNA

Mttp microsomal triglyceride transfer protein
NaOH sodium hydroxide
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Ndrg3 n-Myc downstream-regulated gene 3
Nf-kb nuclear factor kappa b
ORO Oil-red-O
PBS phosphate-buffered saline
PCR polymerase chain reaction
gPCR quantitative PCR
gRT-PCR quantitative reverse transcription PCR
ROS reactive oxygen species
SD standard deviation
Slc35a4 solute carrier family 35 member A4
Srebp2 sterol regulatory element-binding protein 2
TG triglycerides
Tofp transforming growth factor beta
TLC thin layer chromatography
Tmed3 transmembrane emp24 domain containing 3
Tnfa tumor necrosis factor alpha
Ttr transthyretin
TUNEL TdT-mediated dUTP nick end labeling
UTR untranslated region
VLDL very low-density lipoprotein
eWAT epididymal white adipose tissue
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are also stably suppressed in Dicer1™/fl mice injected with AAV8-Ttr-Cre (P values for all
data points are at least < 0.05). gRT-PCR shows that miR-122 target genes are maximally
and stably derepressed by 2 weeks after Dicerl inactivation (P values for all data points are
at least < 0.005, except P > 0.05 at 1 week after AAV8-Ttr-Cre injection, n = 3 per time
point). (D) Immunoblotting shows increased levels of Aldolase A in Dicer1/fl mice 2 and 4
weeks after AAV8-Ttr-Cre injection. Results for 2 representative mice are shown for each
time point. Gastrocnemius muscle from a wildtype mouse was used as a positive control.
Fold increases relative to non-injected littermates (0 wks) are given. Actin was analyzed as a
loading control. (E) Livers of 3-week-old Dicer1f/fl. Alb-Cre*/~ mice show hepatocyte
DNA damage (YH2AX immunostaining) and death (TUNEL). Clonal expansion of
proliferating hepatocytes (Ki67 immunostaining) capable of normal miRNA expression
(miR-122 in situ hybridization) leads to high-level liver repopulation in 8-week-old
Dicer1f/f Alb-Cre*/~ mice. Livers of adult Dicer1/fl mice injected with AAV8-Ttr-Cre 4
weeks earlier show no hepatocyte DNA damage or death, or repopulation with miR-122-
expressing hepatocytes. For each analysis, representative stainings of at least 5 sections from
3 mice are shown. Size bars = 100 um. (F) Thiobarbituric acid-reactive substances (TBARS)
assay shows absence of lipid peroxidation in AAV8-Ttr-Cre-injected Dicer1?/fl mice (n =3
per time point). Levels of 8-0xo0-dG are normal in livers of AAV8-Ttr-Cre-injected
Dicer1™f mice (n = 3 per time point). Error bars represent mean + SD. ***P < 0.005
relative to 0 wks.
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Fig. 2.

M?RNAS with potential as regulators of lipid metabolism in hepatocytes. (A) Identification
of miRNAs with high probability of playing a significant role in hepatic lipid metabolism.
The x-axis (top) shows level of induction in livers of AAV8-Ttr-Cre-injected Dicer1/fl mice
of lipid metabolism genes that have miRNA target sites. Results are based on global gene
expression profiling of livers of Dicer1™/f mice 2 and 4 weeks after AAVS-Ttr-Cre injection
(n = 2 per time point) as compared to non-injected Dicer1f/f! littermate controls (n = 3). The
y-axis (left) shows the miRNAs predicted to target these genes ranked by expression level in
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wildtype mouse liver (23). TargetScan 6.2 was used to predict probability of targeting
(Score). MiRNA families consisting of several paralogs are represented by “a” paralogs.
MiR-33, which is known to target Abcal (8), was not analyzed in that study (23). (B) MA
plot of global gene expression profiling of livers of Dicer1?/fl mice after AAV8-Ttr-Cre
injection. Change in gene expression is indicated on the y-axis. Intensity is shown on the x-
axis. Dots representing probes with P < 0.05 comparing the 4 AAV8-Ttr-Cre-injected
Dicer1f mice and 3 control mice are red, others are black. Lpl is indicated by an
arrowhead. (C) qRT-PCR shows increased Lpl mRNA levels in livers of Dicer1/fl mice 2
and 4 weeks after AAV8-Ttr-Cre injection (n = 3 per time point). (D) Immunoblotting
shows increased Lpl protein levels in livers of Dicer1™f mice 2 and 4 weeks after AAVS-
Ttr-Cre injection. Fold increases relative to non-injected littermates (0 wks) are given.
Results for 2 representative mice are shown for each time point. Actin was analyzed as a
loading control. Error bars represent mean + SD. **P < 0.01 relative to 0 wks.
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Fig. 3.

M?R-29a inhibits Lpl expression in the liver. (A) gPCR shows miR-29a inhibition in livers
of mice injected with anti-miR-29a (n = 3) as compared to mice injected with anti-miR-
control (n = 3) for 3 weeks. (B) gPCR shows miR-24 inhibition in livers of mice injected
with anti-miR-24 (n = 3) as compared to mice injected with anti-miR-control (n = 3) for 3
weeks. (C) qRT-PCR shows derepressed miR-29a target gene levels in livers of mice
injected with anti-miR-29a (black, n = 3) as compared to mice injected with anti-miR-
control (grey, n = 3) for 3 weeks. (D) gRT-PCR shows derepressed miR-24 target gene
levels in livers of mice injected with anti-miR-24 (black, n = 3) as compared to mice
injected with anti-miR-control (grey, n = 3) for 3 weeks. (E) gRT-PCR shows increased Lpl
MRNA levels in livers of mice injected with anti-miR-29a (n = 3) as compared to mice
injected with anti-miR-24 (n = 3), anti-miR-control (n = 3), or PBS (n = 3) for 3 weeks. (F)
gRT-PCR and gPCR show that Lpl mMRNA levels decrease and miR-29a levels increase
during postnatal completion of mouse liver development (1 wk, n = 6; 4 wks, n = 4; 17 wks,
n = 3). Error bars represent mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.005 relative to
anti-miR-control (A-E), or 1-week-old (Lpl) or 17-week-old (miR-29a) mice (F).
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Fig. 4.

M?R-29a regulates liver and plasma lipids by repressing Lpl. (A) TLC shows increased TG
levels in mouse livers 6 days after a single injection of anti-miR-29a (n = 3) as compared to
control mice injected with PBS (n = 3). Additional injection of anti-Lpl (n = 3) prevents TG
accumulation. (B) qRT-PCR shows that the increase in Lpl mMRNA levels in mouse livers 6
days after injection of anti-miR-29a (n = 3) is prevented by additional injection of anti-Lpl
(n = 3). Mice injected with PBS were used as controls (n = 3). (C) Counts per minute (CPM)
measurement 6 hours after intragastric gavage of 14C-Triolein shows increased levels
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of 14C-label in livers of mice injected with anti-miR-29a (n = 4) as compared to mice
injected with anti-miR-control (n = 3) 6 days earlier. 14C-Triolein uptake into eWAT is not
substantially increased in anti-miR-29a-injected mice. (D) Free cholesterol (FC) levels in
livers of mice injected with anti-miR-29a (n = 3) as compared to control mice injected with
PBS (n = 3) 6 days earlier. Additional injection of anti-Lpl (n = 3) slightly reduces FC levels
in the liver. (E) Plasma lipid profile of mice 6 days after injection of anti-miR-29a (black, n
= 5) or anti-miR-control (grey, n = 5). (F) Fractionation of plasma by FPLC shows
decreased LDL (fractions 10-14) and HDL (fractions 15-20) cholesterol and slightly
decreased VLDL (fractions 3-6) and increased IDL and LDL (fractions 7-12) TGs in
plasma of mice injected with anti-miR-29a (n = 5, pooled) as compared to mice injected
with anti-miR-control (n =5, pooled) for 3 weeks. Error bars represent mean £+ SD. *P <
0.05 and **P < 0.01 relative to anti-miR-control or PBS-control.
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Fig. 5.
MiR-29a inhibits lipid uptake into livers of mice fed HFD. (A) gRT-PCR shows increased

Lpl mRNA levels in livers of HFD-fed mice injected with anti-miR-29a as compared to
HFD-fed mice injected with anti-miR-control for 3 weeks (n == 4 per group). (B)
Quantification of immunoblotting shows increased Lpl protein levels in livers of HFD-fed
mice injected with anti-miR-29a as compared to HFD-fed mice injected with anti-miR-
control for 3 weeks. Gapdh was analyzed as a loading control (n = 5 per group). (C) ORO
staining shows pericentral lipid deposition in livers of HFD-fed mice injected with anti-miR-
control for 3 weeks. In livers of HFD-fed mice injected with anti-miR-29a staining intensity
is increased and lipid deposition is detected in both pericentral and periportal areas. For each
group, representative stainings of 5 mice are shown. Size bars = 500 pm (top images) and 20
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pum (bottom images). (D and E) TLC shows increased levels of TGs (D) and FC (E) in livers
of HFD-fed mice injected with anti-miR-29a as compared to mice injected with anti-miR-
control for 3 weeks (n =5 per group). Error bars represent mean + SD. *P < 0.05 relative to
anti-miR-control.
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