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Background: Biallelic loss of function variants in AGPAT2, encoding 1-acylglycerol-3-phosphate O-acyltransferase
2, cause congenital generalized lipodystrophy type 1, a disease characterized by near total loss of white adipose
tissue and metabolic complications. Agpat2 deficient (Agpat2−/−) mice completely lacks both white and
interscapular brown adipose tissue (iBAT). The objective of the present study was to characterize the effects of
AGPAT2 deficiency in brown adipocyte differentiation.
Methods: Preadipocytes obtained from newborn (P0.5) Agpat2−/− and wild type mice iBAT were differentiated
into brown adipocytes, compared by RNAmicroarray, RT-qPCR, High-Content Screening (HCS), western blotting
and electron microscopy.
Results: 1) Differentiated Agpat2−/− brown adipocytes have fewer lipid-laden cells and lower abundance of
Pparγ, Pparα, C/ebpα and Pgc1α, both at the mRNA and protein levels, compared those to wild type cells.
Prmd16 levels were equivalent in both, Agpat2−/− and wild type, while Ucp1 was only induced in wild type
cells, 2) These differences were not due to lower abundance of preadipocytes, 3) Differentiated Agpat2−/−

brown adipocytes are enriched in themRNAabundance of genes participating in interferon (IFN) type I response,
whereas genes involved in mitochondrial homeostasis were decreased, 4) Mitochondria in differentiated
Agpat2−/− brown adipocytes had altered morphology and lower mass and contacting sites with lipid droplets
concomitant with lower levels of Mitofusin 2 and Perlipin 5.
Conclusion: AGPAT2 is necessary for normal brown adipose differentiation. Its absence results in a lower propor-
tion of lipid-laden cells, increased expression of interferon-stimulated genes (ISGs) and alterations inmitochon-
drial morphology, mass and fewer mitochondria to lipid droplets contacting sites in differentiated brown
adipocytes.
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1. Introduction

Congenital generalized lipodystrophy (CGL) is a rare autosomal re-
cessive disease characterized by severe lipoatrophy since birth, insulin
resistance, early onset diabetes and hepatic steatosis [1–3]. Type 1 CGL
due to biallelic loss of function variants in AGPAT2, is the commonest
subtype, followed by type 2, type 4 and type 3 CGL, due to BSCL2,
CAVIN1 and CAV1 variants, respectively [4]. AGPAT2 encodes 1-
acylglycerol-3-phosphate O-acyltransferase-2, that converts
lysophosphatidic acid (LPA) into phosphatidic acid (PA) in the de novo
glycerophospholipid synthesis pathway [5–7]. Mice lacking Agpat2
(Agpat2−/−) recapitulate nearly all clinical features of CGL [2,8], how-
ever, they are born with both white and interscapular brown adipose
tissue detectable by morphological and molecular methods [9]. In
these animals, adipose tissue completely degenerates during the first
6 days after birth, as a result of selective adipocyte death and inflamma-
tory infiltration [9]. The mechanisms of adipose tissue destruction in
Agpat2−/− mice remain unknown.

In our previous work, we found that the lack of Agpat2 results in
failed adipogenesis in mouse embryonic fibroblasts [9] and
preadipocytes differentiated into white adipocytes [10]. The conse-
quences of Agpat2 deficiency in brown adipocyte differentiation have
not been described.

Adipogenesis is regulated by multiple transcriptional regulators
[11–13], that ultimately promotes expression of genes involved in cell
differentiation, lipid accretion [14,15], lipid droplet (LD) formation
and function and secretion of protein hormones known as adipokines
[16], whereas simultaneously prevent the expression of genes impli-
cated in the maintenance of stemness or the commitment into non-
adipocyte phenotypes [11]. Additionally, brown adipogenesis involves
repression of genes implicated in skeletalmuscle differentiation and ac-
tivation of genes implicated in mitochondrial biogenesis and thermo-
genesis [13]. Brown adipocytes have abundant expression of
uncoupling protein 1 (Ucp1) [17–20], which is considered a bona fide
marker for brown adipocyte phenotype [13,21].

In this studywe aimed to characterize the cellular andmolecular im-
pact of AGPAT2 deficiency in brown adipocyte differentiation. For this,
we used amodel of in vitro brown adipogenesis with preadipocytes har-
vested from the stromal vascular fraction of the interscapular brown ad-
ipose tissue (iBAT) of Agpat2−/− mice.

2. Materials and methods

2.1. Maintenance and generation of mice

Agpat2−/− mice were generated and genotyped as previously de-
scribed [8]. The Agpat2+/+ (wild type) and Agpat2−/−micewere gener-
ated by mating of Agpat2+/− progenitors. The mouse strain Agpat2+/−/
Zfp423GFPwas generated by crossingAgpat2+/− and Zfp423GFP (B6; FVB-
Tg (Zfp423-EGFP)7Brsp/J, 19381, Jackson Laboratory). The Agpat2+/−/
Zfp423GFP mice was then used for the generation of Agpat2+/+/Zfp423-
GFP and Agpat2−/−/Zfp423GFP mice. Mice were maintained with 12 h
light and dark cycles. All animal experiments were performed as ap-
proved by Pontificia Universidad Católica de Chile committee for animal
safety and bioethics and performed following the principles of Helsinski
Declaration.

2.2. iBAT preadipocytes and brown adipogenic differentiation

Newborn pups (P0.5) from Agpat2+/+ and Agpat2−/− were eutha-
nized by decapitation and iBAT was retrieved by surgical resection. Tis-
sues from individual mice were processed, cultured, genotyped and
studied by separate. Only microarray analysis was based on pooled
RNA fromanimals of the same age and genotype. For generating stromal
vascular fraction (SVF), iBAT was washed in ice-cold phosphate-
buffered saline (PBS), minced with surgical scissors and digested with
0.2% type II collagenase (17101015, Gibco) prepared in 25 mM KHCO3,
12 mM KH2PO4, 1.2 mM MgSO4, 4.8 mM KCl, 120 mM NaCl, 1.2 mM
CaCl2, 5 mM glucose, 2.5% BSA and 1% penicillin/streptomycin, at pH
7.4 for 45 min at 37 °C. The digest was passed through a 100 μm mesh
and 400 μL ammonium-chloride-potassium lysis buffer (A1049201,
Gibco) was added for 4 min. The resulting cell suspension was mixed
with 1 mL of culture medium (DMEM-F12 (12400024, Gibco), 10%
FBS (16000044, Gibco), 1% antibiotic/antimycotic solution (15240062,
Gibco), pH 7.2), and centrifuged at 300×g for 5min. The resulting pellet
was resuspended in 1 mL of culture medium, filtered in a 40 μm mesh,
washed as in the previous step and seeded in plastic dishes (11.4
cm2). After reaching confluence, the cells were trypsinized and seeded
(1:6 diluted) in plastic dishes. An aliquot of cells was used for genotyp-
ing using a previously published protocol [8]. This latter cell culture ex-
pansion was repeated once and after reaching confluence brown
adipogenesiswas inducedwith a cocktail containing 500 nMdexameth-
asone (D4902, Sigma-Aldrich), 125 nM indomethacin (I7378, Sigma-
Aldrich), 0.5 mM IBMX (I5879, Sigma-Aldrich), 5 μM rosiglitazone
(R2408, Sigma-Aldrich), 1 nMT3 (T6397, Sigma-Aldrich) and 20 nM in-
sulin (I3536, Sigma-Aldrich). After 72 h of induction, cells were main-
tained in regular medium supplemented with 20 nM insulin, 5 μM
rosiglitazone and 1 nM T3.

2.3. Immunofluorescence analysis

Agpat2−/− and wild type mice iBAT preadipocytes were seeded and
differentiated in optical bottom 96-well plastic plates. After
differentiation, the cells were fixed with 4% paraformaldehyde
(158127, Sigma-Aldrich) for 20 min and washed 3 times with ice-cold
PBS, permeabilized with 0.1% Triton X-100 (T8787, Sigma-Aldrich) for
15 min and blocked with 3% fish gelatin (G7765, Sigma-Aldrich) by 1
h at room temperature. The cells were washed 3 times with PBS and in-
cubated with primary antibodies anti-PPARy 1:200 (2443, Cell Signal-
ing), Perilipin-1 1:200 (9349, Cell Signaling), (1% BSA/PBS) overnight
at 4 °C in a humid chamber. After washing 3 times with PBS, cells
were incubated with a secondary goat anti-rabbit IgG (H + L) highly
cross-adsorbed secondary antibody labeled with Alexa Fluor 647 (A-
21245, Thermo Fisher) (1:1000, 1% BSA/PBS) for 1 h at room tempera-
ture. Cellular nuclei were stainedwithHoechst 33342 (H21492, Thermo
Fisher, 1 μg/mL) and lipid droplets were labeled with BODIPY (D3922,
Thermo Fisher, 1 μg/mL) for 30 min at room temperature.

2.4. Quantitative fluorescence microscopy and automated imaging analysis

Agpat2−/− and wild type mice iBAT preadipocytes were seeded in
optical-bottom 96-well plastic plates and differentiated and processed
as indicated for confocal immunofluorescence microscopy. Microscopy
images were acquired with Cytation 5 Cell Imaging Multi-Mode Reader
system and analyzed with Gen 5 Image Prime software (BioTek Instru-
ments, Inc., Winooski, VT, USA). 16 images (20× magnification) were
acquired per well using blue (Ex 377, Em 447), green (Ex 469, Em
525) and far red (Ex 628, Em 685) color channels. First, cells were seg-
mented by the cell nucleus (primary mask, blue color). Next, a second-
arymaskwas generatedwith a radial distance of 5 μm from the nucleus.
The intensity of green fluorescence in the secondary mask was mea-
sured to identify the cells with lipid droplets. Finally, red fluorescence
intensity in the primary mask was measured for nuclear markers, and
fluorescence intensity in the secondary mask wasmeasured to quantify
cytoplasmic markers. Cells were considered as positive or negative for
markers by Strictly StandardizedMeanDifference (SSMD) [22] (Supple-
mentary Fig. S1).

2.5. Western blotting

Differentiated brown adipocytes or iBAT were lysed in RIPA buffer
(89901, Thermo Scientific) supplemented with protease (87786,
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Thermo Scientific) and phosphatase (78420, Thermo Scientific) inhibi-
tors. Lysates were sonicated on ice and centrifuged at 14,000 ×g for 15
min at 4 °C. 20–25 μg of proteins in the supernatants were mixed with
LaneMarker Reducing Sample Buffer (39000, Thermo Scientific) and re-
solved in 10–12% SDS-polyacrylamide gel electrophoresis. Subse-
quently, they were electrotransferred onto PVDF membranes
(1620177, BioRad). Membranes were blocked with 3% BSA/0.1%
Tween 20 (1706531, BioRad) in Tris phosphate buffer/0.1% Tween 20
(TBS-T) for 1 h and incubated with primary anti-Tubulin 1:5000
(ab6046, Abcam), anti-Actin 1:5000 (A2066, Sigma-Aldrich), anti-
Vinculin 1:1000 (sc-25336, Santa Cruz), anti-HSP70 1:1000 (sc-32239,
Santa Cruz), anti-PPARy 1:1000 (2443, Cell Signaling), anti-PRDM16
1:400 (ab106410, Abcam), anti-C/EBPβ 1:1000 (3087, Cell Signaling),
anti-UCP1 1:400 (ab10983, Abcam), anti-PREF1 (2069, Cell Signaling),
anti-GFP (2956, Cell Signaling) or anti-PGC1α 1:50 (sc-13067, Santa
Cruz), anti-TOM20 1:1000 (42406, Cell Signaling), anti-SCAD 1:1000
(sc-365953, Santa Cruz), anti-VLCAD 1:1000 (sc-376239, Santa Cruz),
anti-ACAA2 1:1000 (sc-100847, Santa Cruz) and anti-MFN2 1:1000
(100560, Santa Cruz) primary antibodies (diluted in 1% BSA or 5%
milk) overnight at 4 °C. Membranes were washed with TBS-T and incu-
bated with a secondary antibody conjugated with horseradish peroxi-
dase (HRP) for 2 h at room temperature. The membranes were
visualized by chemiluminescence using C-DiGit Blot Scanner (Licor) or
G:Box (Syngene). Values were normalized to actin, tubulin, vinculin or
HSP70 levels.

2.6. RT-qPCR and RNA microarray

The total RNA was extracted from differentiated brown adipocytes
with Trizol (15596018, Invitrogen) according tomanufacturer's instruc-
tions. RNA integrity, concentration and purity were determined by gel
electrophoresis and spectrophotometry analysis by (ND-1000 Spectro-
photometer, NanoDrop, Wilmington, USA), respectively. 2 μg of RNA
were treated with TURBO DNA-free™ Kit (AM1907, Invitrogen) for
elimination of contaminating DNA. Subsequently, cDNA was generated
with High-Capacity cDNA Reverse Transcription Kit (4368814, Applied
Biosystems). Relative expression levels of individual mRNAs were de-
termined with ΔΔCt method using 36b4 as reference gene [23]. Primers
sets are shown in Supplemental Table A3.

For microarray analysis, total RNA concentration, purity and integ-
rity were evaluated with spectrophotometry (NanoDrop, Wilmington,
USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
USA), respectively. cDNA was synthesized using the GeneChip WT
(Whole Transcript) Amplification kit as described by the manufacturer.
Sense cDNA was fragmented and biotin-labeled with TdT (terminal
deoxynucleotidyl transferase) using the GeneChip WT Terminal label-
ing kit. Approximately 5.5 μg of labeled DNA target were hybridized to
Affymetrix® GeneChip™ at 45 °C for 16 h. Hybridized arrays were
washed and stained on a GeneChip Fluidics Station 450 and scanned
on a GCS3000 Scanner (Affymetrix). Signal values were computed
using the Affymetrix®GeneChip™ Command Console software. All Sta-
tistical test and visualization of differentially expressed genes was con-
ducted using R statistical language v. 3.1.2 (http://www.r-project.org).
Gene Ontology (GO) analysis was performed using Gene Ontology re-
source (http://geneontology.org/) [24,25].

2.7. Electron microscopy

Differentiated brown adipocyte were grown and differentiated in
Thermanox plastic coverslip (174950, Thermo Scientific). Next, the
cells were fixed with 2% glutaraldehyde for 2 h, immersed in 1% OsO4,
dehydrated with ethanol and infiltrated in Epon. Ultra-fine sections
were obtained by ultramicrotome (80 nm). Grids were visualized in
Phillips Tecnai 12 electron microscope at Advanced Microscopy Facility
UMA-UC, at Pontificia Universidad Católica de Chile.
2.8. Mitochondrial DNA quantification

Total DNA from differentiated brown adipocytes was isolated with
Wizard®Genomic DNA Purification kit (A1120, Promega). Quantitative
real-time PCR was performed in triplicate in 96-well plates in
StepOnePlus™ thermocycler (Applied Biosystems) using Fast SYBRTM
Green Master Mix (4385612, Applied Biosystems) and 10 ng of total
DNA. The relative abundance of the mitochondrial DNA encoded gene
Nd4 relative to the nuclear DNA encoded gene Gapdh was determined
according to the 2-ΔΔCtmethod. Primers sets are shown in Supplemen-
tal Table A3.
2.9. Statistics

Two-way ANOVA followed by Sidak'smultiple comparisons test was
performed using GraphPad Prism version 6.01 for Windows (GraphPad
Software, La Jolla California, USA). Data were expressed as mean ± SD.
*p < 0.05 denote statistically significant difference between Agpat2−/−

andwild type cells at the same day of differentiation, and #p < 0.05 de-
notes statistically significant difference between times of differentiation
within each genotype.
3. Results

3.1. Differentiated Agpat2−/− brown adipocytes have a lower proportion of
lipid laden cells and fail to express Ucp1

Agpat2−/− mice are born with white and brown adipocytes but
whole-body adipose tissue completely degenerates as soon as the
sixth day of postnatal life, leading to total lipodystrophy [9]. We previ-
ously showed that AGPAT2 is required for normal adipogenic differenti-
ation of white adipocytes [9]. To determine the importance of AGPAT2
in brown preadipocytes adipogenesis, we differentiated SVF from the
iBAT of Agpat2−/−mice anddetermined the abundance of cells accumu-
lating neutral lipids with an automatized imaging system at different
days after adipogenic induction. As shown in Fig. 1A and B, whereas
~80% of differentiated wild type SVF cells had lipid droplets (LDs) at
the 5th day after adipogenic induction, the proportion of Agpat2−/−

cells laden with LDs was ~50% lower.
At the molecular level, the mRNA abundance of Perilipin1 (Plin1),

Adiponectin (Adipoq) and Cidea was lower in differentiated Agpat2−/−

compared to wild type brown adipocytes (day 5 of differentiation),
likely as a consequence of a lower abundance of lipid droplets in these
cells and suggesting impaired adipogenic (Fig. 1C-E). AGPAT2 mRNA
levels were progressively increased during brown adipogenesis in
wild type cells, being ~250–300-fold higher at days 5 and 7 of differen-
tiation in comparison with undifferentiated cells (Fig. 1F). As expected,
AGPAT2mRNAwasundetectable inAgpat2−/− cells.Ucp1 is an accepted
bona fidemarker of brown adipocyte cell identity [13,21]. UCP1was un-
detectable at the mRNA and protein levels in preadipocytes (day 0 of
differentiation) of both genotypes but it was present in differentiated
wild type brown adipocytes since the third day of differentiation (Fig.
1G). Importantly, UCP1 remained undetectable in differentiated
Agpat2−/− brown adipocytes at all the studied times (Fig. 1G). To pro-
moteUcp1 expression,we activated β adrenergic receptorswith isopro-
terenol. This intervention elevated Ucp1 mRNA levels by ~30-fold in
wild type differentiated brown adipocytes compared to unstimulated
cells but it was completely ineffective in Agpat2−/− cells (Fig. 1H).

These results indicate that after a differentiation procedure that is
able to induce Ucp1 expression in wild adipocytes, Agpat2−/−

preadipocytes acquire some features of mature adipocytes, including
LDs accumulation and Plin1 and Adipoq expression, the absence of
AGPAT2 totally prevents expression of Ucp1. Therefore, these findings
suggest that AGPAT2 is required for brown adipogenesis in vitro.

http://www.r-project.org
http://geneontology.org/


Fig. 1. Reduced accumulation of lipid droplets, andmRNA and protein of mature adipocyte markers in differentiated brown adipocytes of Agpat2−/−mice. (A) Quantification of cells with
lipid droplets (BODIPY). Automated imaging analysis included ~75,000 cells in total. (B) Representative immunofluorescence images staining perilipin 1 (red), neutral lipids with BODIPY
(green) and nuclei with Hoechst 33342 (blue) of wild type and Agpat2−/− brown adipocytes at days 0, 3 and 5 of differentiation. Scale bar 20 μm. (C) Plin1, (D) Adiponectin, (E) Cidea and
(F) Agpat2mRNA levels normalized to 36b4 and expressed as relative fold changes towild type at day 0, 3 or 5 (n=3), (G)Ucp1mRNA levels normalized to 36b4 and expressed as relative
fold changes towild type at day 3 (n=3 per genotype) and a representative immunoblot of UCP1 and β-actin of differentiated brown adipocytes ofwild type and Agpat2−/−mice at days
0–4 and 5 of differentiation and immunoblot quantification of UCP1, expressed as fold-change relative the levels of wild type mice at day 0 of differentiation and normalized to β-actin
levels (n = 4 per genotype) and (H) Ucp1 mRNA levels of differentiated brown adipocytes of wild type and Agpat2−/− mice at day 5 in the presence and absence of isoproterenol (10
μM for 6 h). Data were normalized to 36b4 and expressed as relative fold changes to wild type. Data are expressed as mean ± SD (n = 3 per genotype). *p < 0.05 denote statistically
significant differences between wild type and Agpat2−/− at the same day of differentiation, #p < 0.05 denotes statistically significant differences in comparison with day 0 in the same
genotype. p values were calculated using two-way ANOVA.
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3.2. Preadipocytes abundance is normal in the iBAT of newborn Agpat2−/

− mice

Although the low proportion of lipid laden cells in differentiated
Agpat2−/− cultures would indicate that AGPAT2 is required for adipo-
genesis, this observation can also be explained by a lower abundance
of preadipocytes in the original SVF harvested from these mice. To
study preadipocytes abundance, markers Pref1 and Zfp423 were
assessed. To track cells expressing Zfp423, a recognized marker for
preadipocyte [26], in vivo, Agpat2−/−/Zfp423GFP mice were generated.
These mice express enhanced green fluorescent protein (EGFP) under
the control of Zfp423 promoter/enhancer enabling preadipocyte mass
estimation [26]. As shown in Fig. 2A, the abundance of Zfp423 express-
ing cells, indicated by the mass of EGFP, is equivalent in the iBAT of
Agpat2−/−/Zfp423GFP and Agpat2+/+/Zfp423GFP mice. The abundance
of Pref1, another protein expressed by preadipocytes but absent in

Image of Fig. 1
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mature adipocytes, was also equivalent in the iBAT of these mice (Fig.
2A). Finally, Pref1 abundancewas also equivalent at themRNA and pro-
tein level in cultured SVF from Agpat2−/− andwild typemice at the day
0 of differentiation (Fig. 2C and D).

These results show that AGPAT2 deficiency does not result in a lower
abundance of preadipocytes in the iBAT nor in the SVF used in our
in vitro adipogenesis studies. Thus, the low proportion of lipid laden
cells in differentiated Agpat2−/− brown adipocytes is the likely result
of defective adipogenic differentiation due to cell autonomous
mechanisms.

3.3. Abundance of adipogenic transcriptional regulators Pparγ, C/ebpα,
Pparα and Pgc1α but not Prdm16 is decreased in differentiated Agpat2−/

− brown adipocytes

We quantified key transcriptional regulators to identify potential
mechanisms for the adipogenic failure of Agpat2−/− preadipocytes.
Pparγ is a recognizedmaster regulator of adipogenesis and it is essential
for Ucp1 expression as well [27]. As shown in Fig. 3A and B, the propor-
tion of cells with nuclear labeling for Pparγ equally increased at the day
3 of differentiation in both Agpat2−/− and wild type cells. However,
whereas this percentage was further increased at day 5 of differentia-
tion in wild type cells, it remained unchanged in Agpat2−/− cells. In
agreement with a lower proportion of Pparγ expressing cells, the
mRNA and protein levels of PPARγ in whole cell lysates was also
lower in differentiated Agpat2−/− cells (Fig. 3C and D). Importantly,
Fig. 2.Preadipocyte abundance is normal in the iBATof newborn and inprimary cultured stroma
and TUBULIN in iBAT of newborn (P0.5) wild type and Agpat2−/− mice and immunoblot quant
and normalized to tubulin levels (n= 3 per genotype). (*): Protein sample of differentiated br
changes to wild type (n= 3 per genotype). Liver as a negative control was used. (C) Represen
munoblot quantification of PREF-1, expressed as fold-change relative the levels of wild typemic
tailed unpaired Student's t-tests and (B) one-way ANOVA followed by Dunnett's multiple com
the proportion of lipid laden cells with simultaneous nuclear PPARγ
staining was not different between wild type and Agpat2−/− differenti-
ated brown adipocytes (Fig. 3E), suggesting that, irrespective of their
genotype, cells expressing nuclear PPARγ are capable of building LDs
during adipogenic differentiation.

PGC1α is a transcriptional co-regulator central for mitochondrial
biogenesis and brown adipocyte differentiation [28,29]. As shown in
Fig. 3F, PGC1α levels were lower in Agpat2−/− differentiated brown
adipocytes at both the protein and mRNA level (days 4 and 5, respec-
tively). C/ebpα, that also cooperates with PPARγ to regulate adipocyte-
specific genes [30], was also lower in differentiated Agpat2−/− brown
adipocytes at days 3 and 5 in comparison with wild type cells (Fig.
3G). Similarly, Pparα, a nuclear receptor that promotes fatty acid uptake,
mitochondrial β-oxidation and lipoprotein metabolism [31], was de-
creased at the mRNA level in Agpat2−/− brown adipocytes at days 3
and 5 of differentiation (Fig. 3H).

PRDM16 promotes brown adipogenesis by recruiting Pparγ and C-
terminal-binding protein-1 (CtBP1) into the regulatory regions of
genes required for brown adipocyte differentiation [27,32]. In differen-
tiating brown adipocytes of both genotypes, PRDM16 protein levels in-
creased until the day 4 of differentiation, remainingwithout differences
in the following days (Fig. 3I).

Together, these results indicate that the lower proportion of lipid
laden cells in Agpat2−/− differentiated brown adipocyte cultures occurs
in association with reduced levels of key transcriptional regulators for
both general (Pparγ, C/ebpα and Pparα) and specific brown adipocyte
l vascular fraction (SVF) ofAgpat2−/−mice. (A)Representative immunoblot of PREF-1, GFP
ification of PREF-1 and GFP, expressed as fold-change relative the levels of wild type mice
own adipocytes. (B) Pref-1mRNA levels normalized to 36b4 and expressed as relative fold
tative immunoblot of PREF-1 and tubulin in SVF of wild type and Agpat2−/− mice and im-
e and normalized to tubulin levels. Statistical analysiswas performed using (A and C) two-
parisons test. *p < 0.05 denote statistically significant differences.

Image of Fig. 2


Fig. 3. PPARγ is located in the nucleus of cells that accumulate lipid droplets in differentiated brown adipocytes of wild type and Agpat2−/− mice. (A) Quantification of cells with nuclear
PPARγ protein (B) Representative immunofluorescence images stained for PPARγ (red), neutral lipidswith BODIPY (green) and nuclei with Hoechst 33342 (blue) in differentiated brown
adipocytes of wild type and Agpat2−/−mice at days 0, 3 and 5 of differentiation. Scale bar 20 μm. (C) PparγmRNA levels normalized to 36b4 and expressed as relative fold changes towild
type at day 3. (D) Representative immunoblot for PPARγ and tubulin of differentiated brown adipocytes of wild type and Agpat2−/− mice at days 0, 3 and 5 of differentiation and
immunoblot quantification of PPARγ, expressed as fold-change relative the levels of wild type mice at day 3 of differentiation and normalized to tubulin levels. Data are expressed as
mean ± SD (n = 3 per genotype). (E) Quantification of cells with lipid droplets and nuclear PPARγ. Automated imaging analysis included ~135,000 cells in total. (F) and (I),
representative immunoblots for PGC1α and PRDM16 and β-actin of differentiated brown adipocytes of wild type and Agpat2−/− mice at days 0–4 and 5 of differentiation and
immunoblot quantification expressed as fold-change relative the levels of wild type mice at day 0 of differentiation and normalized to β-actin levels (n = 4 per genotype). (G) C/ebpα
and (H) Pparα mRNA levels normalized to 36b4 and expressed as relative fold changes to wild type at day 0 or 3 (n = 3 per genotype). Data are expressed as mean ± SD. *p < 0.05
denote statistically significant differences between differentiated brown adipocytes of wild type and Agpat2−/− mice at the same day of differentiation, #p < 0.05 denotes statistically
significant differences in comparison with day 0 in the same genotype. p values were calculated using two-way ANOVA.
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(Pgc1α) phenotype. Notably, total protein levels of PRDM16 do not dif-
fer between Agpat2−/− and wild type differentiated brown adipocytes.
Importantly, although some Agpat2−/− cells do accumulate lipids and
simultaneously have nuclear PPARγ, Ucp1 remains undetectable at the
protein and mRNA levels, indicating that Agpat2−/− preadipocytes un-
dergo an abnormal differentiation process that fails to generate mature
brown adipocytes in vitro.

3.4. Differentiated Agpat2−/− brown adipocytes have increased expression
of genes related to type I interferon response and lower levels of genes re-
lated to mitochondrial biogenesis/function

To further explore the transcriptional basis of the failed adipogenesis
of Agpat2−/− cells, we performed unbiased transcriptional analysis.

Global gene expression of differentiated brown adipocytes was ana-
lyzed with microarray technology at days 0, 3 and 5 of differentiation.
For this, 3 independent cell cultureswere generated from individual an-
imals and their total RNA was pooled for each genotype and time of
analysis. Differentially expressed genes between wild type and
Agpat2−/− cells were 92, 80 and 647 at days 0, 3 and 5, respectively.
After 5 days of differentiation, the abundance of Ucp1, Ffar4, Cidea and
Cox8b mRNAs was lower in Agpat2−/− adipocytes in comparison with
wild type cells at the same day of differentiation (Fig. 4A). By contrast,
several genes implicated in type-I interferon (IFN) response, including
Ifi44, Oas1g, Oasl2, Ifit1, Usp18 and Ifi204 ranked among the top
overexpressed genes in Agpat2−/− adipocytes at day 5 of differentiation
(Fig. 4B).

Gene ontology (GO) analysis of differentially expressed genes re-
vealed no differences between wild type and Agpat2−/− cells at days 0
and 3 of differentiation, nor in day 3 versus day 0 in both wild type
and Agpat2−/− cells. By contrast, the comparison between day 5 and
day 0 in thewild type differentiated brown adipocytes, revealed enrich-
ment in the biological processes related to mitochondria organization
(GO: 0007005), fat cell differentiation (GO: 0045444), brown fat cell dif-
ferentiation (GO: 0050873) and regulation of fat cell differentiation
(GO: 0045598) (Fig. 4C). In differentiated Agpat2−/− brown adipocytes,
a relative enrichment in the sameprocesseswas observed, although to a
lower magnitude to those seen in wild type cells. Interestingly, biologi-
cal processes related to response to virus (GO: 0009615), cellular re-
sponse to interferon-beta (GO: 0035458), response to interferon-beta
(GO: 0035456) and regulation of type I interferon production (GO:
0032479), were strongly increased (Fig. 4D). This was in sharp contrast
with the findings inwild type cells, in which these processes were inex-
istent. In fact, the comparison betweenwild type and Agpat2−/− cells at
day 5 of differentiation, showed that biological processes related to re-
sponse to virus (GO: 0009615), immune system process
(GO:0002376) and response to interferon-beta (GO: 0035456), were
significantly different between Agpat2−/− and wild type differentiated
brown adipocytes (Fig. 4E). Many differentially expressed genes
belonged to retinoic acid-inducible gene-I-like receptors (RLRs) and
interferon-stimulated genes (ISGs) clusters. Among them highlight
Dhx58, Ifih1 and Ddx58 in the RLRs cluster, and Irf7, Usp18, Ifi44 and
Oas2 in the ISGs group (Fig. 4F).

A comparative analysis of cellular components between wild type
and Agpat2−/− cells at day 5 of differentiation, showed that the expres-
sion level of genes related to mitochondrion (GO: 0005739), mitochon-
drial envelope (GO: 0005740), mitochondrial membrane (GO:
0031966), mitochondrial part (GO: 0044429) and mitochondrial inner
membrane (GO: 0005743) were significantly decreased in Agpat2−/−

cells (Fig. 4G). Among the genes belonging to these categories highlight
Ucp1, Cox8b and Cox7a1 (Fig. 4H).

Selected differentially expressed genes identified in the microarray
analysis were quantified by RT-qPCR in a new set of differentiated
brown adipocytes. Agpat2, Cebpa, Ppara, Slc2a4, Lipin1, Plin5 and Cidea
mRNA levels were quantified because their roles in adipogenic differen-
tiation. Elovl3 was evaluated because it is highly expressed in brown
adipocytes but is absent in white adipocytes. Ucp1 and Cox7a1 were
tested because their roles in brown adipocyte mitochondrial function.
Among the genes related to ISG we quantified Ifit2 and Oas2 (Fig. 4I).

As shown in Fig. 4,we corroborated that the absence of Agpat2 deter-
mines low expression of all the evaluated genes related to brown adipo-
cyte differentiation and specific mitochondrial processes but increases
the mRNA levels of genes related to type-I IFN response.

3.5.Mitochondrialmorphology andmitochondria-to-lipid droplets associa-
tion are altered in differentiated Agpat2−/− brown adipocytes

Global and targeted gene expression analyses suggest that differen-
tiated Agpat2−/− adipocytes have alterations in mitochondrial biogene-
sis and/or function. Since mitochondrial activity is essential for both
general adipogenesis and brown adipocyte phenotype [33,34], we in-
vestigated mitochondrial alterations in differentiated Agpat2−/−

brown adipocytes. First, we examined mitochondrial ultrastructure in
differentiated wild type and Agpat2−/− brown adipocytes at days 0
and 5 of differentiation.

Concordant with the minor transcriptomic differences noted at day
0 of differentiation (Fig. 4H), we found no differences in the mitochon-
drial ultrastructure between wild type and Agpat2−/− cells (Fig. 5A).

Inwild type cells, brownadipogenic differentiation (day5) increased
mitochondrial abundance and changed the shape of these organelles,
that turned from a “worm”-like to a “bean”-like morphology. Inner mi-
tochondrial membrane ultrastructure was also modified, forming a
closely packed, long parallel cristae. Interestingly, many mitochondria
were intimately associated with LDs, such as no physical separation be-
tween the mitochondrial outer membrane (OMM) and the surface of
LDs could be discerned (Figs. 5B and 6A).

By contrast, mitochondria in differentiated Agpat2−/− cells showed
markedly disorganized cristae, notable for their lower density, unparal-
leled disposition and short protrusion into the matrix, in comparison
with wild type cells at the same day of differentiation (Fig. 5B). Addi-
tionally, significantly fewer mitochondria were associated to LDs in dif-
ferentiated Agpat2−/− brown adipocytes (Fig. 6A and B).

It was recently reported thatMitofusin 2 (MFN2) [35] and Perilipin 5
(PLIN5) [36,37] are required for the physical contact between mito-
chondria and LDs. Although no differences in Mfn2 mRNA content
were present in our micro array analysis between differentiated
Agpat2−/− and wild type brown adipocytes; MFN2 protein levels were
progressively increased during brown adipogenic differentiation in
wild type cells (~3.1, 7.5 and 8.7-fold at days 3, 5 and 7 of differentiation,
respectively) (Fig. 6C). Notably, this enrichment appears to be higher
than can be explained by the mere increase in mitochondrial mass, be-
cause it persisted even after normalization by mitochondrial matrix
protein HSP70 levels (Fig. 6C).

Agpat2−/− cells showed a blunted increase in MFN2 levels during
brown adipogenesis, that only reached statistical significance at the
day 5 of differentiation in comparison with undifferentiated
preadipocytes (~2.2-fold) (Fig. 6C). Importantly, MFN2 levels were sig-
nificantly lower in differentiated Agpat2−/− cells compared towild type
cells after the day 5 of differentiation (Fig. 6C). However, becauseMFN2
levels in Agpat2−/− cells did not show significant differences after nor-
malization with HSP70 during adipogenesis, this increase may be ex-
plained by a raise of mitochondrial mass in differentiated compared to
undifferentiated Agpat2−/− cells.

Microarray analysis revealed that PLIN5mRNA levels were ~3.4-fold
lower in Agpat2−/− brown adipocytes in comparisonwithwild type ad-
ipocytes at day 5 of differentiation (Fig. 4I), suggesting that decreased
levels of PLIN5 could be implicated in the defective mitochondria to
LDs association in Agpat2−/− brown adipocytes. Quantification of
mRNA levels by RT-qPCR showed that Plin5 levels were progressively
increased in wild type cells during brown adipogenesis, reaching ~7-
fold increase at the day 7 of differentiation in comparisonwith undiffer-
entiated preadipocytes (Fig. 6D). Differentiated Agpat2−/− cells had a



Fig. 4. Global gene expression analysis and RT-qPCR quantification of differentially expressed genes in differentiated brown adipocytes of Agpat2−/−mice. (A) Log2 fold-change of the top
20 downregulated and (B) Log2 fold-change of the top 20 upregulated genes between differentiated brown adipocytes of wild type and Agpat2−/− mice at day 5 of differentiation. Gene
ontology (GO) analysis (biological process) of day 5 versus day 0 of (C) Agpat2+/+ and (D) Agpat2−/−. GO analysis of (E) upregulated (biological process) and (G) downregulated (cellular
component) genes of Agpat2−/− at day 5. Log2 fold expression change of genes related with (F) cellular response to virus and (H) mitochondrial inner membrane in Agpat2−/− versus
Agpat2+/+ at day 5 of differentiation. 3 animals were used per genotype (pool). (I) mRNA levels of 1-acylglycerol-3-phosphate O-acyltransferase 2 (Agpat2), CCAAT enhancer binding
protein α (Cebpα), peroxisome proliferator activated receptor α (Pparα), solute carrier family 2 member 4 (Slc4a2), elongation of very long chain fatty acids 3 (Elovl3), Lipin1, Perilipin
5 (Plin5), cell death-inducing DNA fragmentation factor, alpha subunit-like effector A (Cidea), uncoupling protein 1 (Ucp1), cytochrome c oxidase subunit 7A1 (Cox7a1), 2′-5′
oligoadenylate synthetase 2 (Oas2) and interferon-induced protein with tetratricopeptide repeats 2 (Ifit2). Data were normalized to 36b4 and expressed as relative fold changes to
wild type at day 5. ND: not detected. Data are expressed as mean ± SD (n = 3 per genotype). Statistical analysis was performed using two-tailed unpaired Student's t-tests. *p < 0.05
denote statistically significant differences.
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Image of Fig. 4


Fig. 5. Differentiated brown adipocytes from Agpat2−/− mice present an abnormal mitochondrial morphology and lower mitochondrial mass. Representative transmission electron
microscopy (TEM) images from wild type and Agpat2−/− adipocytes at days 0 (A) and 5 (B) of brown adipogenic differentiation, respectively. Mitochondria are marked by red arrow
heads. LD, lipid droplet. Scale bars indicate 0.5 and 1 μm. (C) Mitochondrial DNA copy number quantification was performed by qPCR by comparing the abundance of mtDNA-encoded
Nd4 with the abundance of nuclear DNA-encoded Gapdh; n = 8 per genotype. (D) TOM20 content in differentiated wild type and Agpat2−/− brown adipocytes was assessed by
immunoblotting at days 0, 3, 5, and 7 of differentiation. TOM20 abundance was normalized to Tubulin and expressed as fold-change relative to wild type mice at day 0 of
differentiation level. n = 4–5 per genotype. Data are expressed as mean ± SD. *p < 0.05 denote statistically significant differences between differentiated brown adipocytes of wild
type and Agpat2−/− mice at the same day of differentiation, #p < 0.05 denotes statistically significant differences in comparison with day 0 of same genotype cells, p values were
calculated using two-way ANOVA.
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Image of Fig. 5


Fig. 6.Mitochondria-to-lipid droplet association is diminished in differentiated Agpat2−/− brown adipocytes. (A) Representative TEM images of differentiated wild type and Agpat2−/−

brown adipocytes at day 5 of differentiation. Mitochondria are marked by red arrow heads. LD, lipid droplet. Scale bar indicates 1 μm. (B) Quantification of the number of
mitochondria in contact with lipid droplets (LDs) in differentiated wild type and Agpat2−/− brown adipocytes at day 5 of differentiation (11–14 cells were counted per genotype).
(C) Representative immunoblot analysis of MFN2 in differentiated wild type and Agpat2−/− mice brown adipocytes at days 0, 3, 5, and 7 of differentiation. MFN2 protein levels were
normalized to Vinculin and HSP70, used as cytosolic and mitochondrial loading controls respectively, and expressed as fold-change relative to wild type cells at day 0 of differentiation
levels. n = 4 per genotype. (D) Plin5 mRNA levels in differentiated wild type and Agpat2−/− brown adipocytes at days 0, 3, 5, and 7 of differentiation. Plin5 mRNA abundance was
normalized to 36B4 mRNA levels and expressed as relative fold changes to wild type day 0. N = 3–5 per genotype. Data are expressed as mean ± SD. *p < 0.05 denote statistically
significant differences between differentiated wild type and Agpat2−/− brown adipocytes on the same day of differentiation, #p < 0.05 denotes statistically significant differences in
comparison with day 0 in the same genotype. p values were calculated using two-way ANOVA.
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blunted raise of Plin5 mRNA levels, that was not significantly different
from the levels in undifferentiated cells (Fig. 6D).

These findings show that decreased mitochondria to LDs contacting
in differentiated Agpat2−/− cells correlates with a lower abundance of
MFN2 and PLIN5, suggesting that AGPAT2 is required for the normal
physical association between mitochondria and LDs during brown adi-
pogenesis, potentially by regulatingMfn2 and Plin5 gene expression.
3.6. Differentiated Agpat2−/− brown adipocytes have lower mitochondrial
mass and decreased levels of enzymes involved in fatty acid beta oxidation

Our results suggest that brown adipogenic differentiation has a dif-
ferential impact on themitochondrialmass, aswell as on the qualitative
reorganization of inner mitochondrial membrane ultrastructure and
their contactingwith LDs betweenwild type and Agpat2−/− adipocytes.
To assess the effect of Agpat2 deficiency on mitochondrial mass we
quantified mitochondrial DNA content by comparing the relative abun-
dance of a mitochondrial DNA- to a nuclear DNA-encoded gene. As
shown in Fig. 5C, mitochondrial to nuclear DNA ratio increased in wild
type adipocytes during brown adipogenic differentiation, whereas in
Agpat2−/− cells remaining unchanged. Therefore, mitochondrial DNA
content was significantly higher in wild type compared to Agpat2−/−

differentiated brown adipocytes (Fig. 5C).
Because DNA copy number is not necessarily proportional to mito-

chondrial mass [38,39], we quantified translocase of outer mitochon-
drial membrane 20 (TOM20), an external mitochondrial membrane
protein involved in mitochondria protein importation and a recognized
marker for total mitochondrial mass [40,41]. In wild type brown adipo-
cytes, TOM20 protein levels increased ~2.8, 5.1 and 5.5-fold at days 3, 5
and 7 of differentiation, respectively, compared to undifferentiated
preadipocytes of the same genotype (Fig. 5D). TOM20 protein levels
was also ~3-fold increased at day 3 of differentiation in Agpat2−/− adi-
pocytes but it remained unchanged in the following days, resulting in
significantly lower levels compared to wild type adipocytes at days 5
and 7 of differentiation (Fig. 5D).

Combined, these results suggest that Agpat2 deficiency results in a
lower mitochondrial mass during brown adipocyte differentiation.

Mitochondrial fatty acid beta oxidation is required for brown adipo-
cytes thermogenic activity and it may be related to mitochondrial-to-
LDs contact [42,43]. Therefore, we quantified protein levels of short-
chain acyl-CoA dehydrogenase (SCAD), very long-chain acyl-CoA dehy-
drogenase (VLCAD) and acetyl-Coenzyme A acyltransferase 2 (ACAA2)
to assess fatty acid oxidation capacity in differentiated brown

Image of Fig. 6


Fig. 7. Differentiated Agpat2−/− brown adipocytes have a lower abundance of enzymes implicated in fatty acid β oxidation. The abundance of (A) SCAD, (B) VLCAD, and (C) ACAA2 was
determined by immunoblotting in differentiated wild type and Agpat2−/− brown adipocytes at days 0, 3, 5 and 7 of differentiation. The abundance of these enzymes was normalized to
Vinculin and HSP70, used as cellular and mitochondrial loading controls, respectively, and expressed as fold-change relative to wild type cells at day 0 of differentiation levels. n = 4 per
genotype. Data are expressed as mean ± SD. *p < 0.05 denote statistically significant differences between differentiated wild type and Agpat2−/− brown adipocytes at the same day of
differentiation, #p < 0.05 denotes statistically significant differences in comparison with day 0 in the same genotype. p values were calculated using two-way ANOVA.
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adipocytes. In wild type cells, the abundance of SCAD, VLCAD and
ACAA2 progressively increased 2.3, 5.4 and 13-fold, respectively, at
days 3–5 after adipogenic induction (Fig. 7A, B and C). Similar to
MFN2 (Fig. 6C), this increase was higher to the raise in mitochondrial
mass, because it persisted even after normalization to HSP70 levels, in-
dicating a selective enrichment in enzymes involved in fatty acid oxida-
tion (Fig. 7A, B and C). By contrast, brown adipogenesis determined a
markedly blunted elevation in fatty acid oxidation-related enzymes in
Agpat2−/− cells, that was particularly severe in the case of ACAA2, lead-
ing to significantly lower levels of ACAD, VLCAD and ACAA2 compared
to wild type cells at the same days of differentiation.

Combined thesefindings indicate that Agpat2 is required for the nor-
mal mitochondrial remodeling associated to brown adipogenesis, in-
volving mitochondrial mass and shape, inner membrane physical
configuration, abundance of fatty acid beta oxidation-related enzymes,
LDs contacting and abundance of MFN2 and, possibly, PLIN5.

4. Discussion

4.1. Failed brown adipogenic differentiation in Agpat2−/− preadipocytes

Herein we show that differentiated Agpat2−/− brown adipocytes
have a lower proportion of lipid-laden cells and undetectable Ucp1.
Also, markers of mature adipocytes Cidea, Adiponectin and Perilipin1
are strongly decreased. These observations are analogous to those re-
ported with Agpat2−/− MEF and iBAT preadipocytes differentiated
into white adipocytes [9,10] and indicate that AGPAT2 is required for
adipocyte differentiation, irrespective of their original cell linage and
final cellular phenotype.

We found equivalent proportion of cells expressing preadipocyte
markers in both the iBAT of newborn mice as well as cultured stromal
vascular fraction of both genotypes, thus, it is unlikely that the inability
of Agpat2−/− differentiated cells to express brown adipocyte markers is
owed to a low abundance of true brown adipocyte precursors. There-
fore, we conclude that absence of AGPAT2 prevents brown adipocyte
differentiation.

Pparγ is the master regulator of adipocyte differentiation and forms
a complexwith Prdm16 and C/ebpβ [27,28] to promote the expression of
both, white and brown adipocyte whereas Ucp1 is adefining gene for
brown adipocytes [17]. We previously showed that overexpressing
Pparγ in white Agpat2−/− differentiated adipocytes, only partially re-
verts the adipogenic failure in these cells [9], suggesting either the exis-
tence of inhibitory post translational modifications or blocking
mechanisms downstream Pparγ [44,45].

This hypothesis can be extended to Prdm16, because we also found
no difference in its level between differentiated Agpat2−/− and wild
type brown adipocytes. Prdm16 interacts with mediator complex sub-
unit 1 (MED1) to remodel the chromatin allowing the expression of
genes related to brown differentiation as well as the expression of
Ucp1 [46,47]. Therefore, future studies will be required to determine
the nature of this apparent Prdm16 lack of function in AGPAT2 deficient
adipocytes, including post translational modifications and association
with transcriptional co repressors.

Our microarray analysis showed that several members of the solute
carrier protein to which solute carrier 25 (Slc25) belongs is a nuclear-
encoded protein embedded in the inner mitochondrial membrane, to
which Ucp1 (Slc25a7) belongs, are diminished in differentiated
Agpat2−/− brown adipocytes, including Slc25a19, Slc25a20, Slc25a23,
Slc25a34, Slc25a35 and Slc25a42 (Supplemental Table A1). Considering
that other nuclear-encoded mitochondrial products are also decreased
in these cells, such as Cox7a1 and Cox8b, we speculate that the inability
to expressUcp1 in Agpat2 deficient differentiated brown adipocytes can
be due to a generalized transcriptional defect affecting the expression of
mitochondrial products. This hypothesis is supported by our finding
that β-adrenergic stimulation that potently increases Ucp1 levels in
wild type differentiated brown adipocytes and that is mediated by
Pgc1α and Pparα, is completely ineffective in Agpat2−/− differentiated
cells.

Pparα is regulated by Pparγ [13], Prdm16 [46] and early B cell factor 2
(Ebf2) [48] and activates the expression of Pgc1a in differentiated brown
adipocyte, increasingUcp1 levels [31]. However, brown adipocytes lack-
ing Pparα have normal levels of Ucp1 [23], indicating that this nuclear
receptor is not absolutely required for Ucp1 expression. On the other
hand, Pcg1α has a central role in mitochondrial biogenesis and cold-
induced thermogenesis [31,49] and activate Ucp1 gene promoter in re-
sponse to cold exposure. Brownadipocytes lacking Pgc1α have lowUcp1
levels and decreased thermogenic activation, but brown adipogenic dif-
ferentiation seems to be preserved [28,50]. These antecedents suggest
that both mitochondrial defects and the lack of Ucp1 expression in
Agpat2 deficient differentiated brown adipocytes can be owed, at least
partially, by low levels of Pcg1α.

Finally, considering that Ucp1 is not present in Agpat2−/− differenti-
ated cells a remaining question is whether these cells truly correspond
to brown adipocytes or, by contrast, mostly remain aswhite adipocytes.
Although we have no definitive answer, the actual expression of
Prdm16, which is a recognized brown adipocyte marker, to the same
levels observed in differentiated wild type cells, suggest that Agpat2−/

− cells are able to initiate brown adipogenesis but fail to continue to
more advanced stages.

Nevertheless, independent of conventional the definition of
Agpat2−/− differentiated cells, our more important finding is that
Agpat2 is absolutely required for the expression of Ucp1 as well as
other mitochondrial proteins. Future work will be necessary for
connecting the enzymatic activity of AGPAT2 with the failure of adipo-
genesis at the transcriptional level.
4.2. Abnormal expression of type I interferon response and mitochondrial
biogenesis/function related genes

We also found that themRNA abundance of ISGs is strongly induced
in Agpat2−/− differentiated brown adipocytes. A previous study shows
that deletion of Prdm16 in brown adipose cells increased ISGs expres-
sion, including Stat1 levels [51]. However, our results showed no differ-
ences in Prdm16 and in Stat1/2 nuclear levels between differentiated
wild type Agpat2−/− brown adipocytes. Interestingly, it was found
that gene deletion of activating transcription factor 7 (Atf7), which acti-
vates Stat1 transcription, stimulates the expression of ISGs and inhibits
adipogenesis [52]. However, we found no differences in Atf7 expression
between Agpat2−/− and wild type differentiated brown adipocytes
(data not shown).

Finally, Agpat2−/− brown adipocytes showed variousmorphological
mitochondrial defects, highlighting decreased density and organization
of internal membrane cristae and lower association with lipid droplets.
Mitochondrial stress enhances the expression of ISGs, including Ifi44,
Ifit1, Oasl2 and Rtp4, and cytoplasmic DNA and RNA sensors, such as
Ddx58, Ifih1 and p200 Ifi203, Ifi204 and Ifi205 family proteins [53], simi-
lar to our differentiated Agpat2−/− brown adipocytes. Also, mitochon-
drial double-stranded RNA accumulation increases the expression of
ISGs and markers of immune activation (Cxcl10, Ifi44, Ccl5, Ifit1, Cmpk2
among others) [54]. Therefore, it is plausible that defective mitochon-
dria can be the cause of interferon response in differentiated Agpat2−/

− brown adipocytes.
Nonetheless, the mechanisms of the increased levels of ISGs in

Agpat2−/− brown adipocytes remains unknown as well as the role of
type-I interferon response in the adipogenic failure Agpat2 deficient
cells. Further studieswill be required to address these questions.We hy-
pothesize that abnormal phospholipid composition in Agpat2 deficient
adipocytes may determinemitochondrial dysfunction that drives inter-
feron type-I response, leading to interruption of adipogenic program as
well as adipocyte cell death by lipotoxic mechanisms.
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5. Conclusions

1. iBAT adipogenic differentiation of Agpat2−/− preadipocytes results in
a lower proportion of lipid-laden cells and expression level ofmature
adipocyte markers, along with decreased levels of Pparγ, Pparα, C/
ebpα and Pgc1α compared to the wild type cells. Levels of brown
adipogenic regulator Prdm16 remain unchanged.

2. Differentiated Agpat2−/− brown adipocytes havemitochondria qual-
itative abnormalities with altered morphology, decreased mass and
lipid droplets association, and undetectable levels of Ucp1.

3. Differentiated Agpat2−/− brown adipocytes have a selective enrich-
ment of interferon type I response-related gene expression. Although
the mechanisms for this phenomenon remain to be determined, we
proposed that mitochondrial dysfunction is an underlying cause.
Similarly, we hypothesize that elevated levels of ISGs may interfere
with brown adipogenic differentiation of Agpat2−/− preadipocytes.
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.metabol.2020.154341.
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