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Abstract

Peroxisomal3-ketoacyl-CoA thiolase B (Thb) catalyzes the final step in the peroxisonfal
oxidation of straight-chain acyl-CoAs and is untter transcription control of the nuclear hormone
receptor PPAR. PPARxX binds to and is activated by the synthetic compoWy14,643 (Wy).
Here, we show that the magnitude of Wy-mediatedugtidn of peroxisomap-oxidation of
radiolabeled (£C) palmitate was significantly reduced in mice dieft for Thb. In contrast,
mitochondrialB-oxidation was unaltered ifihb” mice. Given that Wy-treatment induced Acox1
and MFP1/2 activity at a similar level in both ggmpes, we concluded that the thiolase step alone
was responsible for the reduced peroxisofwixidation of fatty acids. Electron microscopic
analysis and cytochemical localization of catalembcated that peroxisome proliferation in the
liver after Wy-treatment was normal b’ mice. Intriguingly, microarray analysis revealbait
MRNA levels of genes encoding for cholesterol biblsgsis enzymes were upregulated by Wy in
Wild-Type (WT) mice but not irfThb”™ mice, which was confirmed at the protein level foe
selected genes. The norduction of genes encoding for cholesterol biokgsis enzymes by Wy

in Thb”™ mice appeared to be unrelated to defective SREBPFPPPAR signalling. No difference
was observed in the plasma lathosterol/cholesteattb (a marker forde novo cholesterol
biosynthesis) between Wy-treated WT ambb” mice, suggesting functional compensation.
Overall, we conclude that ThA and SCPx/SCP2 thedasannot fully compensate for the absence
of ThB. In addition, our data indicate that ThBnsolved in the regulation of genes encoding for
cholesterol biosynthesis enzymes in the liver, satigg that the peroxisome could be a promising

candidate for the correction of cholesterol imbatam dyslipidemia.
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Introduction

Over the last decade, considerable effort has Ioesste to disentangle the various pathways in
which peroxisomes are involved. Evidence abounds defects in peroxisome biogenesis &nd
oxidation of fatty acids cause several inheritesedses, which - in most cases - are lethal [1].
Peroxisomes are known to be involved in many aspa&dipid metabolism, including synthesis of
bile acids and plasmalogens, synthesis of chol@séed isoprenoidsy-oxidation and3-oxidation

of very-long-straight- or -branched-chain acyl-CoA%e peroxisomal degradation of straight-
chain acyl-CoAs by a discrete set of enzymes ha&h beell documented. Th@-oxidation of
straight-chain acyl-CoAs starts with a reactioralyated by acyl-CoA oxidase 1 (Acox1), the rate-
limiting enzyme of the3-oxidation pathway. This step is followed by twozgmatic reactions
carried out by the MFP1/L-bifunctional protein athé MFP2/D-bifunctional protein. The fourth
and last step is catalyzed by the peroxisomal 8dat-CoA thiolases.

Intriguingly, two different peroxisomal 3-ketoad@lbA thiolases for very-long-straight-chain fatty
acids (thiolase A, ThA, Acaala and thiolase B, TABaalb, EC:2.3.1.16) have been cloned in
rodents, while only one corresponding gene (peocma 3-acetyl-CoA acetyltransferase-1,
ACAA1) has been identified in humans [2-4]. Therdhperoxisomal thiolase, SCP-2/3-ketoacyl-
CoA thiolase (SCPx), displays a very broad sulsstsgecificity, including cleavage of 2-methyl
branched as well as straight-chain 3-ketoacyl-Cstars [1, 5, 6].

Targeted disruption of the mougeoxl gene has revealed the critical role of this enzyme
hepatocellular proliferation and peroxisome proéfen as well as in the catabolism of very-long-
chain fatty acids [7, 8]. Peroxisomal acyl-CoA agé deficiency and its consequences are also
well documented in humans [9]. Two isoforms of ACDKa and b) have been characterized in
mouse and man [10]. Vluggems al. recentlystudied the respective roles of these isoforms by
using adenovirally driven hACOX-1a and hACOX-1bAcox1 null mice [10, 11]. The hACOX-1b
isoform was more effective in reversing theoxl null phenotype than the hACOX-1a isoform,

illustrating functional differences between thes® ttlosely related proteins. Other reports aimed
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at characterizing the consequence$/fp-1 (L-PBE) and/omMfp-2 (D-PBE) deficiencies in mice

are also available [12]. While most biochemicalgpaeters remained unaffected by the single
deletion ofMfp-1, Mfp-1 deficient mice displayed marked reduction in pesome proliferation
when challenged with a peroxisome proliferator [13he Mfp-2 deficient mice displayed
disturbances in bile acid metabolism and in thakdewn of very-long-chain fatty acids. Recently,
it was also reported that deletion bffp-2 in mice resulted in the combined upregulation of
PPARalpha and SREBP-2 target genes in the livgygesting a potential cross-talk between the
two signalling cascades, orchestrated by MFP-2[14]

Information about ACAAL remains fragmentary andyoal limited number of studies has been
reported so far [4, 15]. The discovery of a youmg wgith a specific mutation within th&@CAA1
gene was initially believed to shed some light loa iiole of ACAAL in very-long-chain fatty acid
catabolism [16]. However, follow-up investigatiodemonstrated that the true defect was rather at
the level of D-bifunctional protein, rendering timepact of ACAAL in humans uncertain [15]. To
date, it is not clear if ACAAL plays a similar ralehumans and rodents, nor whether ACAAL can
be considered as the ortholog of ThA and/or ThB [Rgnce, in an effort to improve our
understanding of the functions of peroxisomal 3keyl-CoA thiolases, we began by studying the
deletion ofThb in mice [17].

As a hypolipidemic fibrate drug, the synthetic pgsome proliferator Wy14,643 (Wy) causes
proliferation of peroxisomes in liver parenchymallg [18]. In WT mice Wy administration gives
rise to a robust elevation of mitochondrial andopesomal fatty acidB-oxidation, hepatocyte
hyperplasia and then hepatomegaly, but these sfégetnot found in PPARdeficient mice [19].

At the molecular level, Wy has been characterized potent and selective activator of the nuclear
hormone receptor PPAR In humans and rodents [20, 21]. PRARs well expressed in
metabolically active tissues such as hepatic, randlbrown adipose tissue [22]. After binding of

Wy, PPARx becomes activated and regulates the expressiam ffbset of genes commonly

referred to as PPARtarget genes [23]. Previouslihb was identified as a gene highly responsive
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to PPARx agonists [24, 25]. Thereforthb mRNA levels can be modulated by treatment with

peroxisome proliferators (PP). In addition to bergcial for lipid handling, PPAR has been
linked to the regulation of genes involved in agibwth, differentiation and inflammation control
[26-29]. Using gene expression profiing combinedthwnorthern-blotting or RT-qgPCR
experiments, it has also been established thaeffieets of Wy on hepatic gene expression are
robust and almost exclusively mediated by PBABO, 31].

SinceThb expression is highly activated by PP&Rt can be hypothesized that the effeciThb
deletion would be more pronounced under conditadf3PARx activation. Accordingly, the effect
of Thb deletion was studied in WT mice afitib’ mice, both treated with Wy for 8 days, and
fasted for 6h before sacrifice. The results ingidaatThB inactivation is associated with a modest
but statistically significant decrease in peroxisbipalmitate3-oxidation. It is also worth noting
that ThB is dispensable for Wy-mediated cell andopisome proliferation in the liver.
Intriguingly, the Wy-induction of some genes encadfor cholesterol biosynthesis enzymes was
altered inThb” mice, suggesting that ThB has a unique and unesgeaile in cholesterol

metabolism.

2. Materials and methods

2.1. Animals
Male, pure-bred Sv129 (WT) arfdhb” mice have been previously described [17]. Mice wexgt
in normal cages with food and wated libitum, unless indicated. Mice were routinely fed a
standard commercial pellet diet (UAR A03-10 pellétsm Usine d’Alimentation Rationnelle,
Epinay sur Orge, France, 3.2 kcal/g) consistingniags) about 5.1% fat (C16:0 0.89% ; C16:1n-7
+0.09% ; C18:0 £0.45% ; C18:1n-9 +1.06%, C18:2819%63% and traces of C18:3n-9). At the
time of sacrifice, animals were around 4-5 montls Onless indicated, male mice in the fasted
state were deprived of food for 6h starting atpn@. Blood was collecteda orbital puncture into

EDTA tubes. The animal experiments were approvethbyanimal experimentation committee of

5
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the University of Burgundy (protocol number n°19@#)d were performed according to European

Union guidelines for animal care.

2.2. Chemicals
For the purposes of the present work, Wy was obetaiinom ChemSyn Laboratories (Lenexa,
Kansas),Fenofibrate from Sigma, Arabic gum from Merck, gPGRsterMix Plus for SYBR

Green | with fluorescein from Eurogentec, and{@) palmitate from Amersham Biosciences.

2.3. Pharmacological protocol
Male mice were treated by intragastric gavage with kinds of peroxisome proliferators: (1) Wy
(30 mg/kg/day, approximately 2Q0/dose) for 8 days, and (2) fenofibrate (100 mgdlag/ 200
ul/day) for 14 days. In both cases, these molecutre dispersed into water containing 3% Arabic
gum. This protocol was performed daily between &0@. and 10.00 a.m. Livers were excised,
weighed, snap-frozen in liquid nitrogen, and stoe#d-80 °C. For the RNA analyses, tissue

samples were taken from the same liver lobe in eamise to avoid variability.

2.4. Peroxisomal and mitochondrial oxidation of (1-**C) palmitate
Peroxisomal and mitochondrial oxidation of }(G) palmitate were measured as described
elsewhere [32]. However, instead of quantifying CO2 radioactivity level, the release of (1-
14C) acetyl-CoA and (1%C) acetyl-carnitine in perchloric acid was quaetifiafter one cycle -

oxidation.

2.5. Mitochondrial and peroxisomal enzyme assays.
Liver homogenates and mitochondrial fractions werepared as usually described [33]. Livers
were homogenized with a Teflon pestle rotating 80 3pm in a cooled Potter-Elvehjem
homogenizer, in 20 volumes of chilled solution &®M sucrose, 2 mM EGTA, and 10 mM Tris-

HCI (pH 7.4). Palmitate oxidation rates were meagun two separate media: the first allowed

6
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both mitochondrial and peroxisomal activities tewg and the second allowed omgroxisomal

activity. The functional state of mitochondria was estimabgdthe differential activities of
monoamine oxidase (EC 1.4.3.4) and of citrate 88{EC 4.1.3.7), whereas that of peroxisomes
were determined by CN-insensitive palmitoyl-CoA-degent NAD+ reduction, which has been
defined as the “peroxisomal fatty acid oxidizingstgyn” (PFAOS) [34-36]. Carnitine
palmitoyltransferase | alpha (CP®lactivity was measured using EH)carnitine (92.5 GBg/mol;

Amersham Biosciences TRK762) with palmitoyl-CoA described elsewhere [32].

2.6. Cytochemical localization of catalase and peroxisome electron microscopy
Peroxisomes were identified in liver sections ghtliand electron microscopy levels, thereby
revealing the enzymatic activity of catalase, th@mperoxisomal marker enzyme, according to
established procedures [37, 38]. Liver samples wexed in a 4% formaldehyde, 0.1M
sodiumcacocylate buffer (pH 7.3) containing 1% (wbalcium chloride for 24 h at room
temperature, after which sections (@) were cut with a cryostat. The cryostat sectiwase then
incubated in a diaminobenzidine (DAB)-hydrogenp&tex medium at pH 10.5 (Theorell-
Stenhagen buffer) for 3 hours at 25°C. After DABtbation, the sections were rinsed, post-
osmicated and embedded in epoxy resin (LX-112p¥atg standard protocols. Semi-thin (2 pm)

sections were cut for light microscopy, and ultrar{750 nm) sections for electron microscopy.

2.7. Histochemistry/Histology.
We kindly acknowledge the expertise of Amandine aBlat (Plateau technique d'imagerie
cellulaire CellilmaP, IFR 100 Santé-STIC, Dijon, ea) for liver sections and staining with

hematoxylin and eosin.

2.8. Invivo proliferation assay of liver cells
After sacrifice of the animals, liver samples wé&aken from each treatment group. The samples

were placed in 4 % formalin overnight, incubated % ethanol and dehydrated through a graded
7
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series of alcohol (80%-100%). Finally, liver sangpleere placed in xylene before being embedded

in paraffin. Paraffin sections (4m thick) were cut and fixed to polylysine-coateddes.
Proliferative activity was then measured by labglh the Ki-67 antigen, which is expressed in the
nuclei of all cells in G1, S, G2, and M phaseseAfemoving paraffin with xylene, sections were
re-hydrated in a graded series of ethanol from 1699%%%. Endogenous peroxidase was blocked
with 3°/°° H202 in methanol for 10 min. All sections were pre-teghin a microwave oven in a 10
mM citrate buffer at pH = 6 for 10 minutes at 100Mn-specific binding sites were blocked
using 10% goat serum (diluted in PBS 0.1% andrirkel100) before an incubation of 2 h at room
temperature. Incubation with anti-Ki-67 (AB9260, INpiore), the primary polyclonal antibody,
was then performed, followed by incubation withcaiganti-rabbit IgG secondary antibody (Santa
Cruz Biotechnology, sc-2004). Ki-67 positive cellsre visualized by exposing the peroxidase to
3,3’-diaminobenzidine hydrochloride chromogen stdist (DAKO, K3467, France) following by
counterstaining with hematoxylin. Slides were tiaashed with deionized water and mounted with
a permanent medium (Clearmount mounting solutionitfogen Ltd., cat. no. 00-8010). It is also
worth noting that all cells in the active phaseshs cell cycle stained brown except GO-phase
cells, which remained blue. To determine mitotithdty, an average of 4 fields on each slide was
analysed per animal (n=3). The Ki-67 labelling aeas defined as Ki-67 positive cells/total cells

present in the field.

2.9. Plasma metabolites
Plasma was initially collected into EDTA tubds retro-orbital punctures and then centrifuged at
4°C (10 min, 6000 rpm). Plasrahydroxybutyrate levels were determined using a
hydroxybutyrate-FS kit (Diasys Diagnostic Systemiernational, France). Plasma free fatty acid
levels were evaluated with the NEFA-C kit from WAKO
For lathosterol measurements, plasma was mixedepittoprostanol, which was used as a control
standard. Potassium hydroxide saponification wdkvied by lipid extraction with hexane.

Cholesterol and lathosterol were analyzed in tlmethylsilyl ether state by GC-MS using a
8
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Hewlett Packard HP6890 Gas Chromatograph equippédan HP7683 Injector and an HP5973

Mass Selective Detector.

3.0. RNA isolation and reverse transcription step
Liver RNA was extracted with a TRIzol reagent (lnwgen) using the supplier’s instructions. RNA
was then further purified (from free nucleotidesl amontaminating genomic DNA) using RNeasy
columns (Qiagen) and DNAse treatmentud of RNA was used for reverse transcription with

IScript Reverse Transcriptase (Bio-rad).

3.1. Oligonucleotide microarray
Liver RNA samples, prepared using a TRIzol reagemte collected from four groups of five
mice. One group of 5 WT mice and one group @B mice had been treated with Wy, the other
two groups (5 WT mice and Bhb” mice) had not been treated with Wy. An equivalenoant of
RNA from each animal (from all four groups) was sedpuently pooled. Pooled RNA was further
purified using Qiagen RNeasy columns and the qualds verified using an Agilent bioanalyzer
2100 (Agilent technologies, Amsterdam, the Nethelt). RNA was judged suitable for array
hybridization if the sample showed intact bandsesponding to the 18S and 28S rRNA subunits
and no chromosomal peaks. As in a previous stu@ipglof RNA was used for one cycle of cRNA
synthesis (Affymetrix, Santa Clara, USA) [39]. Hibzation, washing and scanning of Affymetrix
GeneChip mouse genome 430 2.0 arrays were perfdiotieding standard Affymetrix protocols.
Fluorimetric data were processed by Affymetrix Gehig Operating software, and the gene chips
were globally scaled to all probe sets with an iaah target intensity value. Further analysis was

performed using Data Mining Tools (Affymetrix).

3.2. Real-Time Quantitative PCR
PCR reactions were performed using the gPCR MastePMis for SYBR Green | with fluorescein

(Eurogentec). All PCR reactions were performed wihltiGuard Barrier Tips (Sorenson
9
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BioScience, Inc.) and an iCycler PCR machine (BamwtRaboratories). Primers were designed to

generate a PCR amplification product of 50-120 bpd avere selected following the
recommendations provided with the Primer 3 softwafattp://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi). The specificity ofdhamplification was verifiedia melt curve
analysis, and the efficiency of PCR amplificatioasrevaluated by a standard curve procedure. The
expression of each gene was determined relatid6B2l as a control gene and the relative gene

expression was calculated by using the "delta-d&ftaquantification method.

3.3. Preparation of liver nuclear extracts

Nuclear extracts of liver were prepared followirsgadlished protocols [40].

3.4. Immunoblot analysis
10 pg of nuclear protein was separated on a 10% (wdlyaarylamide gel in the presence of 0.1%
(w/v) SDS and transferred on to PVDF membranes. réad range pre-stained SDS-PAGE
standard (Bio-Rad, 161-0318) was used as a priatéder in this study. After membrane saturation
at room temperature for 90 minutes with TBS (0.ITNs-HCI , pH 8.0, 0.15 M NacCl) containing
0.1% (v/v) Tween 20 and 5% (w/v) fat-freelk, blots were then incubated overnight at 4°Ghve
polyclonal rabbit antibody against HMG-CoA reduetagsc-33827, 1:200, Santa Cruz
Biotechnology); a polyclonal anti-actin rabbit datdy (A2066, 1:5000, Sigma); a polyclonal anti-
SREBP-2 rabbit antibody (Ab28482, 1:200, Abcanppbyclonal anti-PPAR rabbit antibody (sc-
9000, Santa Cruz Biotechnology); a monoclonal maungiody against the TATA-binding protein
(Ab818,1:2000, Abcam); and a polyclonal sheep aatypto histone H1 (Ab1938, Abcam),
respectively. High affinity purified antibodies mimg against phosphomevalonate kinase (Pmvk,
1:500) and mevalonate kinase (Mvk, 1:1000) haven @maracterized elsewhere [41]. Similarly,
the polyclonal rabbit antibody reacting againsthbibtiolase A and B proteins (PTL, 1:15000) and
the mouse antibody reacting against Acox1 (1:2@¥ehalso been previously characterized [41-

43]. After three washes in TBS containing 0.1% \Wween 20, primary antibodies were detected
10
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using a peroxidase-conjugated IgG antibody, theécehaf which depends on the primary antibody

of interest: a goat antabbit IgG Antibody (1:30000, sc-2004, Santa Cruz Biotechnology), & goa
anti-mouse IgG antibody, (1:30000, Sc-2005, Samte Biotechnology) or a rabbit anti-sheeplgG
antibody (Ab6747, Abcam). The protein bands laloelleh the antibodies were visualized using a
Western-blotting chemiluminescence luminol reag&anta Cruz Biotechnology) by exposure to
X-ray films (Amersham). Densitometry of proteins @estern blots was performed using the

Scion Image software.

3.5. Liver cholesterol
About 100 mg of each liver sample was saponified h@ating in ethanol-KOH, and then

cholesterol was extracted from the saponified smiuivith hexane. Epicoprostanolf®holestan-

3a-0l) was used as a standard. After evaporation efahe, cholesterol was converted to
trimethylesters using bis-silyl-trifluoracetamidélepatic total cholesterol was subsequently
quantified by gas chromatography. To measure ctestdsester levels, Folch extraction was
followed by a silylation step using bis (trimettgilyl) trifluoro-acetamide. Free cholesterol

concentration was taken to be the difference baiietal and esterified cholesterol.

3.6. Satistical analyses
Data are presented as means with their standastseirhe effects of genotype (KO vs WT), of
treatment (with or without Wy), and of genotypeatreent interaction were evaluated using a two-

way ANOVA test. The cut-off for statistical sigraeince was set at a p-value of 0.05.

4. Results
4.1. Peroxisomal palmitate oxidation isreduced in Wy-treated Thb” mice

As previously shown, we found th@hb expression was strongly induced by Wy (Fig. 1a).

Interestingly,Tha expression was higher ihb”™ mice treated with Wy (Wy-genotype interaction,

11
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p=0.046), indicating a possible compensation ofrtbe-expression of ththb gene (Fig. 1a). A

Western-blotting experiment performed with an avdip unable to distinguish between ThA and
ThB isotypes confirmed the hepatic enrichment ofTin Thb” mice treated with Wy (Fig. 1b).
When compared to WT mice, theox1, Mfp-1 and Scpx/Scp2 thiolase mRNA levels were clearly
higher inTho™ mice, and statistically significant at face val(e=0.0506; p=0.017; p=0.0506 for
Acoxl, Mfp-1 and Scpx/Scp2, respectively). After treatment with Wy, tifp-1 mRNA level was
significantly higher in Thb”™ mice (Wy-genotype interaction, p=0.004), while tBepx/Scp2
thiolase andAcoxl mMRNA levels increased in a similar way (which vimgher confirmed at the
protein level for Acox1, Fig. 1d) (Fig. 1c, p=0.3520 determine whether lack dhb in mice

translates into functional alteration of fatty afibxidation, we measured the rate of peroxisomal
B-oxidation of (13‘C) palmitate, using a liver homogenate from eaclisepboth WT and@hb™,

with and without Wy-treatment (Fig. 1f).The effect of Thb deletion on the peroxisomap-
oxidation of (1}*C) palmitate was Wy-sensitive (Wy-genotype intdmact p=0.0035), indicating
that the deletion ofhb leads to a significant decrease (-31%) in the a¢tidn of B-oxidation Thb
inactivation did not affect the production of NAQWhich shows the enzymatic activity of Acox1
and MFP-1/MFP-2) regardless of the treatment candit(Fig. 1g). It is therefore clear that ThA

and SCPx thiolases cannot fully compensate for Mien Thb” mice are metabolically

challenged by the increase in fatty acid oxidatloat Wy induces.

4.2. Lack of ThB does not affect mitochondrial palmitate oxidation

Although Thb deletion caused a reduced rate of peroxisomalitsf-oxidation, it had no effect
on mitochondrial palmitate oxidation in Wy-treat&tb”™ mice, as shown by the results for the
liver homogenate (Fig. 2a), and for the liver mittondrial fraction (Fig. 2b). Consistent with these
data, mRNA levels, the activities of Carnitine Pabyl Transferased (CPT-l) and of the two

mitochondrial markers, MonoAmine Oxidase (MAO) addrate Synthase (CS) were similar for

12
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WT mice andThb”™ mice (Table 1 and supplemental Table 1). Additiignairculating free fatty

acids (FFA) and-hydroxybutyrate levels were not significantly adte in Tho'" mice, both with

and without Wy-treatment, or after 24 h-fastingl§leal). Taken together, the data show i
deletion has very little impact on mitochondriattyaacid 3-oxidation, but that it has a negative

effect on peroxisomal fatty acfttoxidation when mice are metabolically challenged.

4.3. Wy-treated Thb” mice display hepatomegaly similar to WT mice

Besides alteration of lipid metabolism, the knodkad the Acoxl gene in mice is widely
acknowledged to be associated with major hepatoipegambined with the absence of
peroxisomes [7]. In order to check for the possibipact of Thb deletion on hepatomegaly, the

relative liver mass was evaluated for both genayddée hepatosomatic index was significantly

lower in Thb” mice than in WT mice (p=0.0136) (Fig. 3a). AfteyM¥eatment, the hepatosomatic

index increased in mice of both genotypes, althoegk inThb™ mice, suggesting the possible

involvement of ThB in Wy-induced hepatomegaly (Wangtype interaction, p=0.004). To further
investigate the putative role of ThB in hepatogyteliferation, the size and number of liver cells
were gquantified by histological staining using hémglin and eosin Both parameters were
affected by Wy: cell numbers decreased and celdserincreased. No genotype effpet se was
observed either for cell number (p=0.105) or calface (p=0.250) (Fig.3b), suggesting tiab
deletion has no marked effect on liver cell morplyyl (Fig. 3c). To assess the possible
implication of ThB in liver cell proliferation, K67 immunohistochemistry was evaluated. Ki-67, a
nuclear protein preferentially expressed duringaative phases of the cell cycle (G1, S1 and G2)

and mitosis, is absent in quiescent cells. The rrmobKi-67 positive cellsvas low for both WT
andThb”" hepatocytes (Fig.3d). Consistent with the resutimfthe macroscopic observations, the
labelling index from the 8-day exposuremiceto Wyshowed a similar increase for both WT and
Thb” hepatocytes (Fig. 3dphdicating that ThB was probably dispensable fdl peliferation in

liver.
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4.4. Thb” mice display regular peroxisome biogenesisand proliferation in liver
To assess for possible defects in peroxisomal etﬂyeimThb'/' mice, we performed microscopic

studies of liver sections. At light microscopy levthese studies revealed a distinct pattern of
numerous, DAB-reactive granules in the hepatocyoptasm of WT mice, with normal

peroxisome distribution (Fig. 4a). Similar peroxrs® numbers and distribution were observed in
Thb” hepatocytes, suggesting that ThB was dispensabile p&oxisome biogenesis and
proliferation in normal conditions (Fig. 4c). Thessults are coherent with similar gene expression
of critical peroxins (such as Pex3p, Pex13p andL&gxin both WT andhb” mice, indicating
that ThB is dispensable for peroxisome biogenesiplemental Table 1). Wy-treatment caused
massive peroxisome proliferation in both WT b’ hepatocytes (Fig. 4b, 4d). This result is
consistent with the increased mRNA levels of thAR® target gen®ex11a observed in both WT
and Thb”™ mice (Fig. 4e). Taken together, these data inditaat ThB is dispensable for hepatic

peroxisome proliferation induced by Wy.

Electron microscopy (EM) examination revealed tiat liver peroxisomes were more elongated
and slightly more numerous fihb”” mice than in WT mice (Fig. 4f, 4h). These data ssgghat

Thb deletion does not cause the massive spontanecosgigmme proliferation that has been

observed in the livers of mice deficient féxcoxl [8]. As expected, after Wy-treatment,

pronounced peroxisome proliferation was observdzbth WT mice andhb’™ mice.

45. Thb deetion blunts Wy-mediated upregulation of genes encoding for cholesterol

biosynthesis enzymes

14
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In order to ascertain whether some metabolic staepsaffected byhb deletion, detailed analysis

of the microarray data was performed. In agreenveitit published data, Wy increased the
expression of several genes involvedi@novo cholesterol biosynthesis (Fig. 5 and supplemental

Table 1) [44, 45]. However, this effect was sigrafitly blunted ifThb™ mice, as shown by RT-

gPCR (Fig. 6). Similar data were collected for fi@mate (Fig. 7). These data suggest that ThB
may be involved in hepatic cholesterol homeostasisindirect regulation of the expression of

genes encoding for cholesterol biosynthesis enzymes

4.6. Reduced content of cholesterol biosynthesis enzymes in the liver of Wy-treated Thb”

miceis not secondary to reduced maturation of SREBP-2.

Since the rate-controlling step in cholesterol ndkesis is catalyzed by HMG-CoA reductase, we
checked whether the induction ldfng-CoA reductase mRNA by Wy was translated at the protein
level. In coherence with the mRNA data, Wy increabMG-CoA reductase protein content in
WT mice, but not inhb”™ mice (Fig. 8a). A similar pattern was observedtyor enzymes found in
peroxisomes, phosphomevalonate kinase (Pmvk) andaloreate kinase (Mvk), (Fig. 8a).
However, the pvk mRNA levels did not reflect the increase in Pmuktlze enzyme level.
Therefore, we cannot completely rule out some pasislational modifications by intermediates of
the cholesterol and nonsterol isoprene biosyntlpetibways, as previously shown for Mvk [46]. In
coherence with an intact PPARIignalling cascade fhb”™ mice, the nuclear PPARcontent was
not affected byrhb deletion or by the Wy-treatment (Fig. 8b).

Since genes encoding for cholesterol biosynthesiymes are under the direct control of the
transcription factor SREBP-2, ttf8eebp-2 mRNA level was quantified in liver samples of abe-
treated or mock-treated WT afitib’ mice. No significant effects of Wy (p=0.792), féihoate
(p=0.083) orThb deletion (p=0.71) on hepati&ebp-2 MRNA were observed (Fig. 8c). Whatever
the genotype and pharmacological activation, théureanuclear form of SREBP-2 remained

constant (Fig. 8c). These data suggest that theea@se in induction of cholesterol synthesis gene
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expression in fibrate-treate@hb’ mice is probably not the consequence of defectghan

maturation process of SREBP-2.

4.7. Therateof in vivo cholesterol synthesisisreduced by Wy-treatment in both WT mice and
Tho™ mice.

To investigate if the impact dhb deletion on cholesterol synthesizing genes exjmess the liver
results in an altered rate of cholesterol synthekes plasma lathosterol d&cholest-7-en-3-ol) to
cholesterol ratio was determinethis ratio correlates well with the cholesteroldrale and has
been used as an index of cholesterol biosynthdsis 48]. As reported in the literature, the
lathosterol/cholesterol ratio measured in the lied in plasma was significantly reduced by Wy-
treatment (Wy; p=0.007) and fenofibrate-treatmdf; (p=0.042) in WT mice and ifihb” mice
(Fig. 9a and 9c). In the liver, however, the stesidye hepatic cholesterol (total and free) content
remained stable after Wy-treatment in both WT méaed Thb” mice, suggesting potential

compensatory mechanisms such as a decrease imlgatalof cholesterol to bile acids and/or a

decrease in its excretion in the stool (Fig. 9b aadd

5. Discussion

We recently reported on the hepatic enrichmentnef)(and (n-9) mono-unsaturated fatty acids
(MUFAS) in the livers of Wy-treatetlihb'/' mice [49]. Here, using radiolabelled {13) palmitate,
we show that peroxisomal fatty acid oxidation ig mopaired byThb deletion in the livers of
mock-treated mice. This new finding suggests thak &nd/or SCPx/SCP2 thiolase could replace

ThB in the absence of pharmacological stress.

After Wy-treatment, there was weaker inductiopefoxisomal fatty acid oxidation b’ mice,

indicating that ThA and/or SCPx/SCP2 thiolase carfulty compensate for the lack of ThB under

conditions of metabolic stress. The roleT¢iB in the liver becomes crucial for peroxisomal fatty
16
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acid oxidation when this function is activated. Bxbough ThA and ThB share almost complete

amino acid similarity (96% identity), they do naaessarily share the same natural substrates and
their relative affinity for their substrates coddd different [2].

It has previously been reported that the liversPex2- or Pex5-deficient mice are devoid of
functional peroxisomes [50, 51]. Elsewhere, fibest$ derived from patients with ACOX1 or
MFP2 deficiency have been shown to exhibit a filsbf@duction in peroxisome abundarié].
However, in some peroxisomal-disorder patientspxisome abundance was normal but their form
was elongated [53, 54]. Here, we report fRatb”” mice have slightly elongated peroxisomes, but
the mechanism underlying this potentially interggiphenotype remains to be investigated.

Mice deficient for peroxisomal oxidative enzymesvdafewer peroxisomes, supporting the
hypothesis that peroxisom@loxidation could partly control peroxisome abundanGiven that
reduced peroxisom@loxidation was observed in Wy—treaté'@b'/' mice, we investigated the
function of ThB in this cellular process. Peroxisombundance was shown to be related to the

presence or absence of Wy-treatment and not totgemoWy-treatedr’ hb” and WT mice both

had more peroxisomes than the mock-treated midgating that the role of ThB in peroxisome
proliferation is minimal. Pex7-deficient mice hagedisrupted peroxisomal receptor for ThB
import, but they nevertheless display normal pesoxie assembly, which confirms that
peroxisomal ThB is dispensable for peroxisome mege [55].0ne possible hypothesis is that
ThA and/or SCR/SCP could compensate for the absence of ThB. Howesisrilar Scpx/Scp2

MRNA levels were found in WT anghb™ mice, making the SC#SCR2 hypothesis unlikely.
Furthermore, SCRSCRP-deficient mice had more peroxisomes in their livarglicating that
SCPRX/SCR2 couldimpede peroxisome proliferation [6]. Elevat@ida mRNA levels in Wy-treated
Thb” mice could reflect a response to the previoughpreed hepatic overload of (n-7) and (n-9)
MUFAs (Fig. 1) [49]. As the substrates and progsrtof ThA and ThB have still not been
completely explored, it is impossible to rule outm&chanism where ThA compensates for the

absence of ThB, similar to the compensation obsetvetween MFP-1 and MFP-2 in mice
17
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deficient for these genes [56], (and reviewed i ), [57]. Thus, the generation @ha’” mice
would be a positive step in exploring the role &fATin peroxisome biogenesis, proliferation and
function. It could also help to clarify the respeetcontribution of ThA and ThB to various
substrates [56].

In contrast toPex5" mice, which show a twofold increase in mitochonidpi@amitate3-oxidation,
mitochondrial palmitatg3-oxidation remains unchanged b’ mice [58]. Furthermore, since
Thb deletion appears to have no effect on the struditiee mitochondria asevealed by electron
microscopy and on the activity of mitochondrial ke&arenzymes, we conclude that the biology of
the mitochondrion is not dependent on ThB.

Previous studies have described an incomplete steoté biosynthesis pathway in peroxisomes,
with conversion of the peroxisomal acetyl-CoA ptmHMG-CoA. The peroxisomal acetyl-CoA
pool produced by-oxidation represents less than 10% of the totaly®€CoA in the liver [59] and

is channelled preferentially to cholesterol biosysis [60-63]. Cholesterol biosynthesis followed

the same pattern in boffhb”™ and WT mice. As the total and free cholesterokeonin the liver

was also similar in botfthb” and WT mice, ThB probably has a limited functionale in this

pathway, but compensation by ThA and/or IR cannot be ruled out.

It is worth recalling that our expression data iareoherence with the existing literature, showing
the induction of some genes encoding for cholektaosynthesis enzymes after Wy-treatment in
the livers of WT mice, but intriguingly not in theof Thb”™ mice [44, 45]. However, the increase
in most mMRNAs and proteins encoding for cholestbrasynthesis after Wy-treatment in WT mice
was not accompanied by an increaselemovo cholesterol biosynthesis, as shown by the plasma
lathosterol/cholesterol ratio, a surrogate plasnaaker for endogenous cholesterol biosynthesis
downstream from lanosterol [47These data are in line with various studies shouliag fibrate-
treatment in WT mice does not stimulate hepatidpetion of cholesterol but rather decreases it

[45]. Given that well-established PPARarget genes are equally upregulated in Wy-tre¥tdd

and Thb”" mice, why is it that SREBP-2 target genes (genesding for cholesterol biosynthesis
18
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enzymes) do not follow the same pattern in Wy-geat/T andThb” mice [49]?Recent studies

have reported cross-talk between PRARNd SREBP-2 dependent gene-regulation in human
hepatoma HepG2 cells, suggesting potential syneetpyyeen the PPARRand SREBP-2 pathways
in humans [64, 65]. It is possible that the SREBRAd perhaps even the SREBP-1 signalling
cascades may be compromised in Wy-treéltbld" mice. However, many animal and cellular
studies exploring the level of expression of SREBBhd SREBP-1 have shown that, while
SREBP-2 is a relatively selective activator of @stérol biosynthesis, SREBP-1 controls fatty acid
biosynthesis (reviewed in Refs. [66-68]). The mRNésseveral cholesterol biosynthesis enzymes
have been found to increase in transgenic miceessprg a dominant positive NH2-terminal

fragment of SREBP-la [69]. One possible hypothestbat a decrease in SREBP-1 could cause a
decrease in the Wy-induction of genes encodingcfarlesterol biosynthesis enzymesﬁhb'/'
mice. However, we consider this explanation veriikety, as the maturation of SREBP-2 and
SREBP-1 is unaltered ifihb’™ mice (this manuscript and Ref. [49]). In furthemppart of this
notion, the mRNA levels of the lipogenic gerfexa andFas, two SREBP-1 targetsyere more
elevated in Wy-treated hb” mice than in Wy-treated WT mice, suggesting that 8REBP-1
pathway was not compromised [49]. No differencéhiiymRNA level or the mature active form of
the protein was observed for SREBP-2 in WT ahg’” mice, with or without Wy-treatment. The

activity of nuclear SREBP-2 is regulated by poatsiational modifications [70]. For example,
insulin-like growth factor 1 (IGF-1) induces phospylation of SREBP-2, facilitating SREBP-2

transcriptional activity and thereby the expressibits target genes [70Ihb'/' mice are smaller

than WT mice and display a drastic reduction iredivgi-1 mRNA and circulating levels
(unpublished data). A plausible hypothesis thatukhmot be dismissed is that reduced IGF-1-

mediated phosphorylation of SREBP-2 could ultimateld to reduced transcriptional activity of

SREBP-2 in Wy-treateiﬂhb'/ “mice.

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Fidalecet al., ThB and genes of cholesterol biosynthesis ierliv
Almost all the biological effects of Wy on gene eagsion have been shown to be mediated by the

nuclear receptor PPAR([31]. The Wy-induction of genes encoding for clstdeol biosynthesis
enzymes has been shown to be dependent on @PAR 45, 71]. Based on these statements, we
may speculate that the PPARIignalling cascade may be altered Thp deletion explaining at
least in part the non-induction of genes encodmgcholesterol biosynthesis enzymes in Wy-

treated Thb” mice. However, the magnitude of Wy- or fibrate-intlon in almost all typical

hepatic PPAR target genes appears to remain at least the saimb | mice, arguing against this
possibility (Fig. 1d and supplemental Fig. 2a ab{i [29]. Significantly, van der Meaat al found
PPARx binding to the human promoter of the SREBP taggetesHmgcesl, Hmger, Fdftl and
Scdmol, confirming cross-talk between PPARINd SREBP [64]In further support of this idea,
Leuenbergeet al also reported the physical binding of PRAB the promoter of thélmgcsl,
Hmgcr, Mvk and Pmvk genes in Wy-treated mice [65]. Together, theseallt®sndicate that
activated PPAR could perhaps directly but unexpectedly contrgddiie cholesterol biosynthesis.
In order to link PPAR unequivocally to the impaired Wy-induction of genencoding for
cholesterol biosynthesis enzymes, it would be resrg<o establisRpar &~ x Thb” mice.

Another key nuclear receptor for cholesterol bidkgris is the oxysterol receptor Liver X
Receptora (LXRa), which is regulated at the transcriptional lebgl PPARx [72, 73]. By
silencing the expression of the two gené3yp51 and Fdftl encoding key cholesterologenic
enzymesvia a negative DNA response element, LKRounteracts the effects of SREBP-2.
However, LXRux is probably not involved in the impaired Wy-indioct of Cyp51 andFdftl genes

in Thb” mice because the expressiorLgfa and its target genes was unaltered in Wy-tre@hid

" mice (data not shown and [49]).

In our previous comparative analysis of liver addsma fatty acid composition, we found a

reduction in DHA (Docosahexaenoic acid, C22:6(na3)otent natural activator of PP&RN vivo)
in Wy-treatedThb'/' mice, [31, 49]. There was also a reduction in hepatachidonic acid
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(C20:4(n-6)), a natural agonist for the RetinoidRéceptor, in Wy-treatedrhb'/' mice [49, 74].

Furthermore, recent data have also indicated th&tXfn-7) decreases activation of the PBAR
target gene in the liver [75]. The amount of C16:T] is significantly increased in the livers of
Wy-treatedThb'/' mice. Changes in the availability of this metatzolit Thb” mice may therefore

decrease the Woy-induction of cholesterologenic gebg selectively modulating receptor-

coregulator interactions.
Finally, it should be emphasized that Wy-treaTdntb'/' mice displayed enrichment of some (n-7)

and (n-9) MUFAs in the liver, as the probable copsace of higher Stearoyl-CoA Desaturase-1
(SCD1) activity [49]. Recent findings indicate tlidanges in the hepatic fatty acid composition of
the products of SCD1 modulate free cholesterolymthgesis through a mechanism that implies
endoplasmic reticulum (ER) stress [76, 77]. While @annot completely rule out a role for ER

stress in the dysregulation of SREBP-2 target gbged/y in Tho" mice, this explanation appears

very unlikely because deleting tAd@b gene in mice did not affect the expression pattérthe
main genes involved in the emergence of ER stesssgvealed by DNA arrays (data not shown).
To conclude, our data suggest that ThB plays a mme in peroxisome biogenesis and
proliferation in the liver. The present work als@mgests that under certain conditions of metabolic
stress, ThB may contribute to the indirect regalathy activated PPAR of SREBP-2 target gene
expression. Like other studies on MFP-2 and Peg@pdata strengthen the notion that defects in
peroxisomal enzymes impact on the mRNA levels ofegeencoding for cholesterol biosynthesis
enzymes in the liver [14, 78]. There may possibdynolecular and biochemical mechanisms to
explain our observations and these avenues shioeitdfore be explored by direct experimentation

in the future.
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Figure 1. Peroxisomal B-oxidation of (1-**C) palmitate isimpaired in Thb” mice treated with
Wy, a potent PPARa agonist.

WT andThb” mice were treated with Wy (30mg/kg of body weidot)8 days or left untreatedt

the end of the pharmacological intervention, thienais were fasted (starting at 4 a.m) for 6 hours
before sacrifice a) Liver RNA (5 animals were usadeach condition) was isolated and RT-qPCR
was performed. Gene expression levels from the @sineceiving vehicle only were set afThb:
peroxisomal 3-ketoacyl-CoA thiolase Bha: peroxisomal 3-ketoacyl-CoA thiolase A b) Western
blot analysis of PTL (anti-peroxisomal 3-ketoacylACthiolase A and B proteins) in liver protein
extracts from five animalf-actin was used as a loading control marker c)LR&&A was isolated
and RT-gPCR was performed (From 6 to 20 animaleweed per condition). Gene expression
levels from the animals receiving vehicle only weset at 1.Acox 1. peroxisomal Acyl-CoA

oxidase 1Mfp-1. Multifunctional protein 1Scpx/Scp2 thiolase: Sterol carrier protein x/2 thiolase;

Values are expressed as mean + SEM. See suppldrdatda Table 2 for primer sequences. d)

27



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Fidalecet al., ThB and genes of cholesterol biosynthesis ierliv

Western blot analysis of Acox1 in liver protein ds from five animalg3-actin was used as a
loading control marker e) Peroxisomal(G) palmitateB-oxidation and fNADH production were
quantified in vitro using whole liver homogenates from WT amkb” mice (n=3) Values are
expressed as mean + SEM. Statistically signifiadifierences were calculated using a two-way

ANOVA for genotype (G), Wy14,643 (Wy) and the irgetion between the two parameters (I).

Figure 2. Mitochondrial B-oxidation of (1-**C) palmitate is not compromised in Thb” mice
treated with the potent PPARa agonist, Wy.

(a) Mitochondrial (1X*C) palmitatef-oxidation in liver homogenates (b) MitochondridF(C)
palmitate B-oxidation in mitochondrial fractions. WT arithb’” mice were treated with Wy
(30mg/kg of body weight) for 8 days, or left untexh At the end of the pharmacological
intervention, the animals were fasted (starting atm) for 6 hours before sacrifice. Three animals
were used per condition. Values are expressed aa tm8EM. Statistically significant differences
were calculated using a two-way ANOVA for genotygd, Wy14,643 (Wy) and the interaction

between the two parameters (1).

Figure 3. Thb Deletion did not prevent Wy-induced cell-size increase and cell proliferation
rates.

(a) Hepato-somatic index of Wy-treated (30 mg/kgoofly weight, 8 days) or mock-treated WT
andThb”™ mice. Five to ten animals were used per groumrlyars represent £ SEM. Statistically

significant differences were calculated using a-tmay ANOVA for genotype (G), Wy14,643

(Wy) and the interaction between the two paramethrgb) Mean cell number/field and cell
surface in the liver of WT mice an@hb” mice (c) Hematoxylin and eosin staining of
representative mouse liver sections showing ineckdsepatocyte size following Wy-treatment.
Scale bar, 2Qum. (d) Immunohistochemical staining for Ki-67 inpagocyte nuclei in liver

sections from Wy-treated and mock-treated WT Bt~ mice. Scale bar, 20m.
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Figure4. Thb deletion did not prevent Wy-induced peroxisome proliferation.

(a-d) Immunohistochemical staining of peroxisomeshe liver.Light microscopy of semithin
liver sections from 3-month-old mice after incubati with the alkaline DAB-medium to
demonstrate catalase activity; arrows indicate sbepatocyte nuclei. (a) Liver from a WT mouse,

showing a distinct granular staining pattern, ietfleg normal peroxisome distribution (c) A similar

staining pattern is found in the liver of ’b” mouse (b and d) Peroxisome proliferation is

prominent after Wy-treatment in WT afthb”™ mice (e) Liver RNA was isolated and RT-gPCR

was performed (n =6). Gene expression levels fitoenanimals receiving vehicle only were set at
1. Statistically significant differences were cd#tad using a two-way ANOVA for genotype (G),
Wy14,643 (Wy) and the interaction between the twarameters (I). Pexdd Peroxisomal
biogenesis factor 1; (f-i) Representative electron micrographs of mouse-beetions without
treatment (f,h) and after Wy-treatment (g,i). Nthe presence of peroxisomes with a slightly
elongated shape (see arrows) in h in contrasteteainded shapes in f. Glycogen rosettes, specific

for hepatic parenchyma were present in many ddlidvitochondria.

Figure 5: Heat map showing changes in expression of selected genes encoding for cholesterol

biosynthesis enzymesin theliver as determined by microarray.
WT and Thb”™ mice were treated with Wy (30 mg/kg/day for 8 dags left untreated, and all

animals were fasted for 6h prior to sacrifice. doliver RNA (n=5) was hybridized on

Affymetrix GeneChip Mouse Genome 430A arrays. Espi@n levels were analyzed using
Microarray Suite and Data Mining Tool software,pasviously described [29]. The heat map was
generated directly from the microarray data. Thpression signals from the mock-treated WT
animals were arbitrarily set at 1 and the scaleasgmts fold-induction relative to mock-treated WT

mice. The selected genes exceeded minimal threstpiession levels.
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Figure 6: The hepatic expression of genes involved in de novo cholesterol biosynthesis is
impaired in Wy-treated Thb” mice. WT (n=5) andThb” (n=5) mice were treated with Wy
(30mg/kg of body weight, 8 days), or left untreatéddl animals were fasted for 6h prior to
sacrifice. Liver RNA was isolated and RT-qPCR was performeené&expression levels from the
animals receiving vehicle only were set atHmgcsl : cytosolic 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) synthase-dimgcr : microsomal 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase, Mvk: mevalonate kinase, Pmvk: phosphomevalonate kinase,
mvd: mevalonate decarboxylas&jps. farnesyl diphosphate synthaseiftl: farnesyl-diphosphate
farnesyltransferase-&gls. squalene synthase, sgle: squalene epoxidaselanosterol synthase,
Cyp51.: sterol 14 alpha-demethylagésdhl: NAD(P) dependent steroid dehydrogenase-I8oad:
sterol-C5-desaturase, Dher7:  7-dehydrocholesterol reductase. Error bars reptex SEM.
Statistically significant differences were calcelhtusing a two-way ANOVA for genotype (G),
Wy14,643 (Wy) and the interaction between the tammeters (). See supplemental data, Table 2

for primer sequences.

Figure 7: The hepatic expression of genes involved in de novo cholesterol biosynthesis is

impaired in fenofibrate-treated Thb” mice.
WT (n=5) andThb” (n=5) mice were previously treated with fenofilergl0OOmg/kg of body

weight) for 14 days, or left untreated. All animalsre fasted for 6h prior to sacrifice. Liver RNA
was isolated and RT-gPCR was performed. Gene esipresevels from the animals receiving
vehicle only were set at Hmgcsl : cytosolic 3-hydroxy-3-methylglutaryl coenzyme (AMG-
CoA) synthase-1Hmgcr : microsomal 3-hydroxy-3-methylglutaryl coenzyme (AIMG-CoA)
reductase, Mvk: mevalonate kinase, Pmvk: phosphomevalonate kinaseMvd: mevalonate
decarboxylase Sgls: squalene synthase&xebplc: sterol response element binding protein-1c,

Ppara : peroxisome proliferator-activated receptor alpF: Fenofibrate. Statistically significant
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differences were calculated using a two-way ANO\OA §enotype (G), fenofibrate (FF) and the

interaction between the two parameters (). Seplsapental data, Table 2 for primer sequences.

Figure 8: Expression of hepatic HM G-CoA reductase, Mvk and Pmvk proteinsisreduced in

Wy-treated Thb” mice (a) Pooled total liver cell lysates from Wy-treatmdmock-treated WT and
Thb”™ mice (30mg/kg of body weight, 8 days) and fasted@h prior to sacrifice. Analyses for
mouse HMG-CoA reductase, Mvk and Pmvk protein aunieere conducted by Western blotting,
using polyclonal antibodies. There were 5 animads group except for the WT group (n=10).
Molecular mass sizes are given in kDa. Quantifozadf bands relative tB-actin controls is given
under each picture (b) Western blot analysis of R&?#&vas performed on nuclear extracts from the
livers of five animals. Cellular lysates of CGXells transfected with the expression vector pSG5
PPARx were used as a positive control. Histone H1 wasl @s a loading control mark@) WT
(n=5) andThb” (n=5) mice were treated with Wy for 8 days or lafitreated. All animals were
fasted for 6h prior to sacrifickiver RNA was isolated and RT-gPCR was performadSebp-2.
Statistically significant differences were calcelhtusing a two-way ANOVA for genotype (G),

Wy14,643 (Wy) and the interaction between the twoameters (I)Pooled nuclear extracts from
mock-treated or Wy- or fenofibrate-treated WT Aty mice were analyzed by Western blotting

for the mouse mature form of the transcription da@REBP-2 (right part). Histone H1 or Tata-
Binding Protein (TBP) were used for normalizatioh nuclear proteins. Wy: Wy14,643, FF:

Fenofibrate.

Figure 9: De novo whole body cholesterol biosynthesisis equally reduced by activated PPARa
in both WT miceand Thb” mice.
a) Plasma lathosterol/cholesterol ratio in moclted and Wy-treated WT arfdhb” mice (n=5

per condition) and fasted for 6h prior to sacrifigeTotal and free cholesterol in liver (n=5 to 10

mice per group) c) liver lathosterol/cholesterdiaand d) total cholesterol in mock-treated and

31



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Fidalecet al., ThB and genes of cholesterol biosynthesis ierliv

fenofibrate-treated WT an@ihb” mice and fasted for 6h prior to sacrifi@e = 4 per condition).

Error bars represent + SEM. Statistically significdifferences were calculated using a two-way

ANOVA for genotype (G), Wy14,643 (Wy) and the irgetion between the two parameters (I).

Table 1. Mitochondrial marker enzyme activitiesin the liver are not affected by the deletion

of Thb in mice. Carnitine Palmitoyl Transferase-1 alpha (CRJ-Imonoamine oxidase, citrate
synthase activities were measured in purified rhibodria. Wy: Wy14,643Number of animals
per group is indicated. Mice in the fed state wsaerificed at the beginning of the light cycle. For
the fasting experiment, male mice were fasted #foh@urs starting at the onset of the light cycle.
Statistically significant differences were calcelhtusing a two-way ANOVA for genotype (G),

Wy14,643 (WYy), fasting (F) and interaction betwdes two parameters ().

Supplemental Figure 1.

Similar levels of typical PPARa target gene induction were observed in the livers of WT and
Thb” mice treated with two different PPARa agonists. a) mock-treated and Wy-treated
(30mg/kg of body weight for 8 days) WT afitib” mice and fasted for 6h prior to sacrifids)
mock-treatecand fenofibrate-treated (100mg/kg of body weight¥d days) WT and Thb” mice
and fasted for 6h prior to sacrifice. Liver RNA wiaslated and RT-qPCR was performed. Five to
eight animals were used for each condition. Ger@ession levels from the animals receiving
vehicle only were set at 1. See supplemental Talite primer sequences. FF: Fenofibrate. Wy:
Wy14,643.Acot3: Acyl-CoA thioesterase 3dk4: Pyruvate dehydrogenase kinasd-4t/Cd36:
Fatty acid translocaseg-Fabp: adipose-Fatty acid binding protein (also knowna#®); Thb:
Thiolase B;Cyp4al0: Cytochrome p450A1Q;pl: Lipoprotein Lipasefatp-1: Fatty acid transport-

1.
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Supplemental Table 1.

Micro-array analysis was performed on pooled lifrer5) mRNA comparing the gene expression
signals induced by the deletion™ib and by pharmacological intervention (Wy, 30 mgdkdpody
weight/ 8 days). Column C to F: Expression in mteated WT mice was arbitrarily set at 1.
Changes in gene expression are expressed as fahgdies in comparison with mock-treated WT

mice, receiving vehicle only.

Supplemental Table 2.

Primer sequences used for Real-Time Quantitatiie.PC
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- Wy
Gene Thh £ <+« £ 4
Gene ID name + v 4

de novo cholesterol biosynthesis

O©Oo0O~NO UL WNEF

1433444 at Hmgcsl

1427229 at Hmgcr

1418052_at Mvk

1427893 a at Pmvk 5
1417303 _at Mvd

1419505 _a_at Ggpsl

1451122 at Idil 4
1423418 at Fdps

1448130_at Fdftl

1415993 _at Sqle 3
1426913 _at Lss

1450646 _at Cyp51

1423078 a_at Scamol 2
1451457 _at Schd

1448619 at Dhcr7

1418129 at Dhcr24 !
1451457 _at Schd

1448240 _at Mbtps1 0
1436883 at Mbtps2

1452174 at Srebf2

1426690 a_at Srebfl

Fidaleo et al., Figure 5
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1
Wy
Genotype +/+ /- ++ -I- Genotype Wy14,643 Interaction
Mitochondria @G Wy (GWy)
CPTraactivity |\l 55403  27+03 3200 34+05 | 063 001 1.00
(nmol/min/mg of mitochondrial protein)
monoamm.e OXIda.se | n=3 6.9+0.8 7.1+05 6.4+0.6 5.8+0.6 0.74 0.18 0.55
(nmol/min/mg of mitochondrial protein)
citate synthase || 0224001  023£002 0234001 025:001 | 100 100 100
(nmol/min/mg of mitochondrial protein)
Cpt-1a mRNA (%) n=13| 1.00+0.13 0.95+0.10 1.44+0.13 1.51+0.16 0.84 <0.0001 0.04
plasma p-hydroxybutyrate (mM) |n=13| 0.34+006 0.32£0.08 0.38+0.03 03401 | 0.63 0.63 1.00
plasma free fatty acids (nM) | n=8| 0.87£010 0.82+006 0514005 0.62+006 | 056  <0.0006  0.32
fed 24h fastin Genotype Fasting Interaction
Genotype  +/+ -I- +/+ -I- ©) (F) (G*F)
plasma B-hydroxybutyrate n=16| 0.41+004 0414003 274+0.18 2.64+0.13 | 066  <0.0001  0.66
(mM)
plasma frgﬁ,\;‘;‘ny acids n=10] 127+009 117:0090 18:017 15+006 | 010 00021 037
) Fidaleo et al., Table 1
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
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1
2
3
4
5
6
A B C D E F
fold-change
Probe Set ID Gene Symbol WT KO WT-Wy  KO-Wy
Peroxisome biogenesis
1428716 _at Pex1 1.0 1.1 11 1.1 peroxisome hiogenesis factor 1
1454044 _a_at Pex3 1.0 11 15 1.4 peroxisomal biogenesis factor 3
1417442 a_at Pex3 1.0 1.0 17 1.5  peroxisomal biogenesis factor 3
1426770 _at Pex5 1.0 11 14 1.2 peroxisome hiogenesis factor 5
1422063 _a_at Pex5 1.0 1.1 11 1.2 peroxisome hiogenesis factor 5
1424078 s_at Pex6 1.0 0.7 0.7 0.8 peroxisomal biogenesis factor 6
1454738 x_at Pex6 1.0 11 1.0 0.9  peroxisomal hiogenesis factor 6
1451226 _at Pex6 1.0 1.0 0.9 1.1 peroxisomal biogenesis factor 6
1418988 _at Pex7 1.0 1.0 11 1.1 peroxisome hiogenesis factor 7
1456646 _at Pex10 1.0 1.0 1.2 1.1 peroxisome biogenesis factor 10
1449442 at Pexlla 1.0 0.7 1.7 2.1 peroxisomal biogenesis factor 11a
1419365 _at Pexlla 1.0 0.7 14 1.8  peroxisomal biogenesis factor 11a
1420460 _a_at Pex11b 1.0 1.0 13 1.1 peroxisomal biogenesis factor 11b
1451213 at Pex11b 1.0 0.9 0.9 0.9  peroxisomal biogenesis factor 11b
1429407 _at Pex1lc 1.0 0.7 11 0.9  peroxisomal biogenesis factor 11¢
1430856 _at Pexllc 1.0 15 12 1.2 peroxisomal biogenesis factor 11c
1430857_s_at Pex1lc 1.0 0.8 11 1.1 peroxisomal biogenesis factor 11¢
1416259 _at Pex12 1.0 0.9 0.9 0.9  peroxisomal biogenesis factor 12
1422471 at Pex13 1.0 11 1.0 1.2 peroxisomal biogenesis factor 13
1419053 _at Pex14 1.0 0.9 11 1.2 peroxisomal biogenesis factor 14
1425021 a_at Pex16 1.0 0.8 16 1.6  peroxisome hiogenesis factor 16
1455208 _at Pex19 1.0 0.7 1.4 0.6  peroxisome hiogenesis factor 19
Peroxisomal B-oxidation
1416947 s _at Acaal 1.0 0.2 29 0.6 thiolasea&h
1416946_a_at Acaal 1.0 0.2 38 0.7 thiolasea &b
1456011 x_at Acaal 1.0 1.4 2.6 24  thiolase a
1424451 at Acaal 1.0 0.0 2.1 0.0 thiolase b
1416409 _at Acoxl 1.0 1.0 29 3.3 acyl-CoA-oxidase 1
1416408 _at Acoxl 1.0 0.9 2.1 2.2 acyl-CoA-oxidase 1
1448382_at  MFP-1/L-PBE/Ehhadh 1.0 0.7 5.2 5.6  MFP-1/L-PBE/Ehhadh
1455777 x_at Hsd17b4/MFP-2 1.0 0.9 15 1.6 Hsd17b4, hydroxysteroid (17-beta) dehydrogenase 4
1417369 _at Hsd17b4/MFP-2 1.0 0.9 16 1.6 Hsd17b4, hydroxysteroid (17-beta) dehydrogenase 4
1448491 at Echl 1.0 0.7 2.3 2.6 Echl, enoyl-COA hydratase 1
1449686 _s_at Scp2 1.0 0.9 0.9 1.0  sterol carrier protein-2
1419974 at Scp2 1.0 21 15 4.4 sterol carrier protein-2
1426219 at Scp2 1.0 1.1 11 1.2 sterol carrier protein-2
1420673 _a_at Acox2 1.0 11 1.2 1.4 acyl-Coenzyme A oxidase 2, branched chain
1422604 _at Uox 1.0 1.1 1.0 1.0  urate oxidase
1416679 _at Abcd3 1.0 0.9 15 16  PMP70/ABCD3
1416430_at Cat 1.0 0.9 0.9 0.9 catalase
1416429 a_at Cat 1.0 1.0 0.9 0.9 catalase
1422925 s at Acot3 1.0 1.0 7.8 7.3 acyl-CoA thioesterase 3
7 1417449 at Acot8 1.0 0.6 2.0 1.9  acyl-CoA thioesterase 8
8
9 Fidaktal., Supplemental Table 1
10
11
12
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A B C D E F
fold-change
Probe SetID Gene Symbol WT KO WT-Wy KO-Wy
Mitochondrial B-oxidation and markers
1438156 x_at Cptla 10 09 12 16  camitine palmitoyltransferase 1a, liver
1434866 x_at Cptla 10 09 12 1.6  camitine palmitoyltransferase 1a, liver
1460409 at Cptla 10 09 16 2.0 camitine palmitoyltransferase 1a, liver
1418321 at Cpt2 10 08 24 25 camitine palmitoyltransferase 2
1419367 at Decrl 10 08 24 2.8 2,4-dienoyl CoA reductase 1, mitochondrial
1449443 at Decrl 10 08 16 2.2 24-dienoyl CoA reductase 1, mitochondrial
1452173 at Hadha 10 09 19 2.1 hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-Coen
1426522 at Hadhb 10 08 21 2.2 hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-Coen
1460184 at Hadhsc 10 11 16 1.7 L-3-hydroxyacyl-Coenzyme A dehydrogenase, short chain
1460216 at Acads 10 07 2.1 1.2 acyl-Coenzyme A dehydrogenase, short chain
1448987 at Acadl 10 09 20 2.1 acetyl-Coenzyme A dehydrogenase, long-chain
1424184 at Acadvl 10 10 14 1.7 acyl-Coenzyme A dehydrogenase, very long chain
1423108 at Slc25a20 10 08 17 1.8 solute carrier family 25 (mitochondrial carnitine/acylcamitine translocase), member 20
1423109 s at Slc25a20 10 08 17 1.7 solute carrier family 25 (mitochondrial camitine/acylcarnitine translocase), member 20
1424639 a at Hmgcl 10 10 16 19  3-hydroxy-3-methylglutaryl-Coenzyme A lyase
1431833 a_at Hmges2 10 09 11 14 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2
1423858 a_at Hmges2 10 07 13 1.3 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2
1422578 at Cs 10 10 10 0.9 citrate synthase
1450667 a at Cs 10 10 09 09 citrate synthase
1428667 at Maoa 10 14 16 1.7 monoamine oxidase A
1434354 at Maob 10 12 11 11 monoamine oxidase B
Microsomal g-oxidation
1423257 at Cypdald 10 03 16 1.7 cytochrome P450, family 4, subfamily a, polypeptide 14
1424943 at Cypdal0 10 03 11 111 cytochrome P450, family 4, subfamily a, polypeptide 10
1415776 at Aldh3a2 10 09 30 39  aldehyde dehydrogenase family 3, subfamily A2
Cell cycle/cell proliferation
1448698_at Cednl 1.0 11 06 08 cyclinD1
1417420 at Cednl 10 10 06 08 cyclinD1
1416122 at Cedn2 10 12 0.7 09 cyclinD2
1448364 _at Cedn2 1.0 10 07 0.7 cyclin D2
1416488_at Ceng2 10 07 14 16  cyclin G2
1448364 at Ceng2 10 08 22 20 cyclin G2
1424001_at Mki67ip 10 11 11 13 MKki67 (FHA domain) interacting nucleolar phosphoprotein
1427005_at Plk2 10 08 0.7 05 polo-like kinase 2 (Drosophila)
1434496 _at Plk3 10 05 14 2.1 polo-like kinase 3 (Drosophila)
1416868 _at Cdkn2c 10 12 15 1.2 cyclin-dependent kinase inhibitor 2C
1437580_s_at Nek2 10 12 16 1.7 NIMA (never in mitosis gene a)- related expressed kinase 2
1452040 a_at Cdca3 10 13 22 19  celldivision cycle associated 3
1452040 a at Tde2l 10 07 26 12 tumor differentially expressed 2-ike
Pro-apoptotic genes
1450971 at Gadd4sh 10 05 46 33 growtharrest and DNA-damage- inducible 45 beta
1416837 at Bax 10 09 12 0.7  Bel2-associated X protein
Anti-apoptotic genes
1418528 at Dadl 10 08 0.7 06  defender against cell death 1

Fidalebal., Supplemental Table 1
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A B c D E F
fold-change
Probe Set ID Gene Symbol WT KO WT-Wy KO-Wy
De novo cholesterol biosynthesis
1433445 x_at Hmges1 1.0 0.7 2.3 1.2 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1
1433443 a_at Hmgcsl 1.0 0.7 25 1.3 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1
1433444 at Hmgcsl 1.0 05 25 1.1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1
1433446 _at Hmgesl 1.0 0.6 20 1.1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1
1427229 at Hmgcr 1.0 09 15 1.1 3-hydroxy-3-methylglutaryl-Coenzyme A reductase
1418052 _at Mvk 1.0 13 2.0 1.6 mevalonate kinase
1427893 a_at Pmvk 1.0 0.7 11 1.0  phosphomevalonate kinase
1448663 s _at Mvd 1.0 13 25 0.6 mevalonate (diphospho) decarboxylase
1417303 _at Mvd 1.0 2.0 3.0 1.8 mevalonate (diphospho) decarboxylase
1419805_s_at Ggpsl 1.0 0.9 1.0 0.9  geranylgeranyl diphosphate synthase 1
1419505 a_at Ggpsl 1.0 08 15 1.0  geranylgeranyl diphosphate synthase 1
1451122 at [di1 1.0 19 2.6 1.3 isopentenyl-diphosphate delta isomerase
1423418 at Fdps 1.0 11 2.7 0.7 farnesyl diphosphate synthetase
1438322 x_at Fdftl 1.0 11 2.0 1.2 farnesyl diphosphate famesyl transferase 1
1448130_at Fdftl 1.0 1.0 24 1.4 famesyl diphosphate famesyl transferase 1
1415993 at Sqle 1.0 24 6.4 2.9 squalene epoxidase
1420013 s at Lss 1.0 16 2.3 15  lanosterol synthase
1426913 at Lss 10 18 18 1.1 lanosterol synthase
1450646 _at Cyp51 1.0 1.0 18 0.7 cytochrome P450, family 51; lanosterol 14a-demethylase
1423078 _a_at Scdmol 1.0 14 40 18  sterol-C4-methyl oxidase-like
1424709 _at Scbd 1.0 08 0.9 0.7 sterol-C5-desaturase (fungal ERG3, delta-5-desaturase) homolog (S. cerevisae)
1434520_at Scbd 1.0 11 0.7 0.6  sterol-C5-desaturase (fungal ERG3, delta-5-desaturase) homolog (S. cerevisae)
1451457 at Schd 1.0 08 0.8 0.5  sterol-C5-desaturase (fungal ERG3, delta-5-desaturase) homolog (S. cerevisae)
1448619 at Dher7 1.0 1.0 11 0.9  7-dehydrocholesterol reductase
1451895 a_at Dhcr24 1.0 11 17 1.6 24-dehydrocholesterol reductase / 3B-hydroxysterol-A24 reductase (seladin-1)
1418130_at Dhcr24 1.0 13 18 1.4 24-dehydrocholesterol reductase / 3B-hydroxysterol-A24 reductase (seladin-1)
1418129 at Dher24 1.0 13 19 1.3 24-dehydrocholesterol reductase / 3B-hydroxysterol-A24 reductase (seladin-1)
1416222_at Nsdhl 1.0 12 15 0.9  NAD(P) dependent steroid dehydrogenase-like
1448240 _at Mbtpsl 1.0 1.0 08 0.9  membrane-bound transcription factor peptidase, site 1
1431385 a_at Mbtps1 1.0 1.0 0.8 1.0  membrane-bound transcription factor peptidase, site 1
1436883_at Mbtps2 1.0 12 12 1.0  membrane-bound transcription factor peptidase, site 2
1426690 _a_at Srebfl 1.0 17 0.7 0.7 sterol regulatory element binding factor 1
1452174 at Srebf2 1.0 0.9 0.9 1.0  sterol regulatory element hinding factor 2
1433520_at Scap 1.0 1.0 12 1.3 SREBP cleavage activating protein
1454671 at Insigl 1.0 13 11 0.8 insulininduced gene 1
1417980 _a_at Insig2 1.0 0.7 13 1.3 insulininduced gene 2
1417982_at Insig2 1.0 08 11 1.2 insulininduced gene 2

NB: Squalene synthase was not present on the arrays.
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A B Cc D E F
fold-change
Probe Set ID Gene Symbol WT KO WT-Wy KO-Wy
Sterol transport/trafficking
1421840 _at Abcal 1.0 1.0 1.2 1.1 ATP-hinding cassette, sub-family A (ABC1), member 1
1421839 _at Abcal 1.0 0.9 1.2 1.0  ATP-hinding cassette, sub-family A (ABC1), member 1
1419393 at Abcgb 1.0 15 1.2 15  ATP-hinding cassette, sub-family G (WHITE), member 5
1420656_at Abcg8 1.0 14 1.0 11 ATP-hinding cassette, sub-family G (WHITE), member 8
1449817_at Abch11 1.0 1.2 0.4 0.5  ATP-binding cassette, sub-family B (MDR/TAP), member 11
1421821 _at Ldlr 1.0 1.2 11 0.9 low density lipoprotein receptor
1437453 s _at Pcsk9 1.0 1.8 25 1.2 proprotein convertase subtilisin/kexin type 9
1423086_at Npcl 1.0 11 11 0.9  Niemann Pick type C1
1448513 a_at Npc2 1.0 1.0 0.8 0.7  Niemann Pick type C2
1416901_at Npc2 1.0 1.0 1.0 0.8  Niemann Pick type C2
Nuclear hormone receptors (towards lipid metabolism)
1449051 _at Nricl-Ppara 1.0 15 13 15  peroxisome proliferator activated receptor alpha
1416353 _at Nr1h2-LxrB 1.0 0.9 0.8 0.7 nuclear receptor subfamily 1, group H, member 2
1450444 _a_at Nr1h3-Lxra 1.0 0.8 0.8 0.9  nuclear receptor subfamily 1, group H, member 3
1419105 _at Nr1h4-Fxra 1.0 0.8 0.8 0.8  nuclear receptor subfamily 1, group H, member 4
1449854 at NrOb2-Shp 1.0 0.8 0.6 1.1 nuclear receptor subfamily 0, group B, member 2
1429382_at Nrli3-Car 1.0 1.0 14 1.7 nuclear receptor subfamily 1, group |, member 3
1455614 at Nrli3-Car 1.0 0.7 11 1.0 nuclear receptor subfamily 1, group I, member 3
SREBP interacting protein
1449945 _at Ppargclb 1.0 1.2 0.9 1.0  peroxisome proliferative activated receptor, gamma, coactivator 1 beta
1434633 _at Crebbp 1.0 0.9 1.0 0.8  CREB hinding protein
1420410 _at Nr5a2-Lrhl 1.0 24 14 1.6 nuclear receptor subfamily 5, group A, member 2
1449706_s_at Nr5a2-Lrhl 1.0 14 11 1.3 nuclear receptor subfamily 5, group A, member 2
1456021_at Atf6 1.0 0.7 1.0 1.0  activating transcription factor 6
1435444 at Atf6 1.0 0.8 0.7 0.6  activating transcription factor 6
1450447 _at Nr2al-Hnf4a 1.0 13 14 1.7 nuclear receptor subfamily 2, group A, member 1
1427001_s_at Nr2al-Hnf4a 1.0 1.0 0.9 1.1 nuclear receptor subfamily 2, group A, member 1
1421983 s at Nr2al-Hnf4a 1.0 11 0.9 1.1 nuclear receptor subfamily 2, group A, member 1
1427000_at Nr2al-Hnfda 1.0 0.9 1.0 1.0 nuclear receptor subfamily 2, group A, member 1
Protein modification of SREBP
1454958 at Gsk3b 1.0 11 1.0 1.0  glycogen synthase kinase 3 beta
1439949 at Gsk3b 1.0 1.0 1.0 1.0  glycogen synthase kinase 3 beta
1448174 at Cull 1.0 0.9 0.9 08 culinl
1416577 _a_at Rbx1 1.0 0.9 0.8 0.9  ring-box 1
1448387 _at Rbx1 1.0 11 0.9 1.0  ring-box 1
Miscellaneous (towards PPARalpha regulated genes)
1423166_at Cd36 1.0 0.9 9.6 10.3  CD36 antigen
1450883 _a_at Cd36 1.0 0.9 9.5 9.0 CD36 antigen
1450884 _at Cd36 1.0 0.8 6.9 6.6  CD36 antigen
1417023 _a_at Fabp4 1.0 13 254 10.0 fatty acid binding protein 4, adipocyte
1415904_at Lpl 1.0 1.9 5.6 6.0 lipoprotein lipase
1431056_a_at Lpl 1.0 22 5.9 4.7  lipoprotein lipase
1456424 s _at Pltp 1.0 1.0 3.6 3.0  phospholipid transfer protein
1417963_at Pltp 1.0 0.7 4.0 3.5  phospholipid transfer protein
1417273 _at Pdk4 1.0 0.7 7.0 40  pyruvate dehydrogenase kinase, isoenzyme 4
1422076_at Acotd 1.0 1.0 29 3.7 acyl-CoA thioesterase 4
1422997 s _at Acotl /Il Acot2 1.0 05 114 13.2  acyl-CoA thioesterase 1 /Il acyl-CoA thioesterase 2
1439478 _at Acot2 1.0 0.6 2.6 24 acyl-CoA thioesterase 2
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Gene forward primer reverse primer
Thb ATCCGGTTCTCTCGGTCGA TGTGGTCAAGCATAGCATGCA
Tha CCTGAACAGTGCTGAAGTGAG ACAGTACACATTTACTGCATCCC
Mfp-1 AAGCCATTGCCAAGGTACGGAAG ~ GCCTGGACTGAACGGACACAAG
Scpx/Scp2 GTCTCGTCGTCAGGGCTTAG TTGACCACACCCAATTAGCA
Acox-| GCCCAACTGTGACTTCCATT GGCATGTAACCCGTAGCACT
Acot3 TCCAACATCGGCGGAAACTTA ACGGGAATCAAGCTCTTCTGG
Pdk4 CCGCTTAGTGAACACTCCTTC TCTACAAACTCTGACAGGGCTTT
Fat/Cd36 ATGGGCTGTGATCGGAACTG GTCTTCCCAATAAGCATGTCTCC
Cptla CTCAGTGGGAGCGACTCTTCA GGCCTCTGTGGTACACGACAA
Cdkl ATGATCCTGCCAAACGAATC TCCATCCAGAGGGCTACATC
Cdk4 TGCCAGAGATGGAGGAGTCT TTGTGCAGGTAGGAGTGCTG
Cdkla/p21 GCTCACAGGACACTGAGCAA GCTTTGACACCCACGGTATT
Pcna TTGGAATCCCAGAACAGGAG GTGGCTAAGGTCTCGGCATA
Pex1lalpha ACTGGCCGTAAATGGTTCAGA CGGTTGAGGTTGGCTAATGTC
HMG-CoA synthase GTGGCACCGGATGTCTTTG ACTCTGACCAGATACCACGTT
HMG-CoA reductase AGCTTGCCCGAATTGTATGTG TCTGTTGTGAACCATGTGACTTC
Phosphomevalonate kinase CATTGAGAACCACGGAGATG CATCTGGCAGAACCACTGTT
Farnesyl diphosphate synthase GGAGGTCCTAGAGTACAATGCC AAGCCTGGAGCAGTTCTACAC
Farnesyl diphosphate farnesyl transferase-1 TCCCACTGCTGTGTAACTTCC TGTCTACAAATTCTGCCATCCC
Squalene synthase TCCCACTGCTGTGTAACTTCC TGTCTACAAATTCTGCCATCCC
Squalene epoxidase ATAAGAAATGCGGGGATGTCAC ATATCCGAGAAGGCAGCGAAC
Lanosterol synthase CAGCAGTGAGAGACCTGGAA AGAAGCGTTGATGTGACTGG
Lanosterol-14alpha demethylase (CYP51) CTGAGAAGCTCTCGTGCTGT TTCAAATGCCATTCGGTCT
Steroid 5-alpha reductase 1 TGAGTGTCATGCTGAGGGAT TGTCGGACAATTAACCAAGC
7-alpha dehydrocholesterol reductase ACCTAGCAGCTCATCCACCT CTAAGGCCACTGACTGGTGA
Srebp-2 CTGCAGCCTCAAGTGCAAAG CAGTGTGCCATTGGCTGTCT
36b4 ATGGGTACAAGCGCGTCCTG GCCTTGACCTTTTCAGTAAG
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