
A feed-forward loop amplifies nutritional regulation
of PNPLA3
Yongcheng Huanga,b, Shaoqing Heb, John Zhong Lib, Young-Kyo Seoc, Timothy F. Osbornec,d, Jonathan C. Cohenb,1,
and Helen H. Hobbsa,b,1

aThe Howard Hughes Medical Institute and bDepartments of Molecular Genetics and Internal Medicine, University of Texas Southwestern Medical Center,
Dallas, TX 75390; cDepartment of Molecular Biology and Biochemistry, University of California, Irvine, CA 92697; and dMetabolic Signaling and Disease
Program, Sanford-Burnham Medical Research Institute, Lake Nona, FL 32927

Contributed by Helen H. Hobbs, March 17, 2010 (sent for review February 15, 2010)

The upsurge in prevalence of obesity has spawned an epidemic of
nonalcoholic fatty liver disease (NAFLD). Previously, we identified a
sequence variant (I148M) in patatin-like phospholipase domain-
containing protein 3 (PNPLA3) that confers susceptibility to both
hepatic triglyceride (TG) deposition and liver injury. To glean insights
into the biological role of PNPLA3, we examined the molecular
mechanisms by which nutrient status controls hepatic expression of
PNPLA3. PNPLA3 mRNA levels, which were low in fasting animals,
increased ∼90-fold with carbohydrate feeding. The increase was
mimicked by treatment with a liver X receptor (LXR) agonist and
required the transcription factor SREBP-1c. The site of SREBP-1c bind-
ing was mapped to intron 1 of Pnpla3 using chromatin immunopre-
cipitation and electrophoretic mobility shift assays. SREBP-1c also
promotes fatty acid synthesis by activating several genes encoding
enzymes in the biosynthetic pathway. Addition of fatty acids (C16:0,
C18:1, and C18:2) to the medium of cultured hepatocytes (HuH-7)
increased PNPLA3 protein mass without altering mRNA levels. The
posttranslational increase in PNPLA3 levels persisted after blocking
TGsynthesiswith triascinC.Oleate (400μM) treatmentprolongedthe
half-life of PNPLA3 from 2.4 to 6.7 h. These findings are consistent
with nutritional control of PNPLA3 being effected by a feed-forward
loop; SREBP-1c promotes accumulation of PNPLA3 directly by activat-
ingPnpla3 transcription and indirectly by inhibiting PNPLA3degrada-
tion through the stimulation of fatty acid synthesis.
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Nonalcoholic fatty liver disease (NAFLD) is a burgeoning
medical problem that affects as much as one-third of the US

population (1, 2). The disorder encompasses a spectrum of con-
ditions associated with the accumulation of excess triglyceride
(TG) in lipid droplets in hepatoctyes (hepatic steatosis). A subset
of individuals with hepatic steatosis develop hepatic inflammation
(steatohepatitis), which may progress to cirrhosis (3). Despite the
high prevalence of NAFLD, the pathogenesis of the disease is
poorly understood.
Previously, we showed that a nonsynonymous sequence poly-

morphism (I148M) in a member of the patatin-like phospholipase
domain-containing protein (PNPLA) family (4), PNPLA3, is
associated with increased hepatic TG content and evidence of
hepatic injury (5). The PNPLA3-I148Mvariant ismost common in
individuals of Hispanic ancestry, the group with the highest prev-
alence of hepatic steatosis (5, 6) and is associated with increased
circulating levels of liver enzymes (7–10), biopsy-proven hep-
atosteatosis (9), and alcohol-related cirrhosis (11, 12).
PNPLA3, also referred to as adiponutrin, encodes a 481-amino-

acid protein that contains a highly conserved patatin-like domain
at the N terminus. The progenitor of the PNPLA family, patatin,
comprises ∼40% of the dry weight of potato tubers (13) and has
nonspecific lipid acyl hydrolase activity (14) mediated by a serine-
aspartate dyad (15). PNPLA3 is expressed at the highest levels in
adipose tissue of mice (16). The enzyme most closely resembles
PNPLA2 (also called ATGL), the major hormone-sensitive lipase
of adipose tissue (17, 18), and both PNPLA2 and PNPLA3 have

TG hydrolase activity in vitro (19–21). Whereas genetic manipu-
lation of PNPLA2 activity strongly influencesTG levels in cultured
cells and in mice (19), knockdown (22) or overexpression (16, 21)
of PNPLA3 has little impact on cellular TG content (22).
Interestingly, the regulation of PNPLA3 is opposite to that of

PNPLA2. PNPLA2 is up-regulated by fasting and suppressed by
feeding, whereas PNPLA3 mRNA levels are low in the adipose
tissue of fasted mice and increase dramatically in fat and liver with
refeeding (4, 16). The increase in PNPLA3 levels upon refeeding
appears to be mediated at least in part by insulin: PNPLA3mRNA
levels in the adipose tissue of mice are markedly reduced by strep-
tozotocin administration and can be restored by insulin treatment
(22). Moreover, PNPLA3 mRNA levels are elevated in obese,
insulin-resistant animals (ob/obmice and fa/fa rats) (4, 16).Here we
sought to define the mechanisms by which nutrient status controls
PNPLA3 expression. Our data indicate that nutritional control of
PNPLA3 is achieved by a feed-forward loop that coordinates up-
regulation of transcription and inhibition of protein degradation.

Results
Tissue Distribution of PNPLA3. Real-time PCR of cDNA from
human tissues indicated that PNPLA3 expression was highest in
the liver, followed by skin and adipose tissue (Fig. 1A). This is in
contrast to the relative expression levels in mice, where expression
is significantly greater in adipose tissue than in liver (12). Next we
compared PNPLA3 mRNA levels in freshly isolated mouse hep-
atocytes and stellate cells, the primary storage site for retinyl esters
(Fig. 1B). The level of PNPLA3 mRNA in stellate cells was only
23% of that found in hepatocytes (Fig. 1B). Hoekstra et al. (12)
recently reported that PNPLA3 is not expressed in hepatic endo-
thelial cells or Kupffer cells of mice. Taken together, these data
indicate that hepatic PNPLA3 is expressed predominantly in
hepatocytes in the liver (Fig. 1B).

Transcriptional Regulation of Expression of PNPLA3 by Fasting and
Refeeding Requires LXR and SREBP. Transcriptional control of many
genes in lipid metabolism is orchestrated by the sterol regulatory
element binding protein (SREBP) pathway (23). To determine
whether PNPLA3 is regulated by SREBPs, we measured hepatic
PNPLA3mRNA levels inmice overexpressing similar levels of the
active forms of the three SREBPs: SREBP-1a, SREBP-1c, and
SREBP-2 (24). PNPLA3 mRNA levels were increased in all three
strains (Fig. 2A). The increase was greatest in the SREBP-1a
transgenic mice (>100-fold), followed by the SREBP-1c (12-fold)
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and SREBP-2 (4-fold) animals. The pattern of expression was
similar to that of fatty acid synthase (FAS) (Fig. 2A). As noted
previously in adipose tissue (4), PNPLA3 mRNA expression was
dramatically reduced with fasting and increased 90-fold with car-
bohydrate refeeding (Fig. 2B). Unlike other SREBP-1c target
genes, PNPLA3 mRNA levels did not show the typical overshoot
response with refeeding (23). Whereas FAS was more highly
expressed in the livers of carbohydrate refed animals than in livers
of mice fed chow diets ad libitum, levels of PNPLA3 mRNA after
refeeding were consistently similar to those of mice fed ad libitum.
Activation of SREBPs involves transport of the membrane-

bound transcription factors from the ER to the Golgi where the
proteins undergo cleavage to release a soluble, active transcription
factor (23). ER to Golgi transit of SREBP requires its association
with a polytopic membrane chaperone protein, SREBP-cleavage
activating protein (SCAP) (25). Genetic deletion of SCAP abol-
ishes the fasting-refeeding response of SREBP-responsive genes
such as FAS (26). In SCAP knockout mice, mRNA levels of
PNPLA3 were very low and were not increased by refeeding
(Fig. 2B).
Because up-regulation of SREBP-1c by carbohydrate feeding is

dependent upon the liverX receptor (LXR) (27, 28), we examined
the effects of an LXRagonist, T0901317 (29), on PNPLA3mRNA
levels in livers of mice. PNPLA3 mRNA levels increased 15-fold
within 24hof initiating treatmentwith the agonist (Fig. 2C). Levels
of Abcg5, an LXR target gene, were also increased by T0901317,

whereas those ofApob were not (Fig. 2C). Because SREBP-1c is a
direct target gene of the LXR/retinoid X receptor (RXR) heter-
odimer (30), we administered T0901317 to mice lacking SREBP-
1c expression in the liver (Fig. 2D) to determine whether the effect
on PNPLA3 is direct or indirect (31). No increase in PNPLA3 was
found in these animals. Taken together, these data are consistent
with PNPLA3 being a direct target gene of SREBP-1c.

Mapping SREBP-1 Binding Site in Intron 1 of Pnpla3. To identify
SREBP binding sites that may be involved in transcriptional activa-
tion of PNPLA3, we analyzed whole genome chromatin immuno-
precipitation and sequencing (ChIP-Seq) experiments performed in
mouse liver using an SREBP-1-specific antibody (32). A map of the
DNA sequence fragments located near Pnpla3 that were immuno-
precipitated with the anti-SREBP-1 antibody versus a control anti-
body (rabbit IgG) is shown inFig. 3A. Two sites of apparently specific
SREBP-1 binding were identified: one located ∼11 kb 5′ of exon 1
and a second located 1,051 bp 3′ of the first exon (Fig. 3A). To
confirm these findings we performed gene-specific ChIP assays (32)
using primers designed for the two peaks predicted from the ChIP-
Seq analysis. Gene-specific ChIP assays confirmed binding at site 2
but not at site 1 (Fig. 3B). To further examine the specificity of
SREBP binding to site 2, electrophoretic mobility shift assays
(EMSA) were performed using recombinant SREBP-1 (residues 1–
490) anda 32P-labeledoligonucleotideprobe corresponding to site 2.
The probe was mixed with unlabeled competitor oligonucleotides,
either from site 2 or from a known SREBP-1 binding site in the Ldlr
promoter (32, 33). The wild-type (WT) but not the mutant oligo-
nucleotides from site 2 in Pnpla3 competed for binding to SREBP-1
(Fig. 3C). The sequence of peak 2 includes a 13-bp motif (5′-
GGGCAGTGAGAGT-3′) that is partially conserved between spe-
cies and shares significant sequence similarity with a recently iden-
tified consensus sequence revealed through a genomewide analysis
ofSREBP-1cbinding (32) (z scoreof 4.421).Fromtheseexperiments
we concluded that the robust transcriptional up-regulation of
PNPLA3 expression with carbohydrate feeding is mediated through
increased levels of SREBP-1 that result from the action of LXR.

Posttranslational Regulation of PNPLA3 by Fatty Acids. In cultured
hepatocytes (HuH7 cells) stably expressing recombinant PNPLA3
under control ofaCMVpromoter, treatmentwitholeate to increase
lipid droplet formationmarkedly increased the immunofluorescent
signal associated with PNPLA3 (21). This finding suggested that
PNPLA3 may undergo posttranslational regulation by fatty acids,
the major end products of the SREBP-1c pathway. To test this
hypothesis, we examined the effects of fatty acids on the levels of
PNPLA3 in these cells. Immunoblot analysis consistently showed
that levels of PNPLA3 increased in a dose-dependent manner in
cells treated with oleate (Fig. 4A). The increase in PNPLA3 protein
mass was apparent within 4 h and was not associated with any sig-
nificant increase in PNPLA3 mRNA (Fig. 4B).
To determine the specificity of fatty acid stabilization of PNPLA3,

we examined the effect of various fatty acids on cellular levels of the
protein.Addition of selected saturated fatty acids (palmitate,C16:0),
monounsaturated fattyacids (oleate,C18:1),orpolyunsaturated fatty
acids (linoleic acid, C18:2) was associated with increased PNPLA3
protein expression. In contrast to these results, the very long chain
polyunsaturated fatty acids arachidonic acid (C20:4) and eicosa-
pentaenoic acid (C20:5) increased levels of INSIG 1 protein, as
previously reported (34), but did not affect the amount of PNPLA3
(Fig. 4C). We also examined the effect of the various fatty acids on
expression levels of adipose differentiation-related protein (ADRP),
a lipid droplet-associated protein. Although ADRP levels also
increased in cells treated with some of the fatty acids, the pattern did
not completely mirror that of PNPLA3.
Treatment of cells with fatty acids leads to the formation and

accumulationofTGs,whichare storedas lipiddroplets.Todetermine
whether the increase in PNPLA3 protein mass was a direct effect of
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Fig. 1. Expression of PNPLA3 in human tissues (A) and mouse liver (B). (A)
Relative levels of PNPLA3 and cyclophilin mRNA were determined by
quantitative real-time PCR using cDNA from 48 human tissues (Origene). The
cDNAs were standardized using cyclophilin as a calibrator. Each bar repre-
sents the mean of triplicate measurements expressed as a fraction of the Ct
value obtained from liver, which was set to 1. (B) The relative levels of mRNA
from genes expressed predominantly in hepatocytes [albumin (ALB) apoli-
poprotein B (APOB)] and stellate cells [glial fibrillary acidic protein (GFAP),
lecithin retinol acyltransferase (LRAT)]. The hepatocytes and stellate cells
were fractionated from mouse liver and mRNA levels were quantitated
using quantitative real-time PCR as described in Materials and Methods.
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the fatty acids or an indirect consequence of TG accumulation, we
treated cells with 400 μM oleic acid in the presence of triacsin C, a
fungal metabolite that inhibits long fatty acyl CoA synthetase (35).
Inhibition of TG synthesis by triacsinCdid not attenuate the increase
in PNPLA3 associated with oleate treatment (Fig. 4D). In contrast,
the oleate-induced increase in ADRP was inhibited by triacsin C,
confirming its activity in limiting TG accumulation.

Fatty Acids Inhibit Degradation of PNPLA3. The fatty acid-induced
increase inPNPLA3maybedue to increased translational efficiency
or to decreased protein degradation. To distinguish between these
possibilities, we used pulse-chase studies to measure the rate of
degradation of PNPLA3 in the presence and absence of oleate. In
cells incubated in FCS, the decrease in labeled PNPLA3 during the
7-h chase followedamonoexponential decay curvewith ahalf-life of
2.4 h (Fig. 5). Treatment of the cells with 400 μM oleate extended
thehalf-life of the protein to 6.7 h.Althoughwe foundevidence that
PNPLA3 undergoes ubiquitination (Fig. S1A), we also found that
addition of proteosome inhibitors (MG-132) resulted in increased
PNPLA3 mRNA as well as protein levels (Fig. S1B). A similar
increase in mRNA levels in response to proteosome inhibitors has
been observed for other stably expressed recombinant proteins
under the control of a CMV promoter (36).
These experiments indicate that PNPLA3 is nutritionally

regulated at the transcriptional level through insulin-stimulated
up-regulation via LXR and SREBP-1 and at the posttranscrip-
tional level by fatty acids, an end-product of SREBP-1c action.

Discussion
The major finding of this study is that PNPLA3 undergoes coordi-
nated transcriptional and posttranslational regulation that ensures
greatly increased protein levels following the transition from the
fasted to the fed state. Transcriptional regulation of PNPLA3 is
effected by SREBP-1c through carbohydrate-mediated activation
of LXR/RXR. The carbohydrate-induced increase in PNPLA3

mRNA levels was recapitulated by hepatic overexpression of
SREBP-1a and SREBP-1c and abolished by genetic deletion of
SCAP, a protein required for activation of the SREBPs (23). An
additional level of nutritional regulation of PNPLA3 was revealed
by the observation that PNPLA3 protein levels were consistently
increased by fatty acid treatment in cultured liver cells stably
expressing PNPLA3 under the control of a heterologous promoter.
The fatty-acid-induced increase in PNPLA3 protein levels was not
blockedby triacsinC, a potent inhibitor of acylCo-Asynthetase (35)
and is therefore likely to be a direct effect of fatty acids rather than a
secondary consequence of TGaccumulation. Taken together, these
findings reveal that nutritional control of PNPLA3 is effected by a
feed-forward loop that is initiated by transcriptional up-regulation
and amplified by coordinate inhibition of protein degradation.
The responses of PNPLA3 to pharmacological and genetic

manipulation of LXR and SREBP-1c are consistent with a model
proposed by Brown and Goldstein in which SREBP-1c coordinates
the responses of many genes involved in fatty acid and TG metab-
olism to fasting and refeeding (23). In thismodel, insulin released in
response to carbohydrate feeding increases activity of LXR/RXR
heterodimers, which induce transcription of SREBP-1c via two
LXR binding sites in the SREBP-1c promoter (27, 30, 37). In the
present study, treatment with the LXR agonist T0901317 (29)
increased PNPLA3 expression in wild-type, but not in SREBP-1c
knockout mice (31), indicating that LXR promotes PNPLA3 tran-
scription by activating SREBP-1c, rather than by direct activation of
the PNPLA3 gene.
Chromatin imunoprecipitation assays and EMSA experiments

indicated that SREBP-1 interacts directly with Pnpla3 via a
response element in the first intron. Most SREBP-1 binding sites
identified by genomewide ChIP are located in the proximal pro-
moters of their target genes, but ∼10% are in introns (32). The
sequence of the response element in PNPLA3 resembles a recently
identified class of SREs found in 76% of SREBP-1 binding sites
identified in a genomewide analysis using chromatin from mouse
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pooled and mRNA levels were assessed by real-time PCR. (B) WT and SCAP knockout (Scap−/−) mice were fed ad libitum chow diets, fasted for 24 h, or fasted
for 24 h and refed a high-carbohydrate diet for 12 h (26). RNA levels were assessed by real-time PCR using pooled samples (five mice/group). (C) Relative levels
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liver (5′-GGGANNTGTAGT-3′) (32). Whereas the antibody
used in this experiment does not distinguish between SREBP-1a
and -1c, SREBP-1c is themajor SREBP-1 isoform in liver (38) and
is regulated in response to fasting and refeeding whereas SREBP-
1a is not (39). These data are consistent with PNPLA3 being a
direct target of SREBP-1c.
The coordinate regulation of PNPLA3 by SREBP and fatty acids

forms a coherent feed-forward loop (40) that couples transcrip-
tional and posttranslational controls to amplify the effects of
nutritional stimuli on expression of the enzyme (Fig. 6). Under
fasting conditions, low transcription of PNPLA3 mRNA and effi-
cient degradation of PNPLA3 protein ensure very low levels of
PNPLA3 expression in the liver. Rapid protein degradation is a
common feature of regulatory circuits because it allows for rapid
homeostatic response (40). The cost of rapid protein turnover is
reducedefficiency: greater proteinproduction is required to achieve
a given steady state level. In coherent feed-forward loops, sup-
pression of protein degradation allows for an efficient rebound of
protein levels when transcription is activated. During carbohydrate
refeeding, SREBP-1c stimulates PNPLA3 transcription as it up-

regulates fatty acid biosynthesis. Fatty acid accumulation retards
degradation of PNPLA3 protein, leading to a marked postprandial
rebound in PNPLA3 levels. The specific fatty acids that most
effectively stabilize PNPLA3 correspond to those that accumulate
when SREBP-1c is activated: oleate and palmitate (which stabilize
PNPLA3) are abundant in livers of SREBP-1c transgenic mice,
whereas arachidonate and docosahexaenoic acid (which do not
affect PNPLA3 degradation) are relatively depleted (41).
Previous studies have shown that fatty acids also induce a post-

translational increase in the expression of another SREBP-1c target,
the polytopic ER membrane protein INSIG1 (34). Thus coordinate
transcriptional and posttranslational regulation may be a common
feature of SREBP-1c target genes. Fatty acid treatment of cells
promotes the formationof lipid droplets, whichmay serve to stabilize
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Fig. 3. Identification of SREBP-1c binding sites in Pnpla3. (A) Sequence
reads from ChIP-Seq experiments were mapped onto the mouse genome in
the University of California Santa Cruz (UCSC) Genome Browser. The num-
bers of sequence reads corresponding to each position at the Pnpla3 locus
are shown for the IgG control and SREBP-1 antibodies. (B) Gene-specific ChIP
analysis using liver chromatin enriched by precipitation with an antibody to
SREBP-1(solid bars) or control IgG (open bars). (C) 32P-labeled probe corre-
sponding to the SREBP-1 binding motif from peak 2 (5′-ACTCTCACTGCCC-3′)
was incubated with recombinant SREBP-1 (200 ng) and analyzed by elec-
trophoretic mobility shift assay. Increasing concentrations of unlabeled
probe (100-, or 300-fold molar excess) for wild-type Pnpla3 (lanes 3 and 4) or
for the Ldlr SRE (lanes 7 and 8) were included in the binding reactions as
indicated. In lanes 5 and 6, a 100- or 300-fold molar excess of a mutant
version of the Pnpla3 site 2 probe was added. In lanes 9 and 10, a mutant
oligonucleotide that decreases SREBP-1 binding to Ldlr was added to the
reaction. (D) The evolutionary conservation of site 2 sequence for SREBP-1
binding. The boxed sequence matches the recently described SREBP-1
binding motif (32) with a z score of 4.421 (Materials and Methods).
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the protein. Thefinding that triacsinC,which inhibits TG formation,
did not interfere with fatty acid-induced PNPLA3 accumulation in
hepatocytes (Fig. 4D) argues against this scenario. Triacsin C also
failed to block the effects of arachidonate (20:4) on INSIG1 (34).
Interestingly, different fatty acids delay degradation of INSIG1 and
PNPLA3. Up-regulation of INSIG1 is specific to unsaturated long-
chain fatty acids, including C18:1, C18:2, C18:3, C20:4, and C22:4;
the saturated fatty acidsC16:0 andC18:0 donot affect INSIG1 levels
(34). In contrast, PNPLA3 levels are increasedbypalmitate aswell as
oleate and linoleate, andwerenot increasedbyC20:4 andC22:4 fatty
acids. Further studies will be required to determine the mechanisms
by which certain fatty acids increase cellular levels of PNPLA3.
We have tested the hypothesis that fatty acids retard PNPLA3

protein degradation by inhibiting proteasomal degradation of the
enzyme, as has been reported for INSIG1 (34). Although we have
evidence that PNPLA3 undergoes ubiqitination (Fig. S1), we are
uncertain as to the significance of this pathway. Treatment of cells
with agents that inhibit proteasomal degradation (MG-132 or
ALLN) caused a significant increase in PNPLA3mRNA, as well as
PNPLA3 protein (Fig. S1). Thus the effect of these agents on
PNPLA3 mRNA levels is likely an artifact of proteosome inhib-
itors on the expression of recombinant genes under the control of a
CMV promoter (36).
The regulation of PNPLA3 may provide a clue to the physio-

logical role of the protein, which remains obscure. Other genes that
are specifically activated by SREBP-1c in response to refeeding are
primarily involved in anabolic processes such as lipogenesis (31). In
contrast, major mediators of lipolysis, such as adipocyte TG lipase
(ATGL, PNPLA2) and hormone sensitive lipase, are inhibited
rather than activated by refeeding (42, 43). Thus although partially
purified recombinant PNPLA3 can catalyze the hydrolysis ofTGs in
vitro (20, 21), the marked up-regulation of PNPLA3 in response to
refeeding suggests that this enzyme is involved in lipid remodeling,
rather than catabolism.

Materials and Methods
Materials.Materials used in the experiments are listed in SIMaterials andMethods.

Real-time PCR Assays of mRNA Abundance. The relative expression levels of
PNPLA3 in human tissues were assayed in cDNA samples prepared from 48
human tissues (HumanNormal cDNAPanel,OriGene) and standardized to2ng
using cyclophilin as a calibrator. For details, see SI Materials and Methods.

All research protocols involving mice were reviewed and approved by the
Institutional Animal Care and Use Committee (University of Texas South-
western). Hepatocytes and stellate cells were isolated from livers of mice as
described (26). All mice were housed in colony cages in rooms maintained on
12 h light/12 h dark cycle and fed a regular chow diet (Harlan Teklad). Mice
expressing a SREBP-1a, SREBP-1c, or SREBP-2 transgene (all under control of a
phosphoenolpyruvate carboxykinase promoter) in the liver, mice lacking
SREBP cleavage-activating protein (Scap−/−), and control mice were provided
by Jay Horton (26, 44–46). A total of five 12- to 16-week-oldmale TgSREBP-1a,
-1c, and -2 mice and an equal number of male littermate controls were fed a
high protein/low carbohydrate diet for 2weeks before being killed. Five 10- to
12-week-old liver-specific Scap−/−mice andwild-type littermate controls were
either fed ad libitum, fasted for 24 h, or fasted for 24 h and then refed for 12 h
with a fat-free, high-carbohydrate diet (MP Biochemicals catalog no. 901683)
before being killed (26). RNA samples from five mice were pooled and first-
strand cDNAswere synthesized from2 μgRNAusing a reverse-transcription kit
(Applied Biosystems) and mRNA levels were determined by real-time PCR.

ChIP-Seq. Deeply sequenced ChIP-Seq data sets for SREBP-1 antibody versus
rabbit IgG in mouse liver tissues were generated as described (32). Gene-
specific ChIP assays were performed (32) using primers designed for the two
sites predicted from the read mapping profile in the ChIP-Seq analysis. The
qPCR oligonucleotide pairs are provided in SI Materials and Methods.

EMSAwereperformedwithrecombinantSREBP-1protein(aminoacids1–490)
(32). DNA sequences for the SREBP-1 peaks were used to search formotifs using
MEME (47). MEME represents motifs as position-dependent letter-probability
matrices (PWM). ThePWMfor the SREBP-1motifwasused tofinda “z score” for
any 13-bp sequence; each letter in the sequence has a likelihood given in the
PWM, and these are summed to determine the score, with a higher score
meaning it is more likely to be the motif in question. Scores for every position
along a chromosome (except coding and repeat regions) were determine using
the PWM. The z scores for the putative SREBP-1 sites at the PNPLA3 locus were
calculatedbydetermining the rawscore fromthePWM, subtracting theaverage
score for the chromosome, and dividing the result by the standard deviation.

Expression of PNPLA3 in Cultured Cells. Human hepatoma cells (HuH-7) stably
expressingPNPLA3weregeneratedasdescribed(21).Cellswereseededat4×105

cellsper60-mmdishandcultured inmediumA[highglucose (4.5mg/mL)DMEM,
10% FCS, G418 (1 mg/mL), pencillin (100 IU/mL), streptomycin (100 μg/mL)]. The
next day, themediumwas switched tomedium B [DMEM; 10% delipidated FCS
(DFCS), 50 μM compactin, 50 μMmevalonate, penicillin/streptomycin; G418 (0.4
μg/mL)]. After 24 h, 400 μMof BSA-bound fatty acidswas added to themedium.
For details of preparation of fatty acids, see SI Materials and Methods. At the
indicated times, cells were collected, resuspended in 100 μL lysis buffer (PBS plus
1%TritonX-100, 0.1%SDSandprotease inhibitors), briefly vortexed, andplaced
on ice for 15 min. After removal of insoluble material, the supernatants were
subjected to immunoblotting (21) or used to immunoprecipitate PNPLA3.

Pulse-Chase Labeling of PNPLA3. HuH-7 cells stably expressing PNPLA3-V5-His
were plated at a density of 106/100mmdish. The next day, the cells were treated
withBSAor400μMoleatefor16h.CellsweregrowninDMEM(minusmethionine
and cysteine) for 1 h before addition of 0.2 mCi/mL of 35S labeled-methionine/
cysteine. After 1.5 h, cells were returned to completemedium containing BSA or
oleate, cultured for the indicated times, and lysed in 1.9 mL of buffer C (PBS, 1%
TritonX-100andprotease inhibitors). Lysateswere incubatedwith40μLofHisPur
Cobalt resin (50%) for 4 h at 4 °C. PNPLA3was eluted from the beads in 100 μL of
buffer C containing 200 mM imidazole. Loading buffer (5×) was added, the
samples were boiled for 5 min, and then the proteins were size-fractionated on
8% SDS/PAGE gels. The gels were dried and subjected to autoradiography.
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