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HMGCS2 (hydroxymethylglutaryl CoA synthase 2), the gene
that regulates ketone body production, is barely expressed in
cultured cell lines. In this study, we restored HMGCS2 expres-
sion and activity in HepG2 cells, thus showing that the wild type
enzyme can induce fatty acid B-oxidation (FAO) and ketogene-
sis, whereas a catalytically inactive mutant C166A did not gen-
erate either process. Peroxisome proliferator-activated receptor
(PPAR) « expression also induces fatty acid B-oxidation and
endogenous HMGCS?2 expression. Interestingly, PPARa-medi-
ated induction was abolished when HMGCS2 expression was
down-regulated by RNAi. These results indicate that HMGCS2
expression is both sufficient and necessary to the control of fatty
acid oxidation in these cells. Next, we examined the expression
pattern of several PPAR« target genes in this now “ketogenic”
HepG2 cell line. FGF21 (fibroblast growth factor 21) expression
was specifically induced by HMGCS2 activity or by the inclusion
of the oxidized form of ketone bodies (acetoacetate) in the cul-
ture medium. This effect was blunted by SirT1 (sirtuin 1) RNAj,
so we propose a SirT1-dependent mechanism for FGF21 induc-
tion by acetoacetate. These data suggest a novel feed-forward
mechanism by which HMGCS2 could regulate adaptive meta-
bolic responses during fasting. This mechanism could be phys-
iologically relevant, because fasting-mediated induction of liver
FGF21 was dependent on SirT1 activity in vivo.

The liver plays a central role in the adaptive response to fast-
ing. The plasma hormone profile in this situation, low insulin
and high glucagon, induces the release of large amounts of fatty
acids from the adipose tissue to be used by peripheral tissues to
spare glucose consumption. Therefore, the liver of a starved
animal actively oxidizes fatty acid, which provides the energy
necessary to sustain gluconeogenesis. It also supplies the acetyl-
CoA needed for active ketone body synthesis, which replaces
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glucose as the energy substrate for the brain and other tissues
(1).

Two enzymes determine the metabolic fate of fatty acids in
the liver of starved animals: carnitine palmitoyltransferase-1
(CPT1) A (EC 2.3.1.21) and hydroxymethylglutaryl CoA syn-
thase 2 (HMGCS2) (EC 4.1.3.5). CPTIA encodes a malonyl-
CoA-sensitive protein that regulates mitochondrial long chain
fatty acid oxidation (1), whereas HMGCS2 encodes a mito-
chondrial protein that controls the 3-hydroxy-3-methylglu-
taryl-CoA (HMG-CoA)® cycle, by which acetoacetate, B-hy-
droxybutyrate, and NAD™ are generated (2). The expression of
both genes is regulated by peroxisome proliferator-activated
receptor a (PPARa) (3—6), a fatty acid-activated nuclear recep-
tor that regulates metabolic changes in the liver associated with
starvation (7). Another gene directly regulated by PPAR« in
liver is FGF21 (fibroblast growth factor 21), a signaling mole-
cule induced in the ketotic state (8, 9).

Consistently, during starvation, PPARa null mice show
severe hypoglycemia and hypoketonemia (7). The hypoglyce-
mia is due to a reduced capacity for hepatic gluconeogenesis
secondary to a 70% lower rate of fatty acid oxidation (10). How-
ever, the decrease in fatty acid oxidation is not due to inappro-
priate expression of hepatic CPT1A, which is similar in both
genotypes, but to impaired HMGCS2 expression in the PPAR«
null mouse liver (10).

It has been proposed that HMGCS?2 interacts with PPAR«
and acts as a co-activator to up-regulate transcription from the
PPRE of its own gene (11, 12). The HMGCS2-PPARw interac-
tion is enhanced by HMGCS?2 palmitoylation (12), underlying a
putative mechanism by which PPARe is activated by one of its
target gene products when fatty acids are available. However,
this is a specific mechanism for HMGCS2, because other
PPARa target genes are not co-activated by HMGCS2 expres-
sion (11).

In addition to this network of genes regulated by PPAR«
activation, another enzyme may contribute to the metabolic
adaptation to fasting: SirT1 (sirtuin 1). This NAD " -dependent
protein deacetylase is a general regulator of energy homeostasis
in response to nutrient availability (13). Hepatic deletion of
SIRT1 alters PPARa signaling, especially the induction of
FGF21 mRNA by PPARa ligands (14).

A common feature in hepatoma cell lines is the low capacity
for long chain fatty acid oxidation and ketone body production,
which correlates with low expression of HMGCS2 (15). Over-

®The abbreviations used are: HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA;
3-HB, 3-hydroxybutyrate; AcAc, acetoacetate.
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expression of PPAR« in HepG2 cell can restore the expression
of this and other genes, and it induces fatty acid 3-oxidation (6).
Therefore, we examined whether PPARa-mediated expression
of HMGCS2 acts as co-activator of this process.

In this paper we show that, in HepG2 cells, wild type human
HMGCS2 expression induces both fatty acid oxidation and
ketogenesis. Using shRNAs, we also show that HMGCS2
expression is necessary for PPARa-mediated induction of fatty
acid oxidation. In addition, we show that HMGCS2 expression
stimulates FGF21 expression. We also report that FGF21 is
induced by starvation by a mechanism involving SirT1 activity.
Finally, we show that these events are dependent on HMGCS2
activity, because a catalytic dead mutant (C166A) failed to
induce either fatty acid B-oxidation or FGF21 expression,
whereas acetoacetate (an oxidized form of ketone bodies) can
stimulate FGF21 mRNA induction by a SirT1-dependent
mechanism. We propose a feed-forward model in which keto-
genesis activates a SirT1-mediated response and long chain
fatty acid oxidation.

EXPERIMENTAL PROCEDURES

Plasmids—pcDNA3-HMGCS2-wt was cloned by EcoRI
digestion of human HMGCS2 ¢cDNA (16) and ligated into
pcDNA3. pcDNA3-HMGCS2-C166A mutant plasmid was
generated from pcDNA3-HMGCS2-wt by site-directed
mutagenesis using QIAquick mutagenesis kit (Qiagen) with the
following oligonucleotides: forward, 5’-gataccaccaatgccgce-
ctacggtggtactgectce-3', and reverse, 5'-ggaggcagtaccaccgtag-
gcggcattggtggtatc-3’, following the manufacturer’s instruc-
tions. For GST pulldowns, pGEX-4T-human PPAR« (17) was
used.

Animal Experiments—SirT1 liver-specific knock-out (SirT1-
LKO) mice were a gift from Dr. L. Guarente (18). SirT1-LKO
mice were generated by crossing a mice with a SirT1 allele con-
taining a floxed exon 4 (19) with Cre-expressing mice driven by
the liver-specific albumin promoter on the C57BL/6 back-
ground. All of the mice were housed in cages on a 12 h light:12
h dark cycle at controlled temperature (25 = 1 °C).

Four-month-old SirT1 LKO mice and their age-matched lit-
termate Lox controls (Cre /", SirT1%1°¥/1°%) were either fed ad
libitum a standard laboratory chow diet or subjected to a 15-h
overnight fast. All of the animals were sacrificed at Zeitgeber
time 3 (i.e. 3 h after the onset of the 12-h light span). The livers
were extracted and immediately snap frozen in liquid nitrogen
and stored at —80 °C until analysis. Blood was collected by car-
diac puncture and kept on ice until centrifugation (1500 X g, 15
min at 4 °C). The serum obtained was either used immediately
for assays or stored at —80 °C until analysis. All of the experi-
mental protocols with mice were performed with approval of
the animal ethics committee of the University of Barcelona
(Barcelona, Spain).

Cell Culture—The human hepatocellular carcinoma cells
HepG2 were cultured at 37 °C in a humidified atmosphere con-
taining 5% CO, in Eagle’s minimum essential medium supple-
mented with 100 units/ml penicillin G, 100 ug/ml streptomy-
cin, and heat-inactivated 10% fetal bovine serum. HEK293 cell
line was cultured in DMEM supplemented with antibiotics and
10% fetal bovine serum. All of the cell culture products were
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obtained from Invitrogen. Acetoacetate and 3-hydroxybutyrate
were obtained from Sigma-Aldrich.

Adenoviruses Generation—Recombinant adenoviruses were
constructed as described previously (20). Briefly, cDNAs from
WT and mutant forms of HMGCS2 were obtained from
pcDNA3-HMGCS2-wt  and  pcDNA3-HMGCS2-C166A,
respectively, by Kpnl and Xhol digestion and cloned into
pAdTrack-CMV shuttle vector. The resultant plasmid was lin-
earized by digesting with Pmel and co-transformed into Esch-
erichia coli BJ5183 cells with pAdEasy-1 plasmid, which con-
tains the adenoviral backbone. This E. coli strains allows
homologous recombination between both plasmids, giving rise
to recombinant adenoviruses. When their identity had been
confirmed by restriction endonuclease analyses, these viruses
were transfected into the adenovirus packaging cell line
HEK293. Recombinant adenoviruses were amplified in these
cells, purified by CsCl gradient and titrated using the Adeno-X
rapid titer kit (BD Biosciences). As a negative control, we gen-
erated adenoviruses expressing only GFP. The parent plasmids
were a gift from B. Vogelstein (The John Hopkins Oncology
Center).

Adenoviral Infection—In general, HepG2 cells were seeded
24 h before infection. The cells were infected with minimum
essential medium supplemented with 10% FBS at a multiplicity
of infection of 40 for 48 h.

HepG2 shRNA Stable Cell Lines—Several retroviral-based
plasmids containing a sShRNA to human HMGCS?2 were pur-
chased from Origene (Rockville, MD). Scrambled shRNA was
used as a negative control. The sequence of the human
HMGCS2-specific 29-mer shRNA with highest efficacy
reported here was CGTCTGTTGACTCCAGTGAAGCG-
CATTCT. Stable clones were generated using a Phoenix"™ ret-
roviral expression system (Orbigen, San Diego, CA). Briefly,
Phoenix cells were seeded at 3 X 10° cells/100-mm plate and
transfected with 10 ug of shRNA plasmids using Lipofectamine
LTX (Invitrogen) according to the manufacturer’s recommen-
dations 18 h later. 48 h after transfection, retrovirus in the
supernatant were harvested and filtered with a 0.45-um low
binding protein filter and added to HepG2 cells with 4 ug/ml
Polybrene (Sigma Aldrich). HepG2 cells were placed under
selection with 1.0 ug/ml puromycin (Sigma-Aldrich) until
clones were formed. The clones were recovered with glass cyl-
inders (Sigma-Aldrich) and split when they reached conflu-
ence. Successful knockdown of specific gene products was con-
firmed by Western blot.

SiRNA Transfection—HepG2 cells were seeded 24 h before
transfection at a density of 4 X 10° cells/well in 6-well plates.
Specific siGENOME SMARTpool against human HMGCS2
(M-010179-01) and SIRT1 (T2004-01) were purchased from
Thermo Scientific Dharmacon. siGENOME nontargeting
siRNA 1 (D-001210-01-05) was used as a control. A concentra-
tion of 10 nm was transfected with Dharmafect 4 (Thermo Sci-
entific Dharmacon) according to the manufacturer’s instruc-
tions. The cells were harvested 72 h post-transfection, and
successful knockdown was assessed Western blot analysis.

Mitochondria Isolation—To assay HMGCS2 activity, mito-
chondria were obtained from 48-h infected HepG2 cells with
indicated adenoviruses. The cells were harvested in cold PBS
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and centrifuged (500 X g for 10 min). The pellet obtained was
resuspended in 0.4 ml of homogenization buffer (150 mm KCl, 5
mM Tris-HCI, pH 7.2) and lysed by 10 cycles with each of the
pestles of a mechanical Douncer homogenizer. The superna-
tant of a first centrifugation (250 X g for 10 min) was submitted
to a second centrifugation (16,000 X g for 30 min). The result-
ing pellet was resuspended in three volumes of resuspension
buffer (0.4 mm DTT, 1.5% Triton X-100, 100 mMm Tris-HCI, pH
8) and desalted through a Bio-Spin chromatography columns
(Bio-Rad). Mitochondrial protein was quantified following
Bradford and stored at —80 °C.

Enzymatic Activity Assay—HMGCS activity determination
was carried out as described previously (21). HMGCS activity
was measured as the incorporation of [1-'*CJacetyl-CoA into
HMG-CoA at 30 °C in 10 min. The reaction was initiated by
adding mitochondrial protein preparation to a reaction mix-
ture (100 mMm Tris-HCI, 1 mm EDTA, 20 uM acetoacetyl-CoA,
200 uMm [**Clacetyl-CoA 12,000 cpm/nmol (ITISA Biomedica))
in a final volume of 200 pl. After 10 min, the enzymatic reaction
was stopped by adding 300 ul of 6 N hydrochloric acid and was
incubated for 2 hat 100 °C. Radiolabeled HMG-CoA was recov-
ered from the vials, diluted in Ecolite scintillation liquid (ICN)
and counted in an automatic analyzer. HMGCS activity is
expressed as nmol of produced HMG-CoA per minute.

Palmitate Oxidation—Palmitate oxidation was performed in
MW24 plates as described previously (22). Briefly, the cells
were incubated with 0.5 ml/well of forced medium (glucose and
pyruvate-deprived DMEM containing 0.5 mm palmitate, 0.1
mM fatty acid-free BSA, 3 mm glucose, and 0.2 mM carnitine) for
16 h before the assay. Then the cells were incubated for 2 h in
forced medium with radiolabeled palmitate at a final concen-
tration of 0.5 mm (2.8 wCi/wmol [1-**C]palmitate; Amersham
Biosciences). The reaction was stopped with 0.7 mm perchloric
acid, and radiolabeled released **CO, was recovered for 1 h in
Whatman paper soaked with 25 ul of B-phenylethylamine
(Sigma-Aldrich). Then the trapped '*CO, in the Whatman
paper was quantified in a scintillation analyzer. To measure the
acid-soluble products, we followed the assay as described pre-
viously (23). Briefly, the cells were scrapped, neutralized with
0.5 N KOH, and incubated at 60 °C for 30 min. The medium was
then acidified by the addition of 150 mm sodium acetate and 0.3
N H,SO,. The cells were centrifuged at 1,000 X g for 7 min and
extracted with 1:1 chloroform/methanol. The aqueous phase
was counted in a scintillation analyzer (acid-soluble product).
Total palmitate oxidation was calculated as the sum of CO,
trapped plus acid-soluble products recovered.

Ketone Body Determination—The concentration of total
ketone bodies in the medium of infected HepG2 cells was deter-
mined using Autokit Total Ketone Bodies (Wako, Germany),
according to the manufacturer’s instructions. When the sample
(medium from HepG2) is mixed with R1 (20 mMm phosphate
buffer, pH 7, 4.27 mm thio-NAD ™) and R2 (0.2 M Good’s buffer,
pH 9.0, 3200 IU/ml 3-hydroxybutyrate dehydrogenase, and
2.65 mMm NADH), AcAc, and 3-HB present in the medium are
converted to 3-HB and AcAc, respectively, in the presence of
3-hydroxybutyrate dehydrogenase, NADH, and thio-NAD.
Then the 3-HB and AcAc produced in the enzymatic reactions
are reverted to AcAc and 3-HB, again. During these cyclic reac-
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tions, NAD " and thio-NADH are produced. The concentration
of total ketone bodies in each sample is determined by mea-
suring the rate of thio-NADH production. Thio-NADH is
measured spectrophotometrically at 405 nm using a calibration
curve previously performed by plotting the absorbance corre-
sponding to 3-HB standards of known concentrations.

Western Blot Analysis—Whole protein cell extracts were
obtained from infected HepG2 cells or liver of mice. Briefly, the
cells were homogenized in Nonidet P-40 lysis buffer (150 mm
NaCl, 50 mm Tris-HCl, 1% Nonidet P-40) supplemented with a
mixture of protease inhibitors (Sigma Aldrich) and 0.1 mm
phenylmethylsulfonyl fluoride (Sigma Aldrich). Proteins from
mouse liver were obtained by homogenization in radioimmune
precipitation assay buffer (1% Triton X-100, 150 mm NaCl, 5
mwm EDTA, 10 mm Tris, pH 7.0) containing protease inhibitor
mixture (Sigma Aldrich). Protein extracts were subjected to
centrifugation at 16,000 X gfor 15 min. The supernatant (whole
protein cell extract) was quantified following Bradford and
stored at —80 °C. Whole protein cell extracts were loaded in a
8% SDS-PAGE gel and then transferred to Immobilon-P mem-
branes (Millipore, Bedford, MA) and probed with different
antibodies. The antibodies used were: human HMGCS2 poly-
clonal antibody obtained as described previously (24) or
mHMGCS from Santa Cruz Biotechnologies (1:500, catalog
number sc-33828); SIRT1 antibody from Upstate Biotechnolo-
gies (1:1000, catalog number 07-131) or from Santa Cruz Bio-
technologies (1:500, catalog number sc-15404); PPAR« anti-
body from Santa Cruz Biotechnologies (1:1000, catalog number
sc-1985); RXRa antibody from Santa Cruz Biotechnologies
(1:500, catalog number: sc-553); actin antibody from Sigma-
Aldrich (1:1000, catalog number A2066); and tubulin antibody
from Calbiochem (1:1000, catalog number: CP06). Detection
was carried out using an ECL kit Chemiluminiscence detection
kit for HRP (Biological Industries).

Immunocytochemistry—HepG2 were seeded onto coverslips
(6 X 10° cell/p60) 24 h before infection. HepG2 cells were
infected with adenovirus, as indicated in the figure legends, and
after 48 h of infection they were fixed with 4% paraformalde-
hyde. Antibody staining on fixed cells was done using a stan-
dard protocol. The cells were permeabilized using 0.1% Triton
X-100 (Sigma Aldrich). The primary antibodies used were goat
anti-PPAR« (1:1000, Santa Cruz Biotechnologies, sc-1985) and
rabbit anti-HMGCS2 (1:100, Santa Cruz Biotechnologies,
sc-33828). Secondary antibodies were obtained from Invitro-
gen: Alexa Fluor® 488 donkey anti-goat IgG (H+L) *2 mg/ml
(1:1000), Alexa Fluor® 647 chicken anti-rabbit (H+L) *2 mg/ml
(1:500). DAPI (6.25 ug/ml; Sigma) was used to label DNA.
Fluorochrome-labeled samples were analyzed and captured
using a Leica SP2 confocal microscope. Final artwork was pro-
cessed using Image] software.

Pulldown Assay—GST and GST-PPARa fusion proteins
were produced in E. coli and purified on glutathione-Sepharose
beads (Amersham Biosciences), as described previously (17).
The amount and integrity of GST was checked by SDS-PAGE
and Coomassie Blue staining. 250 ug of whole cell protein
extracts from HepG2-infected cells were incubated in the pres-
ence of equivalent amounts of immobilized GST or GST-
PPAR« (12.5 pg) in 1 ml of binding buffer NETN (20 mwm Tris,
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pH 8, 100 mMm NaCl, 1 mm EDTA, 0.5% Nonidet P-40), supple-
mented with 0.5% nonfat milk, protease inhibitor mixture
(Sigma), and 1 mm DTT for 4 h at 4 °C with agitation. The
samples were then centrifuged for 1 min at 500 X g, and the
resin was washed twice in NETN at room temperature. After
that the samples were boiled, mixed with 2X Laemmli buffer
and resolved by SDS-PAGE in a 8% polyacrylamide gel. Bound
proteins were detected by immunoblot using anti-HMGCS2
(24) or RXRa antibody from Santa Cruz Biotechnologies
(1:500, catalog number sc-553).

Real Time RNA Analysis—Total RNA was extracted from
cells or liver by Tri-Reagent (Ambion) and was further treated
with DNase I (Ambion). For real time PCR analysis, cDNA was
synthesized from total RNA by murine leukemia virus reverse
transcriptase (Invitrogen) with random hexamers (Roche Diag-
nostics). cDNA was subjected to PCR real time analysis using
TagMan universal PCR master mix (Invitrogen catalog number
11743) and the specific gene expression primer pair TagMan
probes from Applied Biosystems (for HepG2, human gene
probes were used: FGF21, Hs00173927_ml; CPTI1A,
Hs00157079_m1; HMGCS2, Hs00985427_m]1; cytosolic phos-
phoenolpyruvate carboxykinase 1, Hs00159918_m1; CPT2,
Hs00988962_m1l; and PPAR«, Hs00231882 ml; for mice
experiments, mouse probes were used: HMGCS2,
MmO00550050_m1; FGF21, MmO00840165_gl; CPTI1A,
Mm00550438_m1; and SIRT1, MmO00490758_m1l). Relative
mRNA abundance was obtained by normalizing to 18 S levels
(Applied Biosystems).

Measurement of Serum FGF21—Mouse FGF21 ELISA kit
was obtained from Millipore (catalog number EZRMFGF21-
26K) for the quantification of FGF21 in mice serum. The assay
was conducted according to the manufacturer’s protocol.
Briefly, a calibration curve was constructed by plotting the dif-
ference of absorbance values at 450 and 590 nm versus the
FGF21 concentrations of the calibrators, and concentrations of
unknown samples (performed in duplicate) were determined
by using this calibration curve.

Statistical Analysis—The data are expressed as the means =
standard deviation. The significance of differences was deter-
mined using SPSS statistical software (SPSS Worldwide Head-
quarters, Chicago, IL). p < 0.05 was considered statistically
significant.

RESULTS

Human HMGCS2 Expression Induces Fatty Acid Oxidation
and Ketogenesis in HepG2 Cell Line—Wild type or a mutant
form of HMGCS?2 enzymes and human PPAR« were expressed
in HepG2 cell line by using adenoviral vector systems. The
HMGCS2 C166A mutant was predicted as a dead enzyme
because an equivalent cysteine residue 129 has been character-
ized as the catalytic site in the homologous HMGCS], the cyto-
solic enzyme involved in cholesterol synthesis (25, 26). Fig. 1
shows recombinant expression of human HMGCS2 in terms of
activity (Fig. 14) and protein (Fig. 1C, bottom panels) levels.
The HMGCS2 enzymatic activity (approximately 0.5 milliunit/
mg) that was achieved from adenoviruses-mediated expression
was similar to that observed in liver mitochondria from feed
mouse (data not shown and Ref. 27). Fig. 14 also shows that the
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FIGURE 1. Effect of wild type or mutant HMGCS2 expression on activity,
ketogenesis, and fatty acid B-oxidation. HepG2 cells were infected with
adenovirus control (AdGFP) or expressing wild type (AdHMGCS2 WT) or C166A
mutant (AdHMGCS2 MUT) human HMGCS2 for 48 h. A, enzymatic activity was
measured in dialyzed mitochondria preparation. B, total ketone bodies were
determined in the medium. C, total ['*Clpalmitate oxidation was measured in
HepG2 cells infected with adenoviruses expressing human HMGCS2 variants
or human PPAR« (AdPPAR«). The average of three independent experiments
is shown. The bottom panel shows a representative Western blot of recombi-
nant PPARa and recombinant (left) or endogenous (right) HMGCS2. 10 ug of
whole cell extract were loaded to show recombinant HMGCS2 expression,
and 70 ug were loaded to show endogenous HMGCS2. *, p < 0.05, ***, p <
0.001.

C166A mutant (AdHMGCS2 MUT) expresses an inactive
HMGCS2 enzyme. Fig. 1B shows that expression of HMGCS2
was sufficient to induce ketone body production by the HepG2
cells, and as expected, the expression of the dead enzyme lacks
this ability. Interestingly, Fig. 1C shows that recombinant
expression of human HMGCS2 was also sufficient to induce
fatty acid oxidation. Fig. 1C also shows that the induction of
B-oxidation mediated by HMGCS2 expression is similar to the
induction mediated by PPAR« expression that, as expected (6),
also induces HMGCS2 protein levels (Fig. 1C, bottom panels)
and HMGCS2, CPT1a, and FGF21 mRNA levels (Table 1).
These data suggest that expression of HMGCS2 in HepG2 cell
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TABLE 1

mRNA induction of different PPAR« target genes

HepG2 cells were infected with adenovirus expressing human PPAR« or human
wild type or C166A mutant of HMGCS2. The mRNA levels were determined by real
time PCR. The data represent the fold of induction of the specific mRNA after
adenovirus infection of at least three independent experiments. PCK1, cytosolic
phosphoenolpyruvate carboxykinase; ND, not determined.

AdPPARe  AdHMGCS2WT  AdHMGCS2 MUT
HMGCS2 450+ 157 ND ND
CPT1A 2.74 + 0.9° 1.27 = 0.7 0.86 + 0.2
CPT2 735+5.1 ND ND
PCK1 5.95 + 3,37 ND ND
FGF21 15.4 * 5.8” 3.3 * 1.03” 1.0 +0.3
PPAR« ND 141+ 0.2 1.61 = 0.3
“p < 0.001.
v p < 0.05.
A) scrambled shRNA HMGCS2 shRNA
- + - + AdPPARa
B) 4
O AdGFP
3 ™ 4 dPPARS

% % %

5

scrambled shEIA HIMGCS2 shEIMA

FIGURE 2. Effect of HMGCS2 expression on PPARa-mediated induction of
fatty acid B-oxidation. HepG2 stable cell lines expressing a shRNA control
(scrambled shRNA) or a shRNA specific for HMGCS2 were infected with
human PPARa expressing adenovirus (AdPPAR«). A, representative Western
blot analysis of recombinant PPAR«, endogenous HMGCS2, and actins as
loading control. 70 ug of whole cell extract were loaded. B, total ['*C]palmi-
tate oxidation was measured in HepG2 cells expressing (scrambled shRNA) or
not expressing (HMGCS2 shRNA) HMGCS2. The results are expressed in
PPARa fold induction versus GFP infection. The average of three independent
experiments is shown. *** p < 0.001.

Palmitate oxidation
(Folds versus GFP)
- (%)

line is sufficient to restore the HMG-CoA cycle (28) and that
activation of ketogenesis from acetyl-CoA in turn activates fatty
acid B-oxidation.

Human HMGCS?2 Expression Is Necessary for PPARo-medi-
ated Induction of Fatty Acid Oxidation—PPARa expression in
HepG2 cells induces both HMGCS2 and mitochondrial fatty
acid oxidation (6). Therefore, we hypothesized that active keto-
genesis could be necessary for PPARa-mediated induction of
fatty acid B-oxidation. Fig. 24 shows that a specific shRNA
abrogated HMGCS2 induction mediated by PPARa. Fig. 2B
shows that p-oxidation induction mediated by PPAR« was
blunted by down-regulation of HMGCS2 expression. These
data suggest that PPAR« induces fatty acid oxidation but
importantly that the expression of the ketogenic key enzyme
HMGCS?2 is needed for the induction.

HMGCS?2 Regulates FGF21 Expression in HepG2 Cell Line—
The effect of HMGCS2 on PPARa-mediated stimulation of
fatty acid oxidation could be mediated by direct HMGCS2 co-
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FIGURE 3. HMGCS2 regulates FGF21 expression in HepG2 cell line.
A, FGF21 mRNA levels of cells infected with adenoviruses expressing GFP
(AdGFP), wild type (AdHMGCS2 WT), or C166A dead mutant (AdHMGCS2 MUT)
human HMGCS2. B, FGF21 mRNA levels of HepG2 transfected with siRNA
control siRNA (nontargeting) or specific siRNA against HMGCS2 and infected
with adenoviruses expressing GFP (left panel) or human PPARa (AdPPARq;
right) is shown. The results are expressed as the percentages of induction by
PPAR« in the presence of HMGCS2 (100%) or in the absence of HMCGC2. The
average of five independent experiments is shown. *, p < 0.05, **, p < 0.01.

activation (11, 12) or a metabolic effect driven by stimulation of
fatty acid degradation (Fig. 2). Therefore, we analyzed the effect
of HMGCS2 expression on PPAR« target genes. Fig. 3A shows
that overexpression of HMGCS2 induced FGF21 expression
and that catalytic activity of the enzyme was needed for this
mRNA induction. Fig. 3B shows that knockdown of HMGCS2
down-regulated FGF21 mRNA levels in the absence (Fig. 3B,
right panel) or presence (Fig. 3B, left panel) of PPARw. This
effect was specific for FGF21, because the mRNA levels of other
PPAR« target genes were not affected by HMGCS2 expression
(Table 1).

To follow the activator effect of HMGCS2, we performed
luciferase promoter assays in which no co-activation by
HMGCS2 was observed on PPARa mediated-induction of
CPT1la or HMGCS2 promoters (data not shown). These data
are consistent with the lack of nuclear co-localization of recom-
binant PPAR«a and endogenous HMGCS2 shown by immuno-
histochemistry analysis in HepG2 cells (Fig. 44). In addition,
pulldown experiments showed that no interaction of HMGCS2
overexpressed in HepG2 with the GST-PPARa purified protein
that can interact with its RXR« partner (Fig. 4B). These results
indicate that the effect on FGF21 expression observed in
HepG2 cells was not related to co-activation of PPAR« by
HMGCS2.

FGF21 Is a SirT1 Target Gene during Fed-to-Fast Transition—
An alternative metabolic hypothesis for HMGCS2 stimulation
of FGF21 is that the effect of HMGCS2 on ketogenesis and
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FIGURE 4. Recombinant PPAR« does not co-localize nor interact with
endogenous HMGCS2. A, immunohistochemical analysis of recombinant
PPARa and endogenous HMMGCS2 expression in HepG2 cell. Cells infected
with adenovirus control (AdLacZ) or adenovirus encoding human PPAR«
(AdPPAR«)) were fixed and stained with DAPI and incubated with anti-PPAR«a
or anti-HMGCS2 antibody followed by Alexa Fluor 488 or Alexa Fluor 647,
respectively, and viewed with a confocal microscope. B, pulldown experi-
ment of recombinant GST-PPAR«a. HepG2 cells were infected with adenovi-
ruses expressing GFP (AdGFP), wild type (AdHMGCS2 WT), or C166A dead
mutant (AdHMGCS2 MUT) human HMGCS2 were treated (+) or not (—) with
palmitate 0.5 mm for 16 h. Whole protein cell extracts of the infected HepG2
cells were incubated with GST-PPAR« generated in E. coli. GST recombinant
protein was captured by glutathione-Sepharose beads, and the recovered
beads were immunoblotted with anti-HMGCS2 and RXRa antibodies. Inputs
show endogenous RXRa and recombinant HMGCS2 variants in whole protein
cell extracts.

FGF21 expression could be correlated throughout the NAD™
intracellular levels because: (i) ketone body production implies
the reduction of acetoacetate to B-hydroxybutyrate with the
concomitant generation of NAD™ (2) and (ii) the effect of
PPARa ligands on FGF21 expression are dependent on SirT1
activity (14). Therefore, we hypothesize that HMGCS2 could
affect FGF21 expression via a mechanism relaying on ketogen-
esis stimulation of SirT1 activity. To confirm this hypothesis,
we studied the mRNA expression FGF21 in wild type or SirT1
liver knock-out mice during the fed-to-starved transition. Fig.
5A shows that FGF21 induction mediated by starvation was
dependent on SirT1. Fig. 54 also shows a specific effect for
FGF21, because the starvation-associated induction of other
PPAR« target genes, like CPT1A and HMGCS2, was not
affected (black bars compared with dark gray bars). Fig. 5B
shows that the circulating levels of FGF21 protein were
impaired in starved SirT1 LKO, indicative of the physiological
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FIGURE 5. FGF21 is a SIRT1 target gene during fed-to-fast transition.
A, quantitative RT-PCR analysis of FGF21 (left panel) and HMGCS2 and CPT1A
(right panel) gene expression in liver from mice fed ad libitum (AL) or fasted for
15 h normalized to 18 S expression. B, ELISA measurement of FGF21 in serum.
C, Western blot of liver extracts from mice WT and LKO between 5 and 10
animals/group were used. Open bars represent WT mice fed ad libitum, pale
gray bars represent SIRT1 LKO fed ad libitum, dark gray bars represent 15-h
fasted WT mice, and closed bars represent 15-h fasted SIRT1 LKO. *, p < 0.05.

relevance of SIRT1 dependence. Fig. 5C shows that SirT1 is
specifically knocked out in the livers of SirT1 LKO mice (18).
Acetoacetate Modulates FGF21 mRNA Expression by a
SirT1-dependent Mechanism—Next, to pursue the hypothesis
about NAD™ levels, we treated HepG2 cells with the oxidizing
(acetoacetate) or reducing (B-hydroxybutyrate) partners of
ketone bodies. Fig. 6A shows that acetoacetate induced FGF21
expression in a dose-dependent manner, whereas 3-hydroxy-
butyrate did so to a lesser extent. Fig. 6B (left panel) shows that
acetoacetate mediated induction of FGF21 expression was
dependent on SirT1 expression. Fig. 6B (right panel) shows that
acetoacetate did not affect endogenous SirT1 levels and that the
siRNA treatment was efficient. These results suggest that the
products of ketogenesis can stimulate gene expression through
the SirT1 activity and therefore that HMGCS2 could control
metabolic processes other than ketogenesis in this cell line.

DISCUSSION

Fatty acid B-oxidation and ketogenesis are induced during
fasting or lactation (1) and also in pathological situations such
as diabetes (reviewed in Ref. 29). PPAR«a mediates the induc-
tion of genes responsible for controlling both processes. The
HMGCS2 gene controls ketogenesis (2) and is a PPAR« target
(4-6). Studies with the homologous HMGCS1 (19, 20) (an iso-
type that catalyzes the same reaction in the cytosol, where it
controls the mevalonate pathway) suggested that cysteine 166
is part of the active site of the mitochondrial HMGCS2 enzyme.
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FIGURE 6. FGF21 is induced by acetoacetate in HepG2 cell line. A, HepG2
cells were treated with acetoacetate 1 (low) or 10 mm (high) or with 3-hy-
droxybutyrate 2 (low) or 20 mm (high) for 5 h in regular growth medium.
Relative expression of FGF21 mRNA was assessed by real time PCR. The aver-
age of three independent experiments is shown. B, left panel, levels of mRNA
of FGF21 in cells transfected with a siRNA control or siRNA specific for SIRT1 in
the absence (open bars) or 10 mm acetoacetate (closed bars). Right panel, the
levels of SIRT1 protein cells transfected with a control siRNA or specific SIRT1
siRNA, in the absence (—) or the presence (+) of 10 mm acetoacetate. The
average of three independent experiments is shown. *, p < 0.05, **, p < 0.01.

Therefore, in this paper, we generated two adenoviruses
expressing wild type and a catalytically inactive mutant
(C166A; Fig. 1A) of the human HMGCS2. When HMGCS2
activity was expressed, HepG2 cells become ketogenic (Fig. 2B).
Interestingly, we also observed that these cells had a greater
capacity to oxidize long chain fatty acids. The B-oxidation
induction was similar to that seen in PPARa-infected cells (Fig.
1C). These results suggest that expression of the gene not only
controls ketogenesis but can also control the 3-oxidation path-
way in certain circumstances.

Recombinant PPARa expression in HepG2 cells induces
B-oxidation of fatty acids and the expression of genes such as
FGF21, HMGCS2, and CPTI1A (Ref. 6 and Table 1). It has been
proposed that HMGCS2 is a co-activator of PPAR«a (11)
through a mechanism involving the HMGCS2 palmitoylation
of Cys-166 (12). In fact, we found that expression of HMGCS2
was involved in the induction of fatty acid oxidation mediated
by PPAR« (Fig. 2). However, our data do not support the role of
HMGCS2 as a PPARa co-activator. We did not observe an
interaction between PPARa and HMGCS2 nor a nuclear co-lo-
calization of both proteins (Fig. 4). In addition, no effect of
co-activation was observed at the level of reporter gene even for
HMGCS2, which was proposed (12) as the target of PPAR«
co-activation (data not shown). Therefore, we have sought an
alternative hypothesis to explain the role of HMGCS2 in con-
trolling fatty acid oxidation.

Liver synthesizes acetoacetate through the 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) cycle, which is driven by the
three mitochondrial located enzymes acetoacetyl-CoA thiolase
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(EC 2.3.1.9), hydroxymethylglutaryl-CoA synthase (HMGCS2;
EC 4.1.3.5), and hydroxymethylglutaryl-CoA lyase (EC 4.1.3.4)
and produces 1 mol of acetoacetate, 1 mol of acetyl-CoA, and 2
mol of free CoA from three molecules of acetyl-CoA (2). Ace-
toacetate is further reduced to B-hydroxybutyrate through
mitochondrial ~ B-hydroxybutyrate  dehydrogenase (EC
1.1.1.30), driven by high levels of NADH in hepatic mitochon-
dria. Interestingly, in humans (30) and other mammals (31), a
cytosolic isotype of B-hydroxybutyrate dehydrogenase has
been characterized, suggesting a reversible conversion between
acetoacetate and B-hydroxybutyrate depending on the
[NAD™]/[NADH] ratio. In addition, diet manipulation, like
caloric restriction, affects the [NAD™]/[NADH] ratio in liver
and muscle (18). In this study we hypothesized that HMGCS2,
widely expressed in human tissues (16), could modulate
[NAD™]/[NADH] ratio by feed-forward ketogenesis. HMGCS2
activity specifically induces FGF21 mRNA levels in HepG2 cells
(Fig. 3A), whereas other PPAR« target genes remained unaf-
fected (Table 1). Also, knockdown of HMGCS?2 clearly affected
FGF21 expression and its induction by PPAR« (Fig. 3B). FGF21
has been shown to be highly sensitive to SirT1 activity on
ligand-dependent PPARa transactivation (14), and our data
clearly indicate that fasting-induced expression of FGF21 was
blunted in SirT1 liver-specific knock-out, whereas other
PPARa target genes were unaffected in this experimental con-
dition (Fig. 5). This result indicates that FGF21, in terms of
mRNA levels or the circulating protein, is highly sensitive to
SirT1 activity during fasting.

To explain our data, we propose that under certain circum-
stances HMGCS?2 activity, through acetoacetate generation,
could modulate the cytosolic [NAD]/[NADH] ratio and
therefore SirT1 activity. Consistent with this hypothesis, we
observed that the addition of acetoacetate, but not 3-hydroxy-
butyrate, to the HepG2 cell medium induces FGF21 expression
in a mechanism dependent on SirT1 (Fig. 6). Therefore,
HMGCS2 seems to have a specific effect on gene expression,
which does not depend on PPAR« co-activation. However, our
results do not fully explain why HMGCS2 expression is neces-
sary for the induction of 3-oxidation mediated by PPARa. It is
possible that changes in the mitochondrial [NAD*]/[NADH]
ratio are also partly responsible for this phenomenon. However,
it is also possible that removal of acetyl-CoA, as acetoacetate,
accelerates the catabolic process and that both FGF21 mRNA
expression and B-oxidation are stimulated by HMGCS2
through independent mechanisms.

Proliferating cells do not express HMGCS?2 activity (10, 15).
The human gene is a target of c-Myc, and its expression is char-
acteristic of differentiated cells of the colon (24). The role of
oxidative metabolism in cell transformation has recently been
highlighted (reviewed in Ref. 32). In fact, it has been found that
p53 up-regulates fatty acid oxidation induced by glucose star-
vation (33), and it is proposed that this effect would be part of its
role as a tumor suppressor gene because active -oxidation
would protect the cell from Warburg effect (reviewed in Ref.
34). We have not observed a clear effect of HMGCS2 gene
expression on cell proliferation, a target gene of p53 (data not
shown). However, we have shown how HMGCS?2 expression
produces metabolic effects capable of inducing the expression

JOURNAL OF BIOLOGICAL CHEMISTRY 20429



HMGCS2 Regulates FAO and FGF21 Expression

of genes such as FGF21 and altering the oxidative flux of long
chain fatty acids.

In conclusion, our results suggest that HMGCS2 expression
affects the PPARa-mediated response. However, we propose
an alternative mechanism to the previously proposed co-acti-
vation of PPAR« (11, 12). Our mechanism would be related to
changes in the metabolites of the cell induced by the accelera-
tion of ketogenesis, although these changes could be related to
factors other than SirT1 activity.
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