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ADIPOSE TISSUE STORES EXCESS ENERGY INTAKE in the form of
triglyceride and mobilizes this storage in the form of free fatty
acids (FFAs) to meet the energy demands of the organism. In
states of derangement of adipose tissue function such as occur
in obesity and type 2 diabetes (50), excessive elevation of
plasma FFAs leads to FFA deposition in nonadipose tissues,
resulting in a number of detrimental effects, including apoptosis, insulin resistance, fatty acid-induced cellular toxicity, and
␤-cell dysfunction (71, 72). Adipogenesis is a highly integrated
process often depicted as a cascade of gene expression events

initiated by the nuclear hormone transcription factor peroxisome proliferator-activated receptor-␥ (PPAR␥) in concert
with CCAAT enhancer-binding proteins (52) and sterol regulatory element-binding protein-1/adipocyte determination differentiation-dependent factor 1 (SREBP-1/ADD1) transcription factors (53). FFA metabolites function as ligands for
PPAR␥ (26, 67, 68), and polyunsaturated fatty acids act to
regulate the expression of SREBP-1/ADD1 (23, 69). Given
their far-ranging impact in a variety of cell types, understanding the molecular mechanisms underlying the release of FFA
from adipose tissue stores is key to the development of appropriate interventions for diabetes, obesity, and related disorders.
Lipolysis in adipocytes is subject to tight regulation by
various hormones and cytokines. Until very recently, hormonesensitive lipase (HSL) was regarded as the only rate-limiting
lipolytic activity in adipocytes (58), where its action is subject
to tight regulation by catecholamines and insulin (5, 7, 8, 11,
19, 75). Despite much in vitro data supporting a sole and
dominant role for HSL in adipocyte triglyceride lipolysis, this
notion was not upheld by the phenotype of HSL-null mice (12,
15, 16, 19, 40, 42, 43, 51, 74, 80). HSL-null mice were not
obese (12, 16, 74, 80), and their adipose tissues possessed
substantial hormone-stimulated triglyceride hydrolysis activities (15, 40, 42, 43, 74), with accumulated diglycerides in
white adipose tissue, brown adipose tissue, muscle, and testis
(15, 40). That HSL-null mice demonstrated a block in hormone-stimulated glycerol release from adipose tissue led to the
conclusion that HSL is a rate-limiting enzyme for the cellular
catabolism of diglycerides in adipose tissue and muscle (15,
19, 40) but that other hormone-sensitive non-HSL lipase(s)
were responsible for the hydrolysis of triglycerides to diglycerides in adipose tissue (58). Proving this to be the case are
three recent reports on the initial identification and characterization of a transcript that is highly restricted to adipose tissue
and whose encoded protein functioned as a novel triglyceride
lipase (22, 73, 81). The HUGO Committee on Gene Nomenclature and the Mouse Genome Informatics Committee have
termed this gene patatin-like phospholipase domain-containing
2, or PNPLA2; however, this gene is variously termed adipose
tissue triglyceride lipase (ATGL) (81), desnutrin (73), or
iPLA2 (22). For clarity, we refer to it herein solely by the
ATGL designation. ATGL is related to plant-derived lipases of
the patatin domain protein family (1, 2, 18, 21, 36, 38, 78) and
contains a classical lipase signature motif G-X-S-X-G and a
␣/␤-hydrolase fold structure (41, 59). In contrast to HSL,
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Kim, Ji Young, Kristin Tillison, Jun-Ho Lee, David A. Rearick,
and Cynthia M. Smas. The adipose tissue triglyceride lipase ATGL/
PNPLA2 is downregulated by insulin and TNF-␣ in 3T3-L1 adipocytes
and is a target for transactivation by PPAR␥. Am J Physiol Endocrinol
Metab 291: E115–E127, 2006; doi:10.1152/ajpendo.00317.2005.—The
minimal adipose phenotype of hormone-sensitive lipase (HSL)-null
mice suggested that other hormonally responsive lipase(s) were
present in adipocytes. Recent studies have characterized a new adipose tissue triglyceride lipase, ATGL/PNPLA2/destnutrin/iPLA2/
TTS2.2 (ATGL). We had previously cloned a novel adipose-enriched
transcript by differential screening and recently determined its identity
with murine ATGL. We report here on the regulation of ATGL by
TNF-␣ and insulin in 3T3-L1 adipocytes and identify ATGL as a
target for transcriptional activation by the key adipogenic transcription factor PPAR␥. Insulin at 100 nM resulted in a marked decrease
in ATGL transcript that was effectively blocked by inhibitors for PI
3-kinase and p70 ribosomal protein S6 kinase. TNF-␣ treatment
decreased ATGL transcript in a time-dependent manner that paralleled TNF-␣ downregulation of PPAR␥ with a maximal decrease
noted by 6 h. TNF-␣ effects on ATGL were attenuated by pretreatment with PD-98059, LY-294002, or rapamycin, suggesting involvement of the p44/42 MAP kinase, PI 3-kinase, and p70 ribosomal
protein S6 kinase signals. To study transcriptional regulation of
ATGL, we cloned 2,979 bp of the murine ATGL 5⬘-flanking region.
Compared with promoterless pGL2-Basic, the ⫺2979/⫹21 ATGL
luciferase construct demonstrated 120- and 40-fold increases in activity in white and brown adipocytes, respectively. Luciferase reporter
activities for a series of eight ATGL promoter deletions revealed that
the ⫺928/⫹21, ⫺1738/⫹21, ⫺1979/⫹21, and ⫺2979/⫹21 constructs were transactivated by PPAR␥. Our findings identify the novel
lipase ATGL to be a target gene for TNF-␣ and insulin action in
adipocytes and reveal that it is subject to transcriptional control by
PPAR␥-mediated signals.
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MATERIALS AND METHODS

Adipocyte differentiation and treatments. 3T3-L1 cells (American
Type Culture Collection, Manassas, VA) were propagated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% calf
serum. For differentiation, 3T3-L1 cells were treated at 2 days
postconfluence with DMEM supplemented with 10% fetal calf serum
(FCS) in the presence of the adipogenic inducers 5 mM methylisobutylxanthine (MIX) and 1 M dexamethasone for 48 h. Adipogenic
agents were then removed, and growth of cultures continued in
DMEM containing 10% FCS. At 5 days postinduction of differentiation, adipocyte conversion had occurred in ⬃90% of the cells, as
judged by lipid accumulation and cell morphology. For studies of
regulation by insulin, 3T3-L1 adipocytes were first cultured for 16 h
in serum-free and glucose-free DMEM with 0.5% bovine serum
albumin (BSA), 1 mM pyruvate, and 1 mM lactate. Cultures were then
AJP-Endocrinol Metab • VOL

replenished with serum-free DMEM containing 0.5% BSA supplemented with insulin (0.2 or 2 M) or 4.5 g/l D-glucose, separately or
in combination, as indicated, for an additional 6 or 24 h. For treatments of 3T3-L1 adipocytes with TNF-␣, cells were incubated with
TNF-␣ for the indicated dose and time points. For treatment with
various inhibitors, after serum starvation for 6 h, 3T3-L1 adipocytes
were pretreated with either 50 M PD-98059, 20 M SB-203580, 50
M LY-294002, or 1 M rapamycin (Sigma-Aldrich, St. Louis, MO)
or DMSO vehicle for 1 h and stimulated with 100 nM insulin or 10
ng/ml TNF-␣ for 16 h in the presence of the indicated inhibitors or
incubated with inhibitors only.
For differentiation of brown preadipocytes obtained from C. R.
Kahn (Joslin Diabetes Foundation, Harvard Medical School, Boston,
MA), cells were cultured to confluence in DMEM with 10% FCS, 20
nM insulin, and 1 nM triiodothyronine [differentiation medium per
Kahn et al. (24)]. Confluent cells were incubated in differentiation
medium that contained 0.5 mM MIX, 0.5 M dexamethasone, and
0.125 mM indomethacin for 24 – 48 h. Following this period, nearly
100% of cells showed adipogenic conversion, at which time medium
was replaced with differentiation medium and was replenished every
2 days.
For culture and differentiation of primary white adipocytes, white
adipose tissue collected from male Sprague-Dawley rats was digested
with 1 mg/ml type I collagenase for 40 min with shaking at 37°C.
Following digestion, material was filtered through a 300-m pore size
nylon mesh (Sefar America, Depew, NY) and filtrate centrifuged at
2,000 rpm for 5 min. The floating adipocyte fraction was removed,
and the pellet of stromal-vascular cells was resuspended in DMEM
containing 10% FCS and plated. Upon confluence, cells were either
harvested or subjected to differentiation medium consisting of DMEM
containing 10% FCS, 0.1 M dexamethasone, 0.25 mM MIX, and 17
nM insulin for 3 days, at which time differentiation medium was
removed, and cell cultures were maintained in DMEM containing
10% FCS and 17 nM insulin. Human preadipocyte RNA and RNA
from in vitro differentiated human adipocytes were purchased from
Zen-Bio (Research Triangle Park, NC).
RNA preparation, Northern blot analysis, and DNA array hybridization. RNA was purified using TRIzol reagent (Invitrogen) according to manufacturer’s instructions. For array analysis, duplicate mouse
ResGen GeneFilter Arrays (Invitrogen) containing 5,184 cDNAs were
processed exactly per manufacturer’s instructions. Filters were hybridized with reverse-transcribed [33P]cDNA probes synthesized from
8 g of total RNA from 3T3-L1 preadipocytes, adipocytes, kidney,
brain, or liver. For studies of ATGL expression in murine tissues,
8-wk-old C57BL/6 or ob/ob male mice and 8-wk-old SMJ and
NZB/BINJ male mice were utilized. In the former case, three adipose
tissue RNA samples were found to be degraded and were excluded
from further analysis. For Northern blot analysis, 5 g of RNA were
fractionated in 1% agarose-formaldehyde gels in MOPS buffer and
transferred to Hybond-N membrane (GE Healthcare, Piscataway, NJ).
As indicated, blots were hybridized in ExpressHyb solution (BD
Biosciences Clontech, Palo Alto, CA) with 32P-labeled specific cDNA
probes for murine, human, and rat ATGL, murine adipocyte fatty
acid-binding protein (aFABP), murine uncoupling protein-1 (UCP1),
and murine PPAR␥. After a washing, the membranes were exposed at
⫺80°C to Kodak Biomax film with a Kodak Biomax intensifying
screen. For quantitative assessments, to correct for possible variations
in mass of RNA per gel lane, the same blot was hybridized with a
probe for 36B4 transcript, which encodes the acidic ribosomal phosphoprotein PO, a commonly employed internal control (27). In these
cases, visual assessment of gel loading indicated by ethidium bromide-stained rRNA closely paralleled the 36B4 transcript level. The
ratio of expression signal for ATGL transcript to 36B4 transcript for
each sample was determined using a Typhoon 8600 PhosphorImager
and ImageQuant software (GE Healthcare). Statistical analyses were
conducted using single-factor ANOVA.
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which acts on a variety of lipid substrates, including triglycerides, diglycerides, cholesteryl esters, and retinyl esters (reviewed in Ref. 75), ATGL selectively mediates lipolysis of
triglycerides (22, 73); it also possesses acylglycerol transacylase activity (22). The catalytic activity of ATGL has recently
been demonstrated to involve the serine in the putative Ser-Asp
catalytic active site dyad motif (28). Unlike the somewhat
broad tissue distribution of HSL, the ATGL transcript shows
enriched expression in adipocytes (29, 73, 81), and studies in
murine 3T3-L1 adipocytes indicate ATGL functions in basal
and isoproterenol-stimulated lipolysis (81). In murine adipose
tissue, ATGL transcript level transiently increases during fasting and decreases upon refeeding (73), suggesting that its
regulation is closely tied to the metabolic state of the organism.
Although the full impact of ATGL on lipolysis and systemic
energy balance awaits in vivo analysis of gain- and loss-offunction animal models and a thorough assessment in human
adipose tissue function, its identification has led to a significant
revision of long-held views on triglyceride lipolysis and regulation of fatty acid mobilization from adipose tissue (49, 78).
The current working model is one of a two-step process
wherein ATGL preferentially hydrolyzes the triglyceride ester
bond to generate diglycerides, whereas HSL is primarily responsible for the hydrolysis of diglycerides (78).
In the course of differential screening for adipocyte-specific
genes, we identified a transcript whose expression was highly
restricted to mature adipocytes and dramatically upregulated
during in vitro adipogenic conversion of 3T3-L1 preadipocytes. At that time, the human homolog of this gene was in the
NCBI GenBank database as an uncharacterized gene of unknown function, termed transport-secretion 2.2 (TTS2.2). During our ongoing analysis of the expression and regulation of
murine TTS2.2, it became evident that this novel clone was
identical to ATGL. We report herein additional data of the
nature of ATGL regulation. We add to the existing data on the
differentiation-dependent upregulation of ATGL during adipogenic conversion by use of primary preadipocyte culture models and report that ATGL is a target for downregulation by two
factors closely linked to insulin resistance, insulin and TNF-␣.
Moreover, for the first time, we assess transcriptional regulation of the murine ATGL gene via cloning and analysis of the
promoter region and determine that it is a target for transactivation by the key adipogenic transcription factor PPAR␥. We
believe these studies of ATGL gene regulation are a key step
in furthering our understanding of the role of this novel lipase
in adipose tissue and energy balance.
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For transfection studies on expression of the ATGL promoter in
adipocytes, we utilized the 3T3-L1 cell line and a brown preadipocyte
cell line. Both cell lines were treated with differentiation agents for
48 h, as described above. The following day, cells were trypsinized
and replated at 3.4 ⫻ 104 cells/cm2 and transfected the next day using
Lipofectamine 2000. For transfection studies to assess transcriptional
activation of the murine ATGL promoter by PPAR␥ transcriptional
signals, each of the ATGL promoter-luciferase constructs was transfected into HeLa cells. As indicated, these transfections also included
murine PPAR␥ and murine retinoid X receptor-␣ (RXR␣) expression
constructs, a generous gift from R. Evans, The Salk Institute for
Biological Studies, La Jolla, CA. A PPAR␥-responsive promoter
construct, 3XPPRE-Luc, also provided by R. Evans, was utilized as a
positive control to determine that transcriptional activation by the
transfected the PPAR␥/RXR␣ constructs was functional in our hands.
At 24 or 48 h posttransfection, cells were treated with 10 M
15-deoxy-⌬12,14-prostaglandin J2 (Caymen Chemical, Ann Arbor,
MI), a PPAR␥ ligand, for 24 h. Firefly and Renilla luciferase activities
were determined at 48 or 72 h posttransfection using the Dual
Luciferase Reporter Assay System and a Turner Industries luminometer (Promega). Statistical analyses were conducted using single factor
ANOVA.
RESULTS AND DISCUSSION

Identification of murine ATGL as a differentially regulated
gene in multiple models of white and brown adipogenesis. To
identify and characterize new genes that may be important in
adipocyte function, we undertook DNA array analysis of 5,184
cDNA inserts utilizing murine GeneFilters Arrays. Differential
screening was conducted via hybridization with reverse-transcribed probes prepared from 3T3-L1 preadipocyte or 3T3-L1
adipocyte total RNA. Subsequent rounds of filter hybridization
with reverse-transcribed probes from kidney, brain, and liver
were performed (data not shown), and we focused our study on
one clone that appeared to be adipocyte enriched. The differential signal for this clone is shown in Fig. 1A. We conducted
RT-PCR-based cloning and 5⬘ RACE and 3⬘ RACE analysis on
total RNA from white and brown adipose tissue and cloned and
sequenced the full-length murine cDNA consisting of 1,961
nucleotides with a 486-amino acid open-reading frame. Database analyses revealed that this gene was the murine homolog
of a human gene termed TTS2.2, whose function was not
previously known. We submitted this sequence to GenBank
under the designation murine TTS2.2, accession no.
AY510273. Recent studies by three independent research
groups have reported on the initial identification of a novel
adipose tissue-expressed gene and characterized its triglyceride
lipase activity. This novel gene was TTS2.2, which has been
renamed adipose triglyceride lipase (ATGL) (81), destnutrin
(73), or calcium-independent phospholipase iPLA2 (22).
To assess the expression pattern of ATGL during adipogenic
conversion, we conducted Northern blot analysis using various
models representing both white and brown adipocyte differentiation. The recently published findings on ATGL indicated
that it was dramatically increased upon in vitro white adipose
conversion of the 3T3-L1 cell line (22, 73, 81), as we also
found (Fig. 1B). We have extended the differentiation-dependent upregulation of ATGL to other important models of
adipogenesis, including assessment of adipogenic conversion
of primary cells. This is particularly important as significant
differences between gene expression profiles for in vitro and in
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Animal treatments. For fasting and refeeding studies, 8-wk-old
male C57BL/6 mice were subjected to overnight food deprivation.
The next morning, animals were refed with a high-carbohydrate,
fat-free diet, and tissue was harvested 8 h later. Studies were conducted in duplicate, and an identical regulation pattern of ATGL
transcript was observed in fasting and refeeding. All procedures were
carried out with approval from the Medical University of Ohio
Animal Care and Use Committee. RNA for streptozotocin-treated and
insulin-treated mice was a generous gift of H. S. Sul, University of
California, Berkeley, CA. Details of these treatments have been
published elsewhere (39).
Immunofluoresence localization of ATGL protein in 3T3-L1 adipocytes and preadipocytes. Expression constructs for ATGL were
generated by PCR amplification of coding sequences using a
murine I.M.A.G.E clone (GenBank no. AI930274) as template. For
preparation of an ATGL expression construct, in which a COOHterminal HA epitope tag was fused to the ATGL coding sequence,
a 5⬘ PCR primer (5⬘-TCACGGTACCGGATCCTTCCCGAGGGAGACCAAGTGG-3⬘) was used in combination with a 3⬘ primer
that incorporated a COOH-terminal HA tag followed by a stop
codon (5⬘-CTTAAAGCTTTCAAAGAGCGTAATCTGGAACATCGTATGG GTAGCAAGGCGGGAGGCCAGGTGGATC-3⬘). In
both instances, a 5⬘ KpnI site (boldface) and a 3⬘ HindIII site
(boldface) were incorporated into respective primers to facilitate
directional cloning into the pQETri vector (Qiagen, Valencia, CA).
3T3-L1 preadipocytes or differentiated 3T3-L1 adipocytes were
plated onto laminin-coated coverslips and transfected with either
HA-tagged ATGL expression construct or empty pQETri vector using
Lipofectamine 2000 (Invitrogen). At 24 to 48 h posttransfection, cells
were fixed and permeabilized. After blocking with 0.1% BSA for 30
min, rabbit polyclonal antibody against the HA epitope tag (1:100
dilution; Santa Cruz Biotechnology, Santa Cruz, CA) was used as
primary antibody. Fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit IgG (Sigma-Aldrich) secondary antibody was utilized at a
1:100 dilution. For visualization of lipid droplets, lipid was stained by
incubation of immunostained cells with 0.5 g/ml Nile red (Molecular
Probes, Eugene, OR). Negative controls included staining with nonrelated primary antibody, staining of transfected cells with secondary
antibody only, and vector-only transfectants. After processing, coverslips were mounted on glass slides and viewed with a Nikon Eclipse
E800 fluorescence microscope equipped with a digital camera. Image
acquisition and merging was performed with Image-Pro Plus software
(Media Cybernetics, Carlsbad, CA).
Luciferase analysis of ATGL promoter activity. To prepare luciferase reporter constructs containing ATGL promoter regions, phage
DNA for murine ATGL genomic clones was subjected to 12 cycles of
PCR with primers designed based on murine ATGL genomic flanking
region sequence available through the murine Ensembl database
(www.ensembl.org). PCR was conducted with a promoter proximal
primer (5⬘-GCGAAAGCTTCGGCGGAGGCGGAGACGCTGTGC3⬘) spanning through (⫹)21 of the ATGL transcript in combination
with the promoter-distal primer for the ⫺192/⫹21 promoter construct
(5⬘-GCCGCTAGCGGAGCCACAGGATCAGGCAGC-3⬘), for the
⫺606/⫹21 promoter construct (5⬘-GCCGCTAGCGCTGAAGCCTGGGAATCCCCTCTC-3⬘), for the ⫺795/⫹21 bp promoter construct
(5⬘-gcgggctagcacccataaacccaaccttgtttg-3⬘), for ⫺1979/⫹21 bp promoter construct (5⬘-gacggctagctaggaccccggctctcttttcag-3⬘), or for
⫺2979/⫹21 bp promoter construct (5⬘-GACGGCTAGCACAGCAGAGGAGAAGAAAGA-3⬘). Primer sequence included a 5⬘ NheI site
(boldface) and a 3⬘ HindIII site (boldface), and the resulting PCR
products were ligated into the corresponding restriction sites of
pGL2-Basic vector (Promega, Madison, WI). The ⫺1738/⫹21,
⫺928/⫹21, and ⫺373/⫹21 promoter constructs were generated by
cutting the ⫺1979/⫹21 construct with SacI, SmaI, or KpnI, respectively, to remove a portion of the 5⬘ region, followed by ligation.
Promoter constructs were confirmed by restriction digest and complete sequencing.
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vivo adipogenesis exist (62). Figure 1C illustrates that the
ATGL message was not detected in the preadipocyte-containing stromal-vascular fraction of rat adipose tissue but was
dramatically induced upon their adipogenic differentiation.
ATGL has been detected in human adipose tissue biopsy (81),
and we show herein that upregulation of ATGL transcript
occurs during in vitro differentiation of human primary preadipocytes to adipocytes (Fig. 1D). The regulation of ATGL in
brown adipogenic conversion had not previously been addressed. We therefore determined whether in vitro brown
adipogenesis is accompanied by emergence of ATGL transcript. Figure 1E demonstrates that the ATGL transcript was
not found in brown preadipocytes but was present by 3 days
postinduction of differentiation, and a similar level of ATGL
transcript is present at day 8. The brown adipocyte-specific
transcript UCP1 expression at day 8 indicates mature brown
adipocytes.
AJP-Endocrinol Metab • VOL
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Fig. 1. Upregulation of adipose tissue triglyceride lipase (ATGL) transcript is
common to multiple models of adipogenesis. A: initial filter array hybridization
of ATGL as a novel gene upregulated in 3T3-L1 adipogenesis. Shown is the
portion of the DNA filter array indicating the specific ATGL signal (arrow) in
3T3-L1 adipocytes (Adi) and lack of signal in 3T3-L1 preadipocytes (Pre). B:
ATGL upregulation during 3T3-L1 differentiation. 3T3-L1 cells were harvested before induction of adipogenesis (day 0) and indicated time points.
Northern blot analysis was performed with ATGL and adipose fatty acidbinding protein (aFABP) cDNA probes. C: ATGL upregulation in rat primary
preadipocyte differentiation. Stromal-vascular fraction cells from rat white
adipose tissue (WAT) were harvested and cultured in DMEM containing 10%
FCS. Confluent cells were subjected to induction of adipogenic differentiation
with dexamethasone, methylisobutylxanthine (MIX), and insulin. RNA was
prepared at confluence (day 0) and at 2, 5, and 7 days postinduction and
hybridized with a rat partial ATGL cDNA probe. Murine adipose tissue total
RNA (Ad) was included as a positive hybridization control. D: ATGL in
human adipogenesis. Preadipocytes (P) were from human adipose tissue and
adipocytes (A) from in vitro differentiation of human preadipocytes and analyzed
by Northern blot using a human ATGL cDNA probe. E: ATGL transcript
expression in brown adipogenesis. Brown preadipocytes were differentiated as
described in MATERIALS AND METHODS at confluence (day 0). Brown adipocytes
were harvested at 3 and 8 days, and Northern blot analysis was performed with
murine ATGL and uncoupling protein-1 (UCP1) probes. For B–E, ethidium
bromide (EtBr) staining of rRNA is shown as gel-loading control.

Expression of ATGL is widespread, with adipose tissue the
dominant site. We have examined ATGL transcript level in a
wide assortment of murine tissues and find that, as previously
indicated (73, 81), adipose tissue is clearly the dominant site of
ATGL transcript expression (Fig. 2A), where it is present at a
level similar to that found in 3T3-L1 adipocytes. Compared
with robust expression in adipose tissue, ATGL transcript is
detected at an approximately fivefold lower level in testis and
at readily detectable albeit markedly lower levels in all other
tissues examined. As has been reported in the literature (73),
we also find ATGL transcript to be present in the adipocyte
component and not in the stromal-vascular component of white
adipose tissue (data not shown). We next determined whether
expression of ATGL transcript is dysregulated in obesity by
using the leptin deficient ob/ob mouse model. Studies by
Villena et al. (73) reported that, following a 12-h fast, the level
of ATGL transcript was dramatically lower in ob/ob or db/db
mice compared with that in wild-type mice. Whether the level
of ATGL is altered in genetically obese mice under ad libitum
conditions was not noted. We compared the level of ATGL
transcript expressed under ad libitum conditions by wild-type
or ob/ob mice in subcutaneous and epididymal white adipose
depots, liver, and kidney. The data for the Northern blot
analysis are presented in Fig. 2B. We found that the level of
ATGL transcript was significantly lower in ob/ob subcutaneous
and epididymal white adipose depots, with a mean decrease to
47% (P ⬍ 0.001) and 61% (P ⬍ 0.05), respectively, of
wild-type values. Our findings support the notion that, when
adipose tissue becomes insulin resistant, as would occur in
conditions of obesity, the fall in plasma insulin concentration
during fasting may not trigger lipolysis and FFA release from
adipose tissue to the same degree as in the nonobese state (56).
As is evident in the data for the epididymal depot, we observed
that the level of ATGL transcript varies considerably in individual animals in this white adipose depot; in contrast we
found a high degree of consistency in the ATGL level in the
subcutaneous depot. We also find a moderate (17%) but statistically significant (P ⬍ 0.005) increase in the ATGL transcript level in liver of ob/ob mice. This may reflect the general
dysregulation of adipose tissue function that accompanies obesity, wherein nonadipose organs often adopt metabolic and
gene expression characteristics of mature fat cells (33, 71). The
level of ATGL transcript in kidney did not differ for wild-type
vs. ob/ob mice (P ⬎ 0.05). It should be noted that our finding
of alterations of ATGL transcript in ob/ob adipose tissues and
liver differs from that recently reported by Lake et al. (28),
while this paper was under revision. Lake et al. assessed the
level of ATGL transcript in 10-wk-old wild-type and ob/ob
mice under ad libitum conditions using TaqMan real-time
quantitative RT-PCR and failed to find statistically significant
differences (P ⬎ 0.05) in liver or adipose tissue, although the
specific white adipose tissue depot they examined was not
stated. Although the underlying basis for these differing observations cannot be known at this time, our findings on
downregulation of ATGL in ob/ob adipose tissues appear to be
line with those of Villena et al., although in the latter case
fasted animals were utilized (73). To further examine ATGL
transcript levels in relation to body weight and adiposity, we
assessed two inbred strains of mice, SM/J and NZB/BINJ;
SM/J mice are genetically lean compared with NZB/BINJ (31,
48). Here, we find a rather wide degree of animal-to-animal
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variation of ATGL transcript level under ad libitum conditions
within the two strains but fail to find a statistically significant
alteration in ATGL transcript level between NZB/BINJ and
SM/J mice (Fig. 2C, right). It is likely that investigation of
other models of animal obesity, as well as that of human
obesity, will shed additional light on the alteration in ATGL
transcript level in adipose and other tissues in obese states.
Immunostaining analyses in 3T3-L1 preadipocytes and adipocytes suggests that intracellular lipid impacts ATGL protein
distribution pattern. Before the recent demonstration by several groups that ATGL acts as a lipase (22, 73, 81), a few
reports had suggested that localization of ATGL protein was
closely associated with lipid droplet formation and/or function.
Proteomic analysis of lipid droplets in CHO-K2 cells, a cell
type that spontaneously accumulates lipid droplets upon confluence, indicated that the adipocyte lipid droplet is likely a
highly dynamic metabolic organelle that is directly involved in
membrane traffic, termed “adiposome”. One of the ⬃40 proteins found in this proteomic analysis was encoded by a murine
expressed sequence tag (EST) corresponding to ATGL (34). A
second study, in lipid-loaded A431 cells, identified ATGL as a
component of their lipid droplet proteome (70). These observations imply that the expression of ATGL protein correlates
closely with the ability of a cell to process and/or turn over
triglyceride stores whether or not the cell type actually is an
AJP-Endocrinol Metab • VOL

“adipocyte”. Herein, we show, using immunostaining for HAtagged ATGL protein, that ATGL colocalizes with lipid droplets in 3T3-L1 adipocytes. Figure 2D shows the FITC-linked
detection of HA-tagged ATGL (top), the staining of intracellular lipid droplets with Nile red (upper middle), and the
merged image (lower middle). ATGL protein is particularly
enriched at the surface of intracellular lipid droplets, although
signal is also present in other regions of the cytoplasm. Transfection and detection of ATGL in 3T3-L1 preadipocytes,
which by definition lack intracellular lipid, revealed a precise
punctate signal (bottom). This staining pattern may be explained by the possibility that the correct intracellular localization of ATGL protein requires the presence of either lipid
droplets and/or other protein components that are present in the
mature adipocyte but lacking in the preadipocyte. Our findings
on the colocalization of ATGL with lipid droplets in adipocytes
by immunostaining agrees with that previously reported using
enhanced green fluorescent protein fusion studies in 3T3-L1
adipocytes (81). Although this photomicrographic analysis in
adipocytes indicates that ATGL protein is closely associated
with adipocyte lipid droplets, subcellular fractionation and
Western blot analyses of ectopically expressed epitope-tagged
ATGL in either COS cells (73, 81) or 3T3-L1 adipocytes (81)
indicate that a substantial fraction of ATGL protein might be
cytoplasmic. It is important to keep in mind that, although the
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Fig. 2. Expression pattern of ATGL transcript and localization of ATGL protein. A: ATGL transcript level in
a panel of murine tissues. Total RNA (5 g) from
indicated mouse tissues were analyzed by Northern blot
using murine ATGL cDNA probe. 3T3-L1 adipocyte
RNA was loaded for positive control (Adipocyte). EtBr
staining of rRNA was used as gel-loading control. B:
expression of ATGL transcript in tissues of wild-type
(wt) and obese (ob/ob) mice. Subcutaneous (SC) and
epididymal adipose tissue (EP), liver (L), and kidney
(K) RNA was isolated from 8-wk-old wt C57BL/6 and
ob/ob mice and subjected to Northern blot hybridization
for ATGL and 36B4 levels, quantitatated by PhosphorImager analysis, and ATGL transcript level for each
sample normalized against its 36B4 control to correct
for possible variations in sample loading. Data represent
normalized ATGL means ⫾ SD from wt mice (n ⫽ 4
for SC, n ⫽ 5 for EP, n ⫽ 6 for liver and kidney) or
ob/ob mice (n ⫽ 6 for SC, n ⫽ 7 for EP, liver, kidney)
and were analyzed by single-factor ANOVA (*P ⬍
0.05, **P ⬍ 0.005, #P ⬍ 0.001). C: ATGL expression
in WAT of mouse strains. EP and SC adipose tissue
RNA was harvested from SM/J (S, n ⫽ 5) and NZB/
BINJ (N, n ⫽ 6) male mice and analyzed as described
in B. Individual animals are represented by triangles,
with horizontal line indicating group mean, which was
not significantly different between groups (P ⬎ 0.05).
D: localization of ATGL protein in adipocytes. 3T3-L1
adipocytes were transfected with HA-tagged ATGL
expression construct and then fixed and stained with
anti-HA antibody followed by FITC-conjugated goat
anti-rabbit IgG as described in MATERIALS AND METHODS. Images showed HA-tagged ATGL in green (top),
lipid in red after Nile red staining (upper middle), and
merged image in 3T3-L1 adipocytes (lower middle).
ATGL expression in 3T3-L1 preadipocytes is also
shown (bottom).
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existing data support the close association of ATGL protein
with adipocyte lipid droplets, the localization or expression
studies to date have not examined endogenous ATGL protein.
It may also be worth noting that, although two proteomic
analyses of lipid-loaded nonadipocyte cell types indicated
ATGL protein to be a component of their lipid droplets (34,
70), a study on the proteome of 3T3-L1 adipocyte lipid droplets failed to find ATGL protein in either basal or lipolytically
stimulated conditions, whereas HSL was identified under both
conditions (6). This may be due merely to technical issues or
might reflect the innate character of the endogenous ATGL
protein in 3T3-L1 adipocytes. For example, the association of
ATGL and lipid droplets may be of a weak and/or highly
transient nature or limited to specific physiological conditions.
It is well established that HSL undergoes translocation from
the cytoplasm to lipid droplets upon stimulation with isoproterenol (7, 8, 11). Studies reported in HSL-null mice indicated
that the non-HSL lipase activity in these animals or cells
thereof might be subject to isoproterenol stimulated intracellular redistribution from cytosol to fat cake (42). When ATGL
was specifically assessed in this regard by Western analysis of
ectopically expressed His-tagged ATGL, isoproterenol-stimuAJP-Endocrinol Metab • VOL

Fig. 4. Role of PI 3-kinase in insulin-mediated ATGL downregulation in
3T3-L1 adipocytes. 3T3-L1 adipocytes were serum starved for 6 h and
pretreated for 1 h with DMSO vehicle, PD-98059 (PD, 50 M), SB-203580
(SB, 20 M), LY-294002 (LY, 50 M), and rapamycin (Rap, 1 M), at which
time they were subjected to continued incubation under these conditions with
or without 100 nM insulin for an additional 16 h. Total RNA (5 g) was
analyzed by Northern blot using ATGL probe. Normalized ATGL expression
level was quantitated as described for Fig. 2. Nos. indicate increase or decrease
in normalized mean signal, relative to DMSO, which was set to a value of 1.0.
Two independently conducted experiments yielded essentially the same results.
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Fig. 3. Nutritional signals and insulin regulate ATGL transcript levels in vivo
and in 3T3-L1 adipocytes. A: ATGL expression during fasting and refeeding.
Mice were fasted overnight and refed a high-carbohydrate diet. After 8 h,
brown adipose tissue (BAT) and SC and EP WAT were collected, and total
RNA was subjected to Northern blot analysis for ATGL. B: insulin regulation
of ATGL transcript in vivo. Total RNA from WAT of mice treated with
streptozotocin (STZ) or from STZ-treated mice injected with insulin (INS) was
used for Northern blot analysis for ATGL. Insulin-mediated downregulation of
ATGL is dose dependent in 3T3-L1 adipocytes (C) and time dependent (D) in
3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were incubated in serum-free medium for 16 h (time 0) or in regular growth medium (R), at which
time serum-free cultures were further incubated with either the indicated
concentration of insulin for 36 h (C) or 100 nM insulin for the indicated times
(D). For A–D, EtBr staining of rRNA was used as gel-loading control.

lated lipolysis did not affect the amount of lipid dropletassociated ATGL (81). However, this does not rule out intracellular redistribution of ATGL protein in response to other
stimuli, for example, during TNF-␣-induced adipocyte lipolysis.
ATGL transcript is a target of negative regulation by insulin
in 3T3-L1 adipocytes. Because defective fatty acid mobilization is one of the key metabolic alterations that occur in type 2
diabetes and ATGL function impacts this mobilization, we
assessed regulation of ATGL transcript level by two agents tied
to the development of insulin resistance, TNF-␣ and insulin.
Studies we conducted, shown in Fig. 3, A and B, and those of
others (73), reveal that the level of ATGL transcript decreases
during the refeeding period of a fasting-refeeding regimen.
That this downregulation of ATGL transcript occurs upon
insulin administration to streptozotocin-diabetic mice indicates
that insulin is a key mediator of ATGL gene expression. As
insulin is the key lipogenic hormone, it follows that a lipase
would be a likely target for negative regulation by insulin. To
precisely address the ability of insulin to regulate ATGL
transcript, we utilized in vitro studies with 3T3-L1 adipocytes.
Figure 3C shows the level of ATGL transcript in response to a
36-h treatment with concentrations of insulin through 1 M,
revealing a dose-response effect with a decline first observed at
100 nM. We next assessed the temporal nature of insulinmediated downregulation of the ATGL transcript. Northern
blot analysis was conducted on cultures of insulin-treated
3T3-L1 adipocytes harvested at the time points indicated in
Fig. 3D. Addition of insulin to serum-free cultures of 3T3-L1
adipocytes results in a marked decrease in the level of ATGL
transcript at the first time point assessed, 8 h, with a similar
decrease at 14 h. No decrease in ATGL transcript was found in
time-matched serum free cultures.
We next examined the mode of insulin action in downregulation of ATGL transcript by using inhibitors for specific
signaling intermediates. For these studies, 3T3-L1 adipocytes
were tested under serum-free conditions by pretreatment with
DMSO (vehicle), PD-98059, SB-203580, LY-294002, or rapamycin and were then subjected to insulin treatment. As shown
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Fig. 5. Insulin downregulation of ATGL transcript in 3T3-L1 adipocytes does
not require glucose. 3T3-L1 adipocytes cultured for 16 h in serum-free (SF)
and glucose-free (GF) DMEM with 0.5% BSA, pyruvate, and lactate were
incubated for an additional 6 h or 24 h in serum-free DMEM with indicated
supplements: 4.5 g/l D-glucose (Glu), 0.2 M insulin [Ins(L)], 2 M insulin
[Ins(H)], or combinations of glucose and insulin as shown (Glu⫹Ins). 3T3-L1
adipocytes with standard serum- and glucose-containing culture conditions
(STD) are also shown. Total RNA (5 g) was analyzed by Northern blot using
ATGL probe. EtBr staining of rRNA was used as gel-loading control.
AJP-Endocrinol Metab • VOL

not appear to affect HSL transcript level in in vitro differentiated 3T3-F442A adipocytes (46), whereas glucose decreases
HSL transcript level (60). Thus, in contrast to HSL, ATGL is
not regulated by glucose but by insulin per se. Little is known
of the other hormones or factors that may regulate ATGL
transcript in adipocytes. The only previously reported regulation of ATGL transcript in adipocytes was a moderate increase
upon exposure of 3T3-L1 adipocytes to the synthetic glucocorticoid dexamethasone and the marked upregulation of ATGL
transcript by dexamethasone in 3T3-L1 preadipocytes (73).
Rapid downregulation of ATGL transcript reveals ATGL to
be an early target for TNF-␣ effects in adipocytes. The cytokine TNF-␣ has wide-ranging effects on adipose tissue and has
been implicated in obesity, insulin resistance, and impaired
glucose tolerance (20). TNF-␣ stimulates lipolysis in adipose
tissue, and the subsequent increase in plasma FFAs is a
contributing factor in the development of insulin resistance.
Because TNF-␣ is secreted from adipocytes, it is thought to
provide a key molecular link between obesity and a chronic
inflammatory state that ultimately leads to pathophysiology of
adipose tissue and concomitant detrimental systemic effects.
Although much about the mechanisms for the lipolytic effects
of TNF-␣ remains to be elucidated, recent data suggest that the
extracellular signal-related kinase pathway impacts TNF-␣stimulated lipolysis (64). Other key actions of TNF-␣ in regard
to FFA release are inhibition of insulin signaling (44), inhibition of lipoprotein lipase activity (13), and downregulation of
lipoprotein lipase transcript level (9, 77). TNF-␣ also decreases
transcript level for perilipin (54), a protein that mediates the
accessibility of lipid droplet triglycerides to lipolysis by HSL
(63, 66). TNF-␣ treatment of mature fat cells results not only
in lipolysis per se but in a comprehensive alteration of the
adipocyte gene expression profile wherein cells undergo what
has been termed “adipocyte dedifferentiation” and take on
preadipocyte characteristics (55, 79). Activation of preadipocyte gene expression and suppression of key adipocyte genes,
for example the master transcriptional regulator of adipocyte
phenotype PPAR␥ (55, 79), underlie these effects, with TNF␣-mediated downregulation of PPAR␥ resulting in decreased
expression of PPAR␥ transcriptional targets.
To determine whether ATGL gene expression is regulated
by TNF-␣, we conducted dose- and time-response studies in
mature 3T3-L1 adipocytes. Northern blot analysis data that we
present in Fig. 6A demonstrate a negative regulation of ATGL
transcript in adipocytes by TNF-␣. Treatment of 3T3-L1 adipocytes for 24 h with 0.01 to 100 ng/ml TNF-␣ results in a
marked decrease in ATGL transcript level at TNF-␣ concentrations of 1 ng/ml and higher. To investigate downstream
signals that are involved in TNF-␣-mediated downregulation
of ATGL transcript, 3T3-L1 adipocytes were pretreated with
inhibitors of key signaling cascades prior to the addition of
TNF-␣. As shown in Fig. 6B, PD-98059, LY-294002, and
rapamycin each attenuated the TNF-␣-mediated downregulation of ATGL transcript level, whereas no effect was noted
with SB-203580. These observations indicate that both PI
3-kinase signals and p44/42 MAP kinase signals are effectors
of TNF-␣ action in this setting. However, SB-203580, a
specific inhibitor of the p38 MAP kinase pathway, did not
block this downregulation. Recent studies by Kralisch et al.
(25), reported during revision of this paper, found that although
ATGL was a target for negative regulation by TNF-␣ in
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by the Northern blot analysis in Fig. 4, the decrease of ATGL
transcript by insulin occurred in the presence of DMSO and
was not affected by pretreatment with SB-203580, a p38 MAP
kinase pathway inhibitor. A partial attenuation of the insulinmediated downregulation of ATGL was noted with the p44/42
MAP kinase inhibitor PD-98059, whereas the inhibitor of PI
3-kinase LY-294002 and the p70 S6 kinase inhibitor rapamycin showed a nearly complete attenuation of the effects of
insulin. This indicates that the PI 3-kinase and p70 S6 kinase
pathways are major effectors of insulin downregulation of the
ATGL transcript. Because p70 S6 kinase is a target of PKB/
Akt-mediated signals, which is in turn a major target of PI
3-kinase, our findings indicate that insulin-mediated ATGL
downregulation is mediated via PI 3-kinase and p70 S6 kinase
pathways. It should be noted that, during revision of this paper
Kralisch et al. (25), using quantitative real-time PCR, also
reported that insulin downregulates ATGL transcript in 3T3-L1
adipocytes and that PD-98059 partially rescued the insulinmediated decrease. However, they reported that LY-294002
was unable to block the effects of insulin on downregulation of
ATGL transcript but nonetheless speculated that their lack of
statistically significant findings might be attributable to the
degree of experimental variation that they observed. One
possible explanation for the difference in response to LY294002 was that our studies utilized 50 M vs. the 10 M
utilized by Kralisch et al., and we have found that, compared
with 50 M, attenuation of the insulin response at 10 M
LY-294002 is relatively minor (data not shown).
Last, we examined the combined effects of insulin and
glucose on ATGL transcript level (Fig. 5). Mature 3T3-L1
adipocytes were subjected to a serum-free, glucose-free medium containing pyruvate, lactate, and BSA for 16 h. Cultures
were then supplemented with D-glucose under high (2 M) or
low (0.2 M) insulin concentrations either singly or in combination. As shown in Fig. 5, a 6-h challenge with the indicated
agents did not appreciably affect ATGL transcript levels. At
24 h, a marked decrease is noted with insulin or insulin and
glucose in combination. Glucose alone had no effects on
AGTL transcript level. This indicates that downregulation of
ATGL transcript by insulin is independent of glucose presence
in the culture medium. It is known that insulin treatment does

E121

E122

REGULATION OF ATGL TRANSCRIPT EXPRESSION

3T3-L1 adipocytes, no effects of either PD-98059 or LY294002 were noted. These differing observations may be
attributable to their use of a higher concentration of TNF-␣
than we employed, or other variations in experimental conditions that are not clear at this time.
Although we show the that ATGL transcript is a target for
downregulation by TNF-␣, it is presently not known whether
TNF-␣-stimulated lipolysis has effects on ATGL protein function or localization. However, data in HSL-null MEF adipocytes led to the hypothesis that non-HSL intracellular triglyceride lipase(s) may be a key enzyme(s) through which TNF-␣
stimulates lipolysis (42). At first glance, it would appear that
downregulation of ATGL transcript level by TNF-␣ would
counter the ability of TNF-␣ to most effectively promote
lipolysis. It is also fully possible that, although the ATGL
transcript is rapidly decreased by TNF-␣, the protein level for
ATGL would be sustained for a considerably longer period and
thus participates in TNF-␣-mediated lipolysis. We believe that
the transcriptional downregulation of ATGL likely reflects the
widespread reduction in expression of adipocyte specific
genes, regardless of their functional class, that occurs upon
TNF-␣ treatment of adipocytes. For example, TNF-␣ treatment
of adipocytes not only results in a downregulation of HSL
transcript but also downregulates lipoprotein lipase transcript,
two genes important for lipolysis and lipogenesis, respectively
(55, 57). Thus, although recent transcriptome profiling studies
indicate that TNF-␣ leads to marked and rapid alterations in
adipocyte gene expression, the sum of which on balance favors
FFA release, there are clearly individual genes whose regulation by TNF-␣ does not follow this paradigm.
AJP-Endocrinol Metab • VOL

Fig. 7. TNF-␣-mediated temporal downregulation of ATGL and PPAR␥
transcript in 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with 10 ng/ml
TNF-␣ for indicated time points. Total RNA (5 g) was analyzed by Northern
blot using murine ATGL and PPAR␥ probes. EtBr staining of rRNA was used
as gel-loading control.
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Fig. 6. Adipocyte ATGL transcript is a target for rapid negative downregulation by TNF-␣ via p42/44 MAP kinase and PI 3-kinase pathways. A: 3T3-L1
adipocytes were treated with indicated dose of TNF-␣ for 24 h, and ATGL
expression was analyzed by Northern blot. B: 3T3-L1 adipocytes were pretreated for 1 h with DMSO, PD-98059 (PD, 50 M), SB-203580 (SB, 20 M),
LY-294002 (LY, 50 M), and rapamycin (Rap, 1 M) before addition of 10
ng/ml TNF-␣ for 16 h or without TNF-␣, and RNA was analyzed for ATGL
by Northern blot and quantitated by PhosphorImager analysis. Normalized
ATGL expression level was quantitated as described for Fig. 2. Nos. indicate
increase or decrease in normalized mean signal relative to DMSO, which was
set to a value of 1.0. Two independently conducted experiments yielded
essentially the same results.

One mechanism of TNF-␣ in mediating adipocyte dedifferentiation and concomitant loss of intracellular lipid is via its
downregulation of PPAR␥ expression, which in turn leads to a
decreased expression of genes transactivated by PPAR␥ (57).
We reasoned that, if this was the case for ATGL, then a similar
temporal decline in PPAR␥ and ATGL transcript might be
noted upon TNF-␣ treatment of 3T3-L1 adipocytes. To investigate the temporal relationship between the effects TNF-␣ on
PPAR␥ and ATGL transcript, we treated 3T3-L1 adipocytes
with 10 ng/ml TNF-␣ for times ranging from 1 through 48 h.
Northern blot analysis shown in Fig. 7 indicates that a reduction of ATGL transcript occurs within 6 h of exposure to
TNF-␣. This closely parallels the reduction of PPAR␥ transcript upon TNF-␣ exposure and supports the notion that
ATGL might be a novel PPAR␥ target gene. This possibility is
further bolstered by a report of Reddy’s group [Yu et al. (76)]
on the liver gene expression profiles of PPAR␥-null mice that
ectopically expressed PPAR␥1 via adenoviral-driven expression. These mice manifested adipogenic hepatic steatosis,
which was accompanied by increased expression of a number
of key adipocyte genes in liver. Among these genes was
ATGL, wherein a sevenfold increase of the transcript was
reported, suggesting the possibility that ectopic expression of
PPAR␥ might directly activate the ATGL gene promoter.
Functional analysis of the ATGL promoter region identifies
ATGL as a novel transcriptional target for PPAR␥-mediated
transactivation. Because ATGL has only very recently been
identified, much about the in vivo role of ATGL in lipid
metabolism awaits the generation and analysis of appropriate
murine transgenic and knockout models. However, ATGL is
already emerging as a key player in the regulation of adipocyte
lipid metabolism, and much remains to be learned of the
regulation of this lipase at the protein and gene level. Therefore, studies on the transcriptional control of the 5⬘-flanking
regulatory region of ATGL, for which no information exists to
date, are particularly timely and compelling. To begin studies
of ATGL transcriptional regulation, we carried out 5⬘ RACE
analysis, and the resultant RACE products were sequenced to
map the 5⬘ transcriptional start site of the ATGL gene. PCR
amplification was used with the phage clone DNA for the
ATGL gene as template to amplify a 3,000-bp fragment of the
ATGL 5⬘-flanking region. After full sequencing confirmation
of this fragment, it was inserted upstream of a luciferase
reporter gene in the pGL2-Basic vector. The resulting ⫺2979/
⫹21LUC construct contained ⫺2979 of the ATGL 5⬘-flanking
region through ⫹21 of the ATGL transcript. We first deter-
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Fig. 8. Promoter activity of ATGL 5⬘-flanking region in adipocytes. 3T3-L1
adipocytes and brown adipocytes were transfected with the ⫺2979/⫹21 LUC
ATGL promoter construct or empty pGL2-Basic vector. After transfection (48
h), cell extracts were harvested for luciferase assay. Firefly luciferase activities
were normalized by pRL-TK Renilla luciferase activities. Data represent
means ⫾ SD from ⱖ3 independent transfections. Luciferase activities between
pGL2-Basic and the ⫺2979/⫹21LUC construct were determined statistically
significant (P ⬍ 0.001) by single-factor ANOVA.
AJP-Endocrinol Metab • VOL

Fig. 9. Transactivation of ATGL 5⬘-flanking region by PPAR␥. Left: schematic diagrams of ATGL luciferase reporter constructs utilized in cotransfection studies. Solid line, ATGL promoter region through ⫹21; hatched box,
luciferase reporter gene. Nos. at left indicate the 5⬘-terminal nucleotide of the
ATGL 5⬘-flanking region contained in the corresponding reporter construct.
HeLa cells were transfected with indicated promoter constructs in the presence
(gray or filled bar) or absence (open bar) of cotransfection with PPAR␥/RXR␣.
Before harvest (24 h), cells were treated with 10 M 15-deoxy-⌬12,14prostaglandin J2, a PPAR␥ ligand. Gray bar, initial 24-h posttransfection
incubation followed by 24 h of ligand treatment with cells harvested 48 h
posttransfection; filled bar, initial 48-h posttransfection incubation followed by
24 h of ligand treatment with cells harvested 72 h posttransfection. After ligand
incubation, cells were harvested for luciferase assay. Firefly luciferase activities were corrected against the value for cotransfection of pRL-TK Renilla
luciferase control. Right: fold increase in luciferase activities for corresponding
ATGL promoter constructs, wherein the value in the absence PPAR␥/RXR␣
has been normalized to 1. Data represent means ⫾ SD from a minimum of
triplicate transfections, and values in the absence vs. presence of PPAR␥/
RXR␣ were determined statistically significant (P ⬍ 0.001) by single-factor
ANOVA.

cyte transcription factor PPAR␥. Additional studies are
planned to determine the precise nature of regulation of the
ATGL promoter in vitro and in vivo.
Characterization of murine ATGL structural gene and comparison with other PNPLA family members. Through phage
library screening we identified and analyzed several genomic
DNA clones for murine ATGL, and we combined information
garnered from these analyses with information present in the
Ensembl and NCBI databases to characterize the ATGL gene
structure. Murine ATGL is present at the extreme distal arm of
chromosome 7 (Fig. 10A), residing between the gene for 60S
acidic ribosomal protein P2 (RPLP2) and a gene encoding a
novel EF-hand domain protein. The murine ATGL structural
gene spans 4.9 kb and comprises 9 exons (Fig. 10B). Examination of the correlation of exon boundaries with corresponding encoded ATGL protein sequences indicates that the patatin
domain, which comprises amino acids 10 –178 of the ATGL
protein and includes the lipase signature motif at amino acids
45– 49, is encoded by exons 1–3 and a portion of exon 4.
ATGL is one of only five members of the newly recognized
PNPLA family of patatin domain-containing proteins. Figure
10C and Table 1 illustrate the relationship among the family
members and indicate their respective HUGO nomenclature of
PNPLA1-PNPLA5. We are aware of only two additional
proteins in the human NCBI Unigene database that possess a
patatin domain. These are the calcium-independent phospho-
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mined that this portion of the ATGL promoter was sufficient to
drive transcriptional activity in white and brown adipocytes.
Transient transfection and luciferase reporter assays of the
⫺2979/⫹21LUC construct or the empty promoterless pGL2Basic vector indicated that, compared with the empty vector,
⫺2979/⫹21LUC resulted in a 240-fold and a 47-fold increase
in white and brown adipocytes, respectively (Fig. 8).
To assess the ability of PPAR␥ to transactivate the ATGL
gene, we generated a set of eight luciferase reporter constructs
representing a series of 5⬘ deletions of the ATGL 5⬘ regulatory
region, shown in Fig. 9. These were utilized in transient
transfection assays wherein they were cotransfected with
PPAR␥ and its obligate heterodimerization partner RXR␣, and
cell lysates were assayed at either 48 or 72 h posttransfection.
As is shown in Fig. 9, compared with luciferase activities in the
absence of PPAR␥/RXR␣ cotransfection, no significant increase in luciferase reporter gene activity was found upon
cotransfection of PPAR␥/RXR␣ for pGL2-Basic, ⫺192/⫹21,
⫺373/⫹21, ⫺606/⫹21, or ⫺795/⫹21 ATGL promoter constructs. However, the constructs containing additional 5⬘ regions of ATGL promoter region, ⫺928/⫹21, ⫺1738/⫹21,
⫺1979/⫹21, and ⫺2979/⫹21 were subject to transcriptional
activation by PPAR␥/RXR␣, with a maximum of a 4.8-fold
increase at 72 h posttransfection. These results predict that the
region of the ATGL 5⬘-flanking sequence that lies 5⬘ to ⫺795
contains cis elements that mediate PPAR␥ responsiveness.
Inspection of the DNA sequence through ⫺2979 of the ATGL
5⬘-flanking region using DS Gene v1.5 (Accelrys, San Diego,
CA) indicates that, although clear PPAR␥/RXR␣ consensus
binding sites are not readily apparent in the promoter region,
three PPAR␥ half-sites are present at ⫺2424, ⫺1674, and
⫺1573. Even if these are functional sites responsible for
transactivation of the ⫺2979/⫹21, ⫺1979/⫹21, and ⫺1728/
⫹21 reporter constructs, the responsiveness of the ⫺928/⫹21
construct suggests the possibility that noncanonical PPAR␥
binding sites might underlie this response. The exact nature of
the DNA elements that mediate the PPAR␥ transactivation of
ATGL awaits additional analysis of the ATGL promoter;
however, the data that we report clearly demonstrate that the
ATGL gene is a direct transcriptional target of the key adipo-
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Fig. 10. Intron-exon structure of murine ATGL gene and domain structure of
the five PNPLA family proteins. A: chromosomal location of murine ATGL.
ATGL gene is located on mouse chromosome 7 F5. B: gene structure of murine
ATGL. ATGL gene contains 9 exons (black box) and 8 introns spanning 4.9
kb. Gray boxes represent 5⬘ and 3⬘ untranslated regions. White boxes and
dashed line under the diagram represent patatin domain region; *position of
lipase signature motif (GXSXG). C: domain relationships among PNPLA
family proteins. Shaded rectangular area at left, patatin domain. No. of amino
acids for human proteins is shown at right, with no. of amino acids for murine
protein following in parentheses.

lipase A2, group IV, designated PLA2G6, and neuropathy
target esterase (NTE), proteins of 806 and 1,327 amino acids,
respectively. PLA2G6 is an A2 phospholipase, a class of
enzymes that catalyze the release of fatty acids from phospholipids. The protein has been proposed to function in phospholipid remodeling, release of arachidonic acid, synthesis of
prostaglandins, apoptosis, and ion flux in glucose-stimulated
␤-cells (3, 10, 45, 65). It may also be worthwhile to note that
genes for two of the PNPLA family proteins, adiponutrin and
GS2-like, as well as for the patatin domain-containing
PLA2G6, are each present at human chromosome 22q13.3.
NTE catalyzes hydrolysis of membrane lipids and is involved
in neuronal development. It is the molecular target for neurodegeneration induced by some organophosphorus pesticides
and chemical warfare poisons (32). In contrast to the five
PNPLA family proteins wherein the patatin domain is in the
NH2-terminal portion, for PLA2G6 and NTE the patatin domain is positioned in the COOH-terminal half of the protein. In
addition, PLA2G6 and NTE possess additional recognizable
protein motifs (37). PLA2G6 has multiple ankyrin motifs
NH2-terminal to its patatin domain (65), and NTE has a
regulatory domain composed of three CAP effector domain

Table 1. Features of PNPLA family of patatin domain-containing proteins
Chromosome
Designation

Other Names

Human

Mouse

Function

Adipocyte
Expression*

Refs.

PNPLA1
PNPLA2
PNPLA3
PNPLA4
PNPLA5

None
ATGL, Desnutrin, iPLA2, TTS-2.2
ADPN, iPLA2ε
GS2, iPLA2
GS2-like

6p21.31
11p15.5
22q13.31
Xp22.3
22q13.31

17 A3
7 F5
15 E3
ND
15 E3

Unknown
TGL, AT, DGGR
TGL, AT, DGGR
TGL, AT, REH, DGGR
DGGR

Unknown
Yes
Yes
Yes
Yes

17, 28
22, 28, 29, 73, 81
4, 22, 28, 35, 81
14, 22, 28, 30
28

ATGL, adipose tissue triglyceride lipase; PNPLA1/5, patatin-like phospholipase domain-containing 1/5; iPLA2, calcium-independent phospholipase 2; TGL,
triacylglycerol lipase; AT, acyltransferase; REH, retinyl ester hydrolase; DGGR, activity found using 1,2-o-dilauryl-rac-glycero-3-glutaric acid-(6⬘-methylresorufin) ester as substrate; ND, not determined. *Transcript expression.
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nucleotide-binding motifs NH2 terminal to its patatin domain
(32). These features serve to distinguish NTE and PLA2G6
from the five PNPLA family proteins.
A picture is emerging that each of the five PNPLA family
members might interplay to exert control over triglyceride and
FFA homeostasis either in adipocytes or in other cell types via
fatty acid turnover and partitioning. ATGL, adiponutrin, GS2,
and GS2-like have been demonstrated to possess lipase activity
(22, 28, 73, 81). Acyltransferase activity has been demonstrated for ATGL and adiponutrin (22). GS2 (30) was recently
reported to possess retinyl ester hydrolase and esterfication
activities (14). To our knowledge, PNPLA1 has yet to be
assessed for enzymatic activities, and the only evidence we are
aware of regarding transcript expression of PNPLA1 is via in
silico assessments of EST clones. PNPLA1 is present in only
one cDNA library, HT1080 cells treated with agents to induce
random gene activation (17). In regard to adipose tissue expression, murine ATGL and adiponutrin show marked cell type
specificity to adipocytes (4, 22, 28, 73, 81). Human GS2 is
expressed in several metabolically active tissues, including
adipose (28), and ATGL, adiponutrin, and GS2 are expressed
in human SW872 liposarcoma cells (22). Interestingly, assessment of ATGL gene expression in human tissues, as reported
by Lake et al. (28), reveals apparent differences with murine
expression patterns, with substantial levels of ATGL transcript
expression in human adipose tissue, heart, and skeletal muscle,
thus emphasizing the necessity to carefully determine the role
of the PNPLA proteins in human metabolism and obesity. That
PNPLA family proteins may play important roles in energy
balance is indicated by their regulation by energy intake level.
Murine adiponutrin was identified several years ago as an
adipose-specific transcript of unknown function found to be
subject to hormonal and dietary regulation (4). However,
opposite to ATGL, adiponutrin is dramatically induced during
refeeding of mice (4, 28) and rats (47). Studies in humans
indicate a moderate increase in adipose tissue adiponutrin
transcript upon refeeding (35). A recent study indicated that
GS2-like is present as a very-low-abundance transcript in lung
and adipose tissue; in the latter case, it is decreased in ob/ob
adipose tissue and in adipose tissue of fasted mice (28),
paralleling that of adiponutrin. In addition to the novel lipases
of the PNPLA family, it is not unlikely that adipose tissue
expresses additional lipases with a previously unrecognized
role in energy balance. For example, Mitchell et al. (61)
recently found that adipose tissue expressed carboxylesterase
3, a protein of the endoplasmic reticulum lumen that had been
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previously implicated in hepatic very low-density lipoprotein
synthesis.
In summary, we report that the ATGL transcript is upregulated during multiple models of white and brown adipogenesis
and that it is a target for negative regulation by TNF-␣ and
insulin. Furthermore, we have cloned the murine ATGL promoter region and present the first studies on the characterization of the ATGL promoter and report transactivation by the
master adipogenic transcriptional regulator PPAR␥. Further
studies on the relationship between insulin, TNF-␣, and other
hormonal signals with ATGL activity and gene expression are
needed to determine how transcriptional regulation of ATGL
impacts triglyceride balance. In addition, it is possible that, as
has been demonstrated for HSL, some degree of posttranscriptional regulation of ATGL activity occurs to coordinately
regulate triglyceride hydrolysis. Isoproterenol stimulation results in ATGL phosphorylation, but in contrast to HSL this
modification was apparently not mediated by PKA (81). Although appreciation of the full physiological role of ATGL
awaits the generation and analysis of the appropriate loss- and
gain-of-function in vivo models, it is clear that the previously
held and relatively straightforward view of triglyceride hydrolysis in adipocytes in normal and in pathophysiological states
is in a state of substantial revision. Such reworking should
attempt not only to incorporate the recent findings on ATGL
but also to better understand the role of the other newly
discovered adipose tissue-expressed lipases in the regulation of
FFA release from adipocytes.
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