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Its function in other tissues was undefined.

metabolism in brown adipocytes.
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(Background: NATSL (N-acetyltransferase 8-like) synthesizes N-acetylaspartate and is required for myelination in the brain.
Results: Nat8! is highly expressed in adipose tissues and impacts adipogenic marker gene expression, lipid turnover, and energy

Conclusion: Nat8! expression influences cellular bioenergetics in adipocytes.
Significance: These findings establish a novel pathway in brown adipocyte metabolism.
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NATSL (N-acetyltransferase 8-like) catalyzes the formation
of N-acetylaspartate (NAA) from acetyl-CoA and aspartate. In
the brain, NAA delivers the acetate moiety for synthesis of
acetyl-CoA that is further used for fatty acid generation. How-
ever, its function in other tissues remained elusive. Here, we
show for the first time that Nat8! is highly expressed in adipose
tissues and murine and human adipogenic cell lines and is local-
ized in the mitochondria of brown adipocytes. Stable overex-
pression of Nat8! in immortalized brown adipogenic cells
strongly increases glucose incorporation into neutral lipids,
accompanied by increased lipolysis, indicating an accelerated
lipid turnover. Additionally, mitochondrial mass and number as
well as oxygen consumption are elevated upon Nat8! overex-
pression. Concordantly, expression levels of brown marker
genes, such as Prdm16, Cidea, Pgcla, Ppara, and particularly
UCP1, are markedly elevated in these cells. Treatment with a
PPAR« antagonist indicates that the increase in UCP1 expres-
sion and oxygen consumption is PPARa-dependent. Nat8]
knockdown in brown adipocytes has no impact on cellular trig-
lyceride content, lipogenesis, or oxygen consumption, but lipol-
ysis and brown marker gene expression are increased; the latter
is also observed in BAT of Nat8l-KO mice. Interestingly, the
expression of ATP-citrate lyase is increased in Nat8l-silenced
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adipocytes and BAT of Nat8/-KO mice, indicating a compensa-
tory mechanism to sustain the acetyl-CoA pool once Nat8!levels
are reduced. Taken together, our data show that Nat8! impacts
on the brown adipogenic phenotype and suggests the existence
of the NAT8L-driven NAA metabolism as a novel pathway to
provide cytosolic acetyl-CoA for lipid synthesis in adipocytes.

Adipose tissue depots are critical organs for the control of
energy homeostasis. White adipose tissue (WAT) is the major
fat-storing organ in the body, and its adipocytes are character-
ized by large, unilocular lipid droplets and only few mitochon-
dria. During energy demand, triglycerides (TG)> are broken
down to supply peripheral tissues with fatty acids (1, 2). Brown
adipocytes are characterized by multiple, smaller lipid droplets
and numerous mitochondria, which contain UCP1, a protein
that uncouples oxidative phosphorylation from ATP produc-
tion to dissipate energy into heat (3). With the discovery of
active brown adipose tissue (BAT) in adult humans (4—7) and
its association with leanness (5), much attention has been paid
to the investigation of BAT development and homeostasis due
to its possible role in fighting obesity and its associated disor-
ders (8). Recently, it has been shown that adipose triglyceride
lipase-mediated breakdown of TG is required for a distinct
brown adipose phenotype in mice (9). Thus, it seems that a

3 The abbreviations used are: TG, triglyceride(s); WAT, white adipose tissue;
BAT, brown adipose tissue; FFA, free fatty acids; PPAR, peroxisome prolif-
erator-activated receptor; NAA, N-acetylaspartate; iBACs, immortalized
brown adipogenic cells; ER, endoplasmic reticulum; BisTris, 2-[bis(2-hy-
droxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; OCR, oxygen con-
sumption rate.
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large proportion of fatty acid has first to be stored as TG and
thereafter hydrolyzed before they can be used for UCP1 activa-
tion (and mitochondrial B-oxidation). Additionally, activated
BAT shows high rates of glucose uptake (10), but glucose is
suggested to play only a minor role as a direct oxidative sub-
strate (11). Therefore, enzymes involved in de novo lipid syn-
thesis are highly expressed in BAT and further increased upon
thermogenic activation (12).

Many of the identified molecular network components con-
trolling white and brown metabolism have been disclosed by
the use of novel high throughput technologies. Among others,
we performed microarray studies in white and brown adipose
tissue of Atg- and Hs/-KO mice (13) and focused on candidate
genes that might be of interest in the development and metab-
olism of adipose tissues. Among these was a gene encoding for
the enzyme NAT8L (N-acetyltransferase 8-like).

In the brain, NATSL was shown to catalyze the formation of
N-acetylaspartate (NAA) from acetyl-CoA and L-aspartate (14,
15). NAA then acts as a carrier of acetyl groups between neu-
rons and oligodendrocytes where NAA is catabolized by aspar-
toacylase into acetate and L-aspartate (16). The acetate moiety
is reutilized for acetyl-CoA synthesis and can subsequently be
incorporated into lipids (16, 17). The metabolic importance of
NAA has been shown in two inborn human neurodegenerative
disorders, where defects in NAA biosynthesis (14, 18) as well as
catabolism (19) lead to reduced myelin synthesis.

Here, we describe for the first time that Nat8/ is highly
expressed in adipocytes and that its expression is induced dur-
ing the differentiation of various mouse and human adipogenic
cells. Furthermore, overexpression of Nat8/ in an immortalized
brown adipogenic cell line influenced lipid turnover, increased
mitochondrial mass, and accelerated energy expenditure, most
likely by increasing the expression of UCP1 in a PPAR«-depen-
dent manner. Our results from Nat8! silencing in brown adi-
pocytes and from examining BAT in Nat8/-KO mice support
the hypothesis that the NAT8L/NAA pathway acts as an alter-
native source to provide acetyl-CoA as a building block for lipid
biosynthesis in adipocytes. These data suggest that the NAA
pathway exists and is functional in adipose tissue and that mod-
ulating this pathway could be a valuable new approach to
increase energy dissipation in (brown) adipocytes.

EXPERIMENTAL PROCEDURES

Cell Culture, Differentiation, Lipid Staining, and Quan-
tification—Immortalized brown adipogenic cells (iBACs) were
grown in DMEM containing 10% FBS, 50 ug/ml streptomycin,
50 units/ml penicillin, and 20 mm Hepes. C3H-10T1/2 cells
were grown and maintained in DMEM containing 10% FBS and
penicillin/streptomycin. C3H-10T1/2 cells were induced to dif-
ferentiate 2 days after confluence with 0.5 mm 3-isobutyl-1-
methylxanthine, 1 um dexamethasone, 2 ug/ml insulin, and 1
uM rosiglitazone (Cayman Chemical). After 3 days, medium
was changed to maintenance medium with 2 pwg/ml insulin and
1 um rosiglitazone, and 48 h thereafter, normal growth medium
was used until harvest. Simpson-Golabi-Behmel syndrome
cells were cultured and differentiated as described by us else-
where (20). iBACs were induced to differentiate at the day of
confluence with 0.5 mMm 3-isobutyl-1-methylxanthine, 0.5 um
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dexamethasone, 20 nM insulin, 1 nM triiodthyronine, and 125
uM indomethacin. Two days after induction, medium was
changed to maintenance medium containing 20 nm insulin and
1 nM triiodthyronine, and cells were kept in this medium until
harvest. Cells were fixed (10% formalin in PBS for 30 min),
rinsed in PBS, and stained with oil red O (0.25% in 60% isopro-
pyl alcohol stock solution diluted 3:2 with distilled H,O for 30
min). To stimulate thermogenesis, cells were incubated with 1
uM isoproterenol for 4 h. iBACs were treated with 10 um
PPAR« antagonist GW6471 (Tocris Bioscience) from day 4
until harvest. Cellular triglyceride content was determined in
differentiated iBACs using Infinity Triglyceride Reagent
(Thermo). Free fatty acid content was measured using the
NEFA C test kit (WAKO). Values were corrected by protein
content measurement using BCA reagent (Pierce).

Animal Studies—Male C57BL/6 and ob/ob mice at the age of
24 -26 weeks were used for this study. Before harvesting tissue
pads, mice were fasted for 12 h, following refeeding for 1 h.
Nat8l-knock-out mice (21) and their controls were used at the
age of 3—4 months and fed ad libitum before harvesting tissues.
Animals were kept on a 12-h light/dark cycle on a normal chow
diet. All animal procedures followed the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals
and were approved by the Austrian Ministry for Science and
Research and the Committee for Animal Experiments of the
University of Toyama.

Retroviral Expression of Nat8l in Monoclonal Cell Lines—
Full-length coding sequence of murine Nat8/ was amplified by
PCR from murine adipose tissue cDNA using Phusion polym-
erase (Fermentas) and cloned into a murine stem cell virus
vector (pMSCV puro, BD Biosciences Clontech) using the
restriction sites Xhol/EcoRI. To produce infectious but replica-
tion-incompetent recombinant retroviruses expressing Nat8l,
PhoenixEco packaging cells (cultured in DMEM with 10% FBS
in 5% CO,) were transfected with pMSCV-Nat8! using Meta-
fectene (Biontex Laboratories GmbH). The supernatant con-
taining the viral particles was collected 48 h after transfection.
Viral supernatants were supplemented with 8 wg/ml Polybrene
and added to iBACs (30-40% confluence) for infections for
18 -24 h. Because cells could not be selected with puromycin,
single cells were picked under the microscope and expanded as
monoclonal populations, and overexpression was controlled by
quantitative RT-PCR. Differentiation was induced as described
above. As a control for the above described stable cell lines,
the empty pMSCVpuro was used and underwent the same
procedure.

Silencing of Nat8l Using Short Hairpin RNA (shRNA)-con-
taining Lentiviral Particles—One control non-targeting
shRNA lentivirus and two shRNA lentiviruses directed against
Nat8l were purchased from Sigma (MISSION™ shRNA lenti-
viral particles NM_001001985). iBACs were seeded into 6-well
plates 12 h before transduction using 3 X 10* cells/well (around
30% confluence). Cells were infected for 16 h with a multiplicity
of infection of 10 in complete medium containing 8 ug/ml Poly-
brene (Sigma). After transduction, the infection medium was
replaced with fresh medium, and the cells underwent the same
selection process as Nat8[-overexpressing iBACs.
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TABLE 1

Primer pairs used for quantitative RT-PCR

All primers were used with murine cDNA except for the indicated human primers.

Target gene Forward primer (5" — 3') Reverse primer (5" — 3')
Human NATS8L TGTGCATCCGCGAGTTCCGT CGGAAGGCCGTGTTAGGGAT
Human B-ACTIN CGCCGCATCCTCCTCTTC GACACCGGAACCGCTCATT
Murine Nat8l TGTGCATCCGCGAGTTCCGC GCGGAAAGCCGTGTTGGGGA
TfiiB GTCACATGTCCGAATCATCCA TCAATAACTCGGTCCCCTACAA
PparyZ TGCCTATGAGCACTTCACAAGAAAT CGAAGTTGGTGGGCCAGAA
Fabp4/aP2 CGACAGGAAGGTGAAGAGCATC ACCACCAGCTTGTCACCATCTC
Adipogq TGTTCCTCTTAATCCTGCCCA CCAACCTGCACAAGTTCCCTT
Fads3 GTGATCCACACGAACCAGTG TCCCGCTTTTTCTTGTCCTAC
Retn AAGAAGGAGCTGTGGGACAGG CAGCAGTTCAGGGACAAGGAA
Psatl AGTGGAGCGCCAGAATAGAA TACCGCCTTGTCAAGAAACC
ch] o TCTCTGGAACTGCAGGCCTAAC TCAGCTTTGGCGAAGCCTT
Ppara CCTGAACATCGAGTGTCGAATATG GCGAATTGCATTGTGTGACATC
Prdmlié TCCACAGCACGGTGAAGCCA ATCTGCGTCCTGCAGTCGGC
C/ehpB GGACTTGATGCAATCCGGA AACCCCGCAGGAACATCTTTA
Cox8b GCGAAGTTCACAGTGGTTCC AACCATGAAGCCAACGACTATG
Cidea TGACATTCATGGGATTGCAGAC GGCCAGTTGTGATGACTAAGAC
Ucpl ACACCTGCCTCTCTCGGAAA TAGGCTGCCCAATGAACACT
Dio2 AACAGCTTCCTCCTAGATGCC CATCAGCGGTCTTCTCCGAG
Cox1 TGAGCCCACCACATATTCACAG AGGGTTGCAAGTCAGCTAAATAC
Cptlb TGTATCGCCGCAAACTGGACCG TCTGGTAGGAGCACATGGGCAC
Pdk4 TTTCTCGTCTCTACGCCAAG GATACACCAGTCATCAGCTTCG
Fabp3 CCTTTGTCGGTACCTGGAAGCT AAAGCCCACACCGAGTGACTT
Acly AGGAAGTGCCACCTCCAACAGT CGCTCATCACAGATGCTGGTCA

Site-directed Mutagenesis of Nat8l and Subsequent Stable
Transfection of iBACs—For better selectivity, Nat8/ coding
sequence was transferred into a pMSCV-hygro vector (kind gift
from E. D. Rosen). Site-directed mutagenesis was performed by
PCR amplification with Phusion polymerase using pMSCV-
Nat8l as template with the following primers (base substitution
is marked as a lowercase letter): Nat8/_D165A_fw, 5'-TGC-
ACACGGCcATGGCTGACATTGAGCAGTACTACATGA-
AGC-3'; Nat8l_D165A _rv, 5'-AGCCATgGCCGTGTGCAG-
CGCACACTCCAGGTAGGC-3'. This led to a subsequent
change from aspartic acid to alanine. The purified PCR product
was digested for 1 h at 37 °C with 20 units of Dpnl in order to
eliminate the template, and the mutated vector was trans-
formed into Escherichia coli. The complete Nat8! coding region
was sequenced to verify the presence of the introduced muta-
tion and the absence of random mutations. iBACs overexpress-
ing Nat8I_D165A were generated as described above with
pMSCV-hygro as a control. Selection of positive clones was
performed with 500 ug/ml hygromycin for at least 7 days.

Mitochondria Isolation and Western Blot Analysis—Mito-
chondria were isolated from cell pellets of differentiated iBACs
with a commercially available kit (Thermo Scientific) using the
Dounce homogenizer and 3000 X g to pellet the mitochondria.
BAT mitochondria were isolated as described previously (22).
Modifications to the protocol were as follows. The tissues were
excised from male mice fed ad libitium, washed in ice-cold PBS,
and cut into small pieces with a razorblade. Subsequently, they
were homogenized using a Dounce homogenizer with about 60
strokes. The centrifugation steps to pellet the mitochondria
were carried out at 3000 X g to reduce peroxisomal contami-
nation. Nuclear fraction, mitochondrial fraction, and post-mi-
tochondrial supernatant containing cytosol and ER remnants
were lysed in SDS-lysis buffer (50 mm Tris-HCI, pH 6.8, 10%
glycerol, 2.5% SDS, 1 X protease inhibitor mixture, 1 mm PMSF)
and used for further analysis. Cytosolic/ER proteins have been
precipitated using the trichloroacetic acid (TCA) method.
Briefly, cytolytic protein lysate was mixed with 50% ice-cold
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TCA to obtain a concentration of 10% TCA and incubated for
1.5 h on ice. Then it was centrifuged for 10 min at 13,000 rpm
and 4 °C. The pellet was washed twice with ice-cold acetone,
air-dried, and dissolved in SDS-lysis buffer. Control and Naz8I-
overexpressing iBACs (at several differentiation time points)
were harvested for protein analysis by scraping with SDS-lysis
buffer. After benzonase digestion, protein concentrations were
determined with the BCA protein assay kit (Pierce). 50 ug of
sample were subjected to a 12% BisTris gel (NuPAGE, Invitro-
gen), and gels were blotted to nitrocellulose membranes. The
following antibodies were used: anti-NATS8L (1:1000) (Novus
Biologicals, catalog no. NBP1-06599); anti-UCP1 (1:1000) (Cal-
biochem); anti-hexokinase (1:1000), anti-histone H3 (1:2000),
and anti-protein-disulfide isomerase (1:1000) (all from Cell Sig-
naling Technology); and anti-B3-Actin (1:25,000) (Sigma). For
chemiluminescent detection, a horseradish peroxidase-conju-
gated secondary antibody was used (anti-rabbit; 1:5000)
(DAKO), and ECL (Pierce) served as substrate.

RNA Isolation, Reverse Transcription, and Gene Expression
Analysis—Total RNA from cells was isolated using the Total
RNA isolation kit (Sigma). Tissue RNA was isolated with
TRIzol reagent (Invitrogen). cDNA was generated using Super-
script II reverse transcriptase (Invitrogen). mRNA expression
was assessed using real-time PCR as described (20). Gene
expression was normalized to 7fii in murine tissues and cells
and to B-ACTIN in human cells. For a primer list, see Table 1.

Measurement of Cellular Oxygen Consumption Rate (OCR)—
Six days after inducing differentiation, iBACs were plated in
XF96 polystyrene cell culture microplates (Seahorse Biosci-
ence) at a density of 40,000 cells/well. After an overnight incu-
bation, cells were washed and preincubated for 30 min in
unbuffered XF assay medium (Seahorse Bioscience) supple-
mented with 5.5 mM D-glucose and 1 mMm sodium pyruvate at
37 °C in a non-CO, environment. OCR was subsequently mea-
sured every 7 min using an XF96 extracellular flux analyzer
(Seahorse Bioscience). Optimal concentrations of specific
inhibitors/accelerators of the electron transport chain were
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determined in prior titration experiments, and working con-
centrations used were 1 um oligomycin, 2 um carbonyl cyanide
p-trifluoromethoxyphenylhydrazone, 2.5 um antimycin A, and
10 uM norepinephrine.

[**C]Glucose Uptake and Lipid Extraction—iBACs were
incubated overnight with DMEM supplemented with 1 nm tri-
iodthyronine, 20 nM insulin, 0.5 g/liter glucose, and 0.1 uCi of
p-[**C(U)]glucose/ml (ARC). After that, cells were washed four
times with ice-cold PBS, and neutral lipids were extracted with
hexane/isopropyl alcohol (3:2, v/v). Thin layer chromatography
was performed with hexane/diethylether/acetic acid (70/29/1,
v/v/v) as solvent, and lipids were visualized with iodine vapor
and cut out. The incorporated radioactivity was measured by
liquid scintillation counting. Total glucose incorporation in
each lipid class was calculated, and values were corrected by
protein content.

Detection of Mitochondrial Mass by Flow Cytometry—iBACs
were grown until day 7 of differentiation, trypsinized, incubated
for 20 min in DMEM supplemented with 200 nm MitoTracker ™
Green (Invitrogen), washed with PBS, and subjected directly to
flow cytometry (BD FACSCalibur, BD Biosciences). 90% of all
cells were found in sectors II and IV. Sector II was chosen to
compare fluorescence intensities between control and Nat8I-
overexpressing cells.

Transmission Electron Microscopy— Transmission electron
microscopy was performed as described (23). In brief, iBACs
grown on an Aclar film (Grépl, Tulln, Austria) were fixed on
day 7 in 2.5% (w/v) glutaraldehyde and 2% (w/v) paraformalde-
hyde in 0.1 M phosphate buffer, pH 7.4, for 1 h, postfixed in 2%
(w/v) osmium tetroxide for 1 h at room temperature, dehy-
drated in a graded series of ethanol, and embedded in a TAAB
epoxy resin (Gropl). Ultrathin sections (75 nm) were cut with a
Leica UC 6 Ultramicrotome and stained with lead citrate for 5
min and with uranyl acetate for 15 min. Images were taken
using a FEI Tecnai G2 20 transmission electron microscope
(FEI Eindhoven) with a Gatan ultrascan 1000 CCD camera. The
acceleration voltage was 120 kV.

Measurement of Mitochondrial Membrane Potential—iBACs
were plated on 30-mm glass coverslips on day 7. Following
overnight incubation, cells were loaded with a 500 nm concen-
tration of the ratiometric indicator JC-1 (Invitrogen) in full
medium at 37 °C for 30 min. Cells were then washed, and fluo-
rescence intensities were detected over mitochondrial regions
using an array confocal laser-scanning microscope built on an
inverse, automatic microscope (Axio Observer.Z1, Zeiss, Ger-
many) equipped with a X100, 1.45 numerical aperture oil
immersion objective (Plan-Fluor, Zeiss), an acousto-optic tun-
able filter-based laser merge system (Visitron Systems), and a
CCD camera (CoolSNAP-HQ, Photometrics). Excitation/
emission wavelengths were 488/529 and 535/590 nm for green
fluorescent monomers and red fluorescent J-aggregates, respec-
tively. During experiments, cells were perfused with a buffer con-
taining 145 mm NaCl, 5 mm KCl, 2 mm CaCl,, 1 mm MgCl,, 10 mm
D-glucose, and 10 mm HEPES, pH 7.4. Basal fluorescence intensity
ratios were normalized to corresponding ratios after dissipation of
mitochondrial membrane potential using 2 um carbonyl cyanide
p-trifluoromethoxyphenylhydrazone.
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FIGURE 1. Nat8l is expressed in adipocytes, is strongly decreased in WAT
and BAT of genetically obese mice, and localizes in mitochondria in vitro
and in vivo. A and B, quantitative real-time PCR analysis of Nat8/ mRNA
expression in various tissues of male, refed C57BL/6 mice (A), and ob/ob mice
(B) (n = 4). BAT, brown adipose tissue; WAT, white adipose tissue; SM, skeletal
muscle; CM, cardiac muscle. C-E, Nat8/ mRNA in various adipogenic cell lines
during differentiation (n = 3). C and D, expression at the start of differentia-
tion is set to 1. C, murine, mesenchymal white adipogenic cells C3H/10 T1/2.
D, human, white adipogenic Simpson-Golabi-Behmel syndrome (SGBS) cells.
E, murine iBACs. All data are presented as means = S.D. (error bars). F, protein
expression of NAT8L in iBACs and C57BL/6 BAT fractionates (cp, crude pellet;
mit, mitochondria; nuc, nucleus; cyt/ER, cytosol/endoplasmic reticulum).
Shown is one representative blot of n = 3 (left) and n = 2 (right). *, p < 0.05; **,
p <0.01.

Statistical Analysis—If not otherwise stated, results are mean
values = S.D. of at least three independent experiments, or
results show one representative experiment of three. Statistical
analysis was done on all available data. Statistical significance
was determined using the two-tailed Student’s £ test. *, p < 0.05;
**, p <0.01; ***, p < 0.001.

RESULTS

Nat8l Is Expressed in Adipocytes and Located in Mito-
chondria—NATS8L is often referred to as a brain-specific
enzyme, and it is still under debate whether it is located in the
mitochondria or ER/cytoplasm of neurons (24-26). Fig. 14
shows that Nat8! is expressed to a similar extent in brain and
BAT, to a lower extent in WAT, and hardly detectable in skel-
etal muscle (SM), cardiac muscle (CM), and liver of C57BL/6
mice. In genetically obese mice (ob/ob), the Nat8/ mRNA level
was unchanged in the brain, whereas it was 50% decreased in
BAT and nearly blunted in WAT when compared with WT
mice (Fig. 1B). We next determined the expression profile of
Nat8l during the differentiation of several adipogenic cell lines.
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Nat8] mRNA expression increases about 20-fold during white
adipogenic differentiation of C3H10 T1/2 cells (Fig. 1C). A sim-
ilar increase was observed in human Simpson-Golabi-Behmel
syndrome adipogenic cells (Fig. 1D). Most relevant for this
work, Nat8] mRNA levels highly increased during differentia-
tion of iBACs (Fig. 1E). Next, we investigated the localization of
endogenous NATSL in differentiating iBACs and BAT by sub-
jecting subcellular fractionations to Western blot analysis.
NATSL protein could be clearly detected in the mitochondrial
fraction, both in vitro (Fig. 1F, left panel) and in vivo (Fig. 1F,
right panels), and there was no detectable NATSL protein in the
ER/cytosolic fraction. To control proper fractionation, we
included hexokinase 1 (mitochondrial), histone H3 (nuclear),
and protein disulfide isomerase (cytosolic) detection. Due to its
high expression in BAT, we focused on iBACs as a model sys-
tem to study the role of Nat8! in adipocyte biology.

Overexpression of Nat8l in Differentiating iBACs Increases
Lipid Turnover—In brain, NAT8L has been shown to be
required for lipid synthesis, especially for myelination (14, 16).
To analyze the influence of Nat8/ on lipid metabolism in brown
fat cells, we generated iBACs stably overexpressing Nat8!. After
clonal expansion, cells were induced to differentiate into brown
adipocytes. Two monoclonal populations exhibited substantial
overexpression of Nat8! (-fold expression relative to control on
day 3 of differentiation: 28.9 = 8.4.and 12.3 = 0.5, respectively).
To measure neutral lipid synthesis from glucose, iBACs were
incubated with '*C-labeled glucose. Nat8l-overexpressing
iBACs showed an up to 4-fold increased incorporation of glu-
cose into neutral lipids, such as diglycerides, TG, FFA, and cho-
lesteryl ester, on day 3 (Fig. 24) and day 7 of differentiation (Fig.
2B). However, oil red O staining and TG measurements of
Nat8l-overexpressing and control iBACs showed decreased TG
levels on day 3 (Fig. 2C; quantified in Fig. 2D), whereas even a
slight increase in lipid accumulation could be observed on day 7
of differentiation (Fig. 2C; quantified in Fig. 2E). The fact that,
despite higher glucose incorporation into neutral lipids, TG
accumulation was delayed in differentiating Nat8/-overex-
pressing iBACs prompted us to investigate lipolysis. Therefore,
we measured glycerol and FFA content in cell lysates and super-
natants of Nat8/-overexpressing and control iBACs on day 7.
Whereas glycerol release (Fig. 2E) showed a tendency to
decrease, FFA release was increased 4-fold in differentiated
Nat8l-overexpressing iBACs compared with control cells (Fig.
2F). Additionally, we observed a 3-fold increase in FFA release
upon isoproterenol stimulation in Nat8[-overexpressing cells
(Fig. 2F). However, FFA content in cell lysates was not changed
in any condition (Fig. 2F). Collectively, our data suggest an
increased lipid turnover upon Nat8/ overexpression in brown
adipocytes.

Nat8l Overexpression Increases Mitochondrial Mass, Num-
ber, and Cellular Respiration Rate—Because lipolysis is a
requirement for a distinct brown adipose phenotype in vivo (9),
we asked whether mitochondrial mass, number, and cellular
respiration rates are changed in Nat8/-overexpressing iBACs.
Transmission electron microscopy clearly demonstrates an
increased number of mitochondria in Nat8/-overexpressing
cells (Fig. 34). Counting 14 individual cells from two biological
replicates from either control or Nat8/-overexpressing iBACs

36044 JOURNAL OF BIOLOGICAL CHEMISTRY

A control d3 B E control d7
Nat8l o/e d3 80 Nat8l o/e d7
c e £ 60!
] 15 0.2 ] 607
S 10 o 40
o Q 1
g 5 01 = g,zgj
2 l UI 0.0 8 5 o o= J_h
0.5
o I 2 1 '
- -3
0.0 [ e mmm O 0 !—I—I
FFA CE FFA
day0 day3 day7
C ® 4 ; D TG d3
35 < 300 control
= @ xk Nat8l o/e
] 3 250
S s
= o 200
5 g 150
S
£ :_: 100
8 g 50
c
0
c 1200 control £ 500111 conprof *x
£ 1000 Nat8| ofe 2 400] Hl Nat8l ofe
o [} |
s 5 300
o 800 2200, &
g 600 S 80
F 400 i 231 =
g 200 E 20
c 0 e 0
d7 d7+l d7 d7+l d7 d7+l d7 d7+l
cells supernatant cells supernatant

FIGURE 2. Overexpression of Nat8l increases lipid turnover in iBACs.
iBACs were infected with retroviral particles harboring either Nat8/ coding
sequence or empty vector as control. A, incorporation of ['*Clglucose into
neutral lipids of day 3 iBACs. iBACs were incubated with p-['*C(U)]glucose
overnight, neutral lipids were extracted and separated by TLC, and incorpo-
rated radioactivity was counted and calculated as glucose uptake (n = 3). B,
incorporation of ["*Clglucose into neutral lipids of day 7 iBACs. C, oil red O
stainings of Nat8l-overexpressing (o/e) and control iBACs during differentia-
tion. Representative micrographs of n = 3 are shown. D, triglyceride quantifica-
tion of cell lysates of Nat8l-overexpressing and control iBACs on day 3 of differ-
entiation (n = 3). E, TG content in control and Nat8l-overexpressing cell lysates
and supernatants in basal conditions and after isoproterenol stimulation (10 um
for 4 h; +1) (n = 3).F, fatty acid content in cell lysates and supernatants of Nat8/-
overexpressing and control cells with and without isoproterenol treatment (10
um for 4 h; +1) (n = 3). All data are presented as means =+ S.D. (error bars), two-
tailed Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

revealed a doubling of mitochondria/cell upon Nat8! overex-
pression (Fig. 3B). Furthermore, we incubated cells with
MitoTracker Green, which stains mitochondria in a membrane
potential-independent manner (27) and subjected them to flow
cytometry. As depicted in Fig. 3, C (sector II) and D, Nat8I-
overexpressing cells showed increased fluorescence intensity,
indicating an increased mitochondrial mass. Nevertheless,
others reported that MitoTracker Green changes its abilities
with regard to the membrane potential (28). To ascertain that
the increase in fluorescence intensity was not due to a mem-
brane potential change, we measured membrane potential via
incubation with the mitochondrial stain JC-1. As shown in Fig.
3E, there was no significant change in membrane potential in
Nat8l-overexpressing cells when compared with controls. The
increased mitochondrial mass led us to hypothesize that Nat8I-
overexpressing cells may have an elevated OCR. Therefore, we
studied the cells with a Seahorse extracellular flux analyzer.
This experiment revealed that Nat8l-overexpressing cells have
an increased OCR (Fig. 3F). Specifically, basal respiration and
maximal respiration were elevated by at least 40%. Even in an
activated state, after preincubation with 10 uMm norepinephrine for
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FIGURE 3. Nat8l overexpression increases mitochondrial mass and energy expenditure in iBACs. A, transmission electron micrograph of Nat8/-overex-
pressing and control iBACs on day 7. Scale bars, 2 um (top panels) and 1 um (bottom panels); LD, lipid droplet; M, mitochondria; N, nucleus. B, mitochondria
count of 14 individual cells from control and Nat8l-overexpressing cells. C, iBACs were incubated with 200 nm MitoTracker Green and subjected to flow
cytometry. Fluorescence intensity was measured in FL-1. FSC-H is a measure for cell size (n = 3). D, quantification of fluorescence intensity in sector Il shows the
relative increase in mitochondrial mass (n = 3). E, mitochondrial membrane potential was measured using JC1 as a mitochondrial stain. JC1 fluorescence shifts
from 529 nm (green) to 590 nm (red) upon a drop in membrane potential. The ratio from 590/529 nm was measured to estimate the relative membrane
potential before and after carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) treatment. Data are shown as means =+ S.E. (error bars), n = 2. F, OCR
of iBACs on day 7 measured with the Seahorse extracellular flux analyzer. Cells were treated at the indicated time points with 1 um oligomycin (OM), 2 um
carbonyl cyanide p-trifluoromethoxyphenylhydrazone, and 2.5 um antimycin A. Data shown as means = S.E. (error bars) (n = 3). G, OCR of iBACs after a 1-h
preincubation with 10 um norepinephrine (NE) (n = 3). H, mRNA expression of genes involved in mitochondrial oxidative phosphorylation (Cox7) and
B-oxidation (Cpt1b, Pdk4, and Fabp3) was measured in day 3 and day 7 iBACs (n = 3). If not otherwise stated, data are presented as means = S.D. (error bars),

two-tailed Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

1 h, increased respiration was evident in Nat8l-overexpressing
cells compared with control cells (Fig. 3G). In addition, genes that
are directly involved in mitochondrial oxidative phosphorylation
(Cox1, mitochondrial coded subunit of Cytc) and indirectly in
B-oxidation (Cptlb (carnitine palmitoyltransferase 1b), Pdk4
(pyruvate dehydrogenase kinase 4), and Fabp3 (fatty acid-binding
protein 3)) were significantly up-regulated on day 3 and/or day 7 of
differentiation of Nat8l-overexpressing cells, respectively (Fig.
3H). In summary, these data indicate increased energy expendi-
ture in iBACs upon Nat8/ overexpression.

Nat8l Overexpression Augments the Brown Adipose Phe-
notype—Although TG accumulation is significantly decreased
in Nat8l-overexpressing iBACs on day 3, no significant changes
in expression profiles of general adipogenic markers, such as
aP2 and adiponectin (AdipoQ), could be observed (Fig. 44). As
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an exception, Ppary2 levels were 3-fold increased on day 3 but
reached the level of control cells by day 7. Additionally, three
white selective markers (29) were investigated. Whereas the
expression of fatty acid desaturase 3 (Fads3) did not change,
phosphoserine aminotransferase 1 (Psatl) and resistin (Retn)
were significantly decreased in Nat8/-overexpressing cells (Fig.
4A). Notably, the expression of genes that are crucial in the
development of brown adipocytes, such as Pparca, Pgclo (Ppary
coactivator 1 «), Prdml16, C/ebpB, Cox8b, Dio2, and Cidea,
were all increased in Nat8[-overexpressing iBACs on day 7 (Fig.
4B). Strikingly, Ucpl mRNA expression was increased up to
17-fold in Nat8I-overexpressing iBACs on day 7 (Fig. 4C), and
its expression could be further elevated upon the addition of 10
M isoproterenol (Fig. 4C), showing that Nat8l-overexpressing
cells still have the potential to be activated by B-adrenergic stim-
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FIGURE 4. Nat8l overexpression augments the brown adipose phenotype. A, mRNA expression of general (Ppary2, aP2, and Adipoq) and white adipogenic
genes (Fads3, Psat1,and Retn) in day 3 and day 7 iBACs (n = 3). B, mRNA expression of brown marker genes in day 3 and day 7 iBACs (n = 3). Datain Aand B are
expressed as -fold change of Nat8l-overexpressing versus control iBACs. Shown is Ucp? mRNA (C) and UCP1 and NATS8L protein expression (D, left) with and
without 10 umisoproterenol stimulation for 4 h on day 7 in control and Nat8/-overexpressing iBACs. D (right), protein expression of NAT8L in fractionated iBACs.
UCP1 served as a mitochondrial marker. Mit, mitochondria; Cyt/ER, cytosol/ER. B-ACTIN (ACTb) served as a loading control. One representative blot of n = 3 is
shown. All data are presented as means = S.D. (error bars), two-tailed Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

ulation. This enormous induction of UCP1 upon Nat8! overex-
pression could also be confirmed at the protein level (Fig. 4D, lef?).
To test whether overexpressed NAT8L protein is located in mito-
chondria like the endogenous one (Fig. 1E), a fractionation of
Nat8l-overexpressing iBACs was performed on day 7. NAT8L
localized exclusively in the mitochondria, as did UCP1, a described
mitochondrial protein (Fig. 4D, right). Hence, we observe an
increased brown phenotype upon Nat8! overexpression.

Nat8l Overexpression Increases UCPI Levels and OCR in a
PPAR«-dependent Manner—PPARa was shown to increase
expression of Ucp1, the protein mainly responsible for a brown
phenotype. Furthermore, the activation potential of PPAR« is
enhanced by lipolytic products (30). We observed both
increased lipolysis (Fig. 2F) and enhanced expression of Ucp1 in
Nat8l-overexpressing iBACs (Fig. 4C). Hence, we reasoned that
these changes are mediated by PPARa. Therefore, we treated
Nat8l-overexpressing iBACs with a PPAR« antagonist (10 um
GW6471) from day 4 of differentiation until day 7. This treat-
ment did not change differentiation capacity as judged by
microscopy and cellular TG content (Fig. 5E). Measuring
mRNA levels of marker genes upon PPARa antagonist
treatment, we found that Pgcla and aP2 were unchanged, and
Cox1 and Pdk4 were slightly decreased, whereas the direct
PPARa target genes Cptlb (31) and Ucpl (32) were signifi-
cantly blunted (Fig. 54). Importantly, the massive Nat8/-medi-
ated up-regulation in UCP1 protein was nearly reduced to con-
trollevel (Fig. 5B). In accordance, OCR was reduced close to the
level of control cells after GW6471 treatment of Nat8l-overex-
pressing cells (Fig. 5C). On the other hand, neither the
increased lipogenesis (Fig. 5D) nor the elevated basal and iso-
proterenol-stimulated FFA release evoked by Nat8/ overex-
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pression was affected by GW6471 treatment (Fig. 5F). These
results underline our hypothesis that Nat8! per se influences
lipid turnover, but other effects, such as UCP1 and Cptlb
expression and respiration, require PPAR« activation.

Enzymatic Activity Is Required for the Function of NAT8L in
Adipocytes—Recently, Tahay et al. (24) investigated which
regions of the human NAT8L protein are important for its cat-
alytic activity by introducing several point mutations into the
Nat8l gene and subsequent measurement of their enzymatic
activities. We generated a mutant of NAT8L, exchanging aspar-
tate 165 to alanine, which is described as having no residual enzy-
matic activity (24), and used this mutated construct to study the
effects upon its overexpression. Although we reached a 7-fold
increased expression of the mutated enzyme in iBACs (Fig. 6A), we
observed no changes in the expression of adipogenic marker genes
(Fig. 64) and no impact on cellular lipid content or glycerol/FFA
release (Fig. 6, B and C, unstimulated and isoproterenol-stimu-
lated). Thus, we conclude that the enzymatic activity of NAT8L is
required for its function in brown adipocytes.

Nat8l Silencing in iBACs and Knock-out of Nat8l in Mice
Lead to Compensatory Up-regulation of ATP-Citrate Lyase—
To analyze the influence of Nat8!/ knockdown on lipid and
energy metabolism in brown fat cells, we generated iBACs sta-
bly silenced for Nat8l. Although various clonal populations
were tested, Nat8! silencing efficiency did not exceed 50% (Fig.
7, A and F). Although Nat8! silencing in iBACs did not affect
differentiation, as shown by cellular TG content (Fig. 7D) and
neutral lipid synthesis (Fig. 7B), lipolysis was significantly
increased in basal and isoproterenol-stimulated conditions, as
reflected by increased FFA and glycerol release at day 7 when
compared with control cells (Fig. 7, D and E). Additionally, the
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expression of adipogenic marker genes, such as aP2, Ucpl, ever, Nat8l-silenced cells did not show a difference in OCR,

Ppara, Pgcla, and Cidea, was significantly increased in Nat8/- neither under basal nor under norepinephrine-stimulated con-
silenced iBACs in comparison with control cells (Fig. 7F). How-  ditions (Fig. 7C). Because we could not reach a very strong
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Nat8l silencing in iBACs, we examined BAT from Nat8I-
knock-out mice to evaluate some of our in vitro data. BAT from
Nat8[-KO and WT mice were similar in weight (0.13 * 0.04 g
for Nat8I[-KO versus 0.12 = 0.06 g for WT mice, respectively;
n = 3) and gross anatomy (Fig. 7G, inset), in agreement with our
in vitro data showing that Nat8/ silencing does not influence
differentiation capacity. Moreover, we used Nat8/-KO mice to
investigate the expression of several adipogenic marker genes.
As seen for Nat8l-silenced iBACs (Fig. 7F), aP2, Ucpl, Ppara,
Pgcla, and Cidea mRNA expression was also significantly
increased in our in vivo model (Fig. 7G).

Our data from Nat8l-overexpressing iBACs strongly suggest
that NAA, the product of the enzymatic activity of NATS8L, can
be used as an alternative source for lipid synthesis in adipocytes.
Due to the fact that Nat8! silencing does not contrarily influ-
ence lipogenesis, we wondered whether another acetyl-CoA-
producing pathway might be up-regulated to compensate for
the decreased NAA-derived acetyl-CoA. Indeed, we found
ATP-citrate lyase, the cytosolic enzyme converting citrate to
acetyl-CoA and thereby linking cellular glucose catabolism and
lipogenesis (33), significantly increased in both Nat8/-silenced
iBACs and BAT of Nat8/-KO mice, whereas it was unchanged
in Nat8l-overexpressing iBACs when compared with the
respective controls (Fig. 7H). These data further strengthen our
hypothesis that the NAT8L/NAA pathway acts as an alterna-
tive source to provide acetyl-CoA as a building block for lipid
biosynthesis in adipocytes (Fig. 71).

DISCUSSION

NATSL is the enzyme responsible for the formation of NAA.
In the brain, it has been shown that NAA acts as a transport
molecule to provide acetate, which is used as a precursor for
lipid synthesis (17). Here, we report that Nat8! is expressed not
only in the brain but also to a high extent in adipose tissues, and
its expression is induced during the differentiation of several
murine and human white and brown adipogenic cell lines. Sta-
ble overexpression of Nat8/ in iBACs leads to an increased
brown marker gene expression, especially that of Ucpl, con-
comitant with an increased mitochondrial mass, number, and
oxygen consumption. Supported by direct and indirect evi-
dence from our data, we propose a model (see Fig. 8) that is
based on a mitochondrial localization of NAT8L, as evidenced
by our fractionation analyses of brown adipocytes in vitro and
in vivo. However, in neurons, it is still under debate whether
NATSL is localized in mitochondria or ER (24 —-26). Neuronal
NATSL is described as using acetyl-CoA as a substrate to pro-
duce NAA, which is then transported to oligodendrocytes (16).
There it is hydrolyzed by the activity of aspartoacylase (Aspa) to
yield acetate, which can in turn be used for lipid synthesis (19).
The expression portal BioGPS (34) and our unpublished data*
reveal that Aspa is also highly expressed in BAT, arguing for the
existence of the NAA pathway in this tissue. In the brain, it has
been shown that NAA-derived acetate has a 3-fold higher poten-
tial to be incorporated into lipids than free acetate (35). Because we
see elevated "*C incorporation into lipids when providing labeled

4 A.R. Pessentheiner, H.J. Pelzmann, A. Prokesch, and J. G. Bogner-Strauss,
unpublished data.
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FIGURE 8. Working model for the proposed Nat8l action in brown adi-
pocytes as described under “Discussion.”

glucose, we speculate that, in brown adipocytes, glycolytic prod-
ucts are used by NAT8L to produce NAA. NAA delivers the ace-
tate moiety for synthesis of cytosolic acetyl-CoA that is further
used for FFA synthesis. These FFA are readily esterified to prevent
lipotoxicity. Thus, an increase in Nat8! expression could drain
acetyl-CoA from mitochondria. To maintain the mitochondrial
acetyl-CoA pool, acetyl-CoA is mainly provided by decarboxyla-
tion of pyruvate via the pyruvate dehydrogenase complex or via
B-oxidation of fatty acids. We suppose that glycolysis-derived
pyruvate is not sufficient to compensate for acetyl-CoA drained
into the NAA pathway because we see Pdk4 up-regulated upon
Nat8l overexpression. Pdk4 inactivates the pyruvate dehydrogen-
ase complex, resulting in a switch from glucose to fatty acid oxida-
tion (36). Additionally, upon Nat8/ overexpression, we see
increased lipolysis providing FFA as substrate for -oxidation.
Concomitantly, the expression of Fabp3 and Cptlb is elevated.
Both proteins have been shown to deliver FFA to mitochondrial
B-oxidation in BAT (37, 38).

Itis known that fatty acids and their derivatives are crucial for
the activation of PPARa and UCP1 (9, 30, 39-41) and that
sustained activation of PPAR« increases B-oxidation (42).
Recently, Ahmadian et al. (9) showed that lipolysis via adipose
triglyceride lipase plays an essential role in maintaining adapt-
ive thermogenesis in BAT. Together with the results of Haem-
merle et al. (40) in cardiac muscle, this substantiates that lipo-
lytic action is required for PPAR« activation. PPARq, together
with PGCle, induces Ucpl expression (32). Therefore, the
massive increase in Ucpl expression in Nat8/-overexpressing
cells could be explained by a prominent PPAR« activation by
elevated lipolysis-derived FFA. Using the PPAR« antagonist
GW6471, we found that the Nat8l-induced UCP1 expression
and the concomitant OCR increase were diminished to control
cell levels, indicating that it is indeed a PPARa-mediated mech-
anism. However, increased lipogenesis and FFA release are
retained during GW6471 treatment. The fact that Nat8/ levels
are still high in this condition (Fig. 5A4) argues for a dissociation
of PPARa-mediated effects and NAA-mediated lipid turnover
in adipocytes. Hence, delivery of acetyl-CoA via NAT8L-medi-
ated NAA seems to be upstream of PPARa-related effects.
Moreover, our studies using the enzymatically inactive protein

JOURNAL OF BIOLOGICAL CHEMISTRY 36049



NATSL Boosts the Brown Adipogenic Phenotype

support this concept because the D165A mutant does not
increase lipogenesis. PPARg, its coactivator PGCla (43, 44),
and PRDM16 (45) have been shown to be important for mito-
chondrial biogenesis. Elevated expression of all of these genes
upon Nat8[ overexpression could explain the increase in mito-
chondria in these cells. Also, other brown phenotypic marker
genes, such as Dio2 (46), C/ebpf3 (47), and Cidea (48), are up-
regulated in Nat8l-overexpressing cells, rendering NATS8L as a
factor to enhance “browning.” This is further supported by the
fact that white-specific genes, like Retn and Psatl (29), are
repressed. All of the observations mentioned above are consis-
tent with our measurement of increased basal and norepineph-
rine-stimulated OCR and explain why these cells have a higher
metabolic rate per se.

Knockdown of Nat8!in brown adipocytes had no impact on TG
content, lipogenesis, and OCR, whereas lipolysis and the expres-
sion of several adipogenic marker genes were still increased. The
increased lipolysis observed upon Nat8/ knockdown might be a
mechanism to generate acetyl-CoA for energy production. Lipol-
ysis provides fatty acids that eventually can become acetylated and
are further used for B-oxidation, thereby contributing to the
acetyl-CoA pool. In parallel, the FFA produced by lipolysis might
also activate PPAR« (9) and thus increase the expression of
PPARa target genes, such as UcpI and Cidea (49), as seen in Nat8I-
silenced iBACs and Nat8/-KO mice. Most interestingly, ATP-cit-
rate lyase was significantly increased upon Nat8/-silencing in vitro
and in BAT of Nat8[-KO mice. ATP-citrate lyase is well described
to link glucose catabolism to lipogenesis by catalyzing the produc-
tion of acetyl-CoA from citrate. Thus, the increase of ATP-citrate
lyase mRNA expression might present a compensatory mecha-
nism (as outlined in Fig. 7I) to sustain the acetyl-CoA pool upon
Nat8l knockdown.

Although NATSL has been implicated in many functions in
the brain (mainly in the generation of substrates for myelina-
tion), its main function in adipose tissue was unknown. We
imagine that, under certain circumstances, the NAA pathway
could similarly serve as an additional acetyl-CoA-metabolizing
mechanism in adipocytes. Our data propose (Fig. 8) that elevat-
ing Nat8l expression in brown adipocytes results in increased
acetyl-CoA flux via the NAA pathway and concomitant higher
cytoplasmic FFA anabolism, resulting in elevated TG synthesis.
A parallel increase in lipolysis followed by an activation of 3-ox-
idation can then restore acetyl-CoA back to the mitochondria.
This “futile” cycle may result in increased lipid turnover and
raise the oxidative potential of the brown fat cell and thereby
boost the brown adipogenic phenotype. However, it remains to
be seen which physiological stimuli are contributing to the reg-
ulation of the NAA pathway.
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