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Abstract
Adipose tissue modulates whole body metabolism and insulin sensitivity by controlling circulating
lipid levels and producing molecules that can regulate fatty acid metabolism in such tissues as muscle
and liver. We have developed RNA interference (RNAi) screens to identify genes in cultured
adipocytes that regulate insulin signalling and key metabolic pathways. These short interfering RNA
(siRNA)-based screens identified the transcriptional corepressor receptor interacting protein 140
(RIP140) (J Clin Invest 116: 125, 2006) and the mitogen-activated protein kinase (MAP4k4) (Proc
Natl Acad Sci USA 103: 2087Proc Natl Acad Sci USA 103: 2006) as negative regulators of insulin-
responsive hexose uptake and oxidative metabolism. Gene expression profiling revealed that RIP140
depletion upregulates the expression of clusters of genes in the pathways of glucose uptake,
glycolysis, tricarboxylic acid cycle, fatty acid oxidation, mitochondrial biogenesis and oxidative
phosphorylation. RIP140-null mice resist weight gain on a high-fat diet and display enhanced glucose
tolerance. MAP4k4 depletion in adipocytes increases many of the RIP140-sensitive genes, increases
adipogenesis and mediates some actions of tumour necrosis factor-α (TNF-α). Remarkably, another
hit in our RNAi screens was fat specific protein 27 (FSP27), a highly expressed isoform of Cidea.
We discovered that FSP27 unexpectedly associates specifically with lipid droplets and regulates fat
storage. We conclude that RIP140, MAP4k4 and the novel lipid droplet protein FSP27 are powerful
regulators of adipose tissue metabolism and are potential therapeutic targets for controlling metabolic
disease. The discovery of these novel proteins validates the power of RNAi screening for discovery
of new therapeutic approaches to type 2 diabetes and obesity.
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Type 2 diabetes is associated with obesity and with the inability of pancreatic beta cells to
secrete sufficient insulin to maintain normal blood glucose levels (Ahren 2005, Kahn et al.
2006, Marchetti et al. 2006, Salsali & Nathan 2006). However, mild forms of type 2 diabetes
in obese patients are often associated with circulating insulin concentrations that are actually
higher than observed in normal subjects. This paradox was resolved by the finding that
peripheral tissues such as muscle and liver in such type 2 diabetic subjects are relatively
resistant to the actions of insulin, prompting beta cells to secrete higher than normal levels of
insulin. Insulin resistance in muscle of obese subjects, in particular, usually appears prior to
the ultimate failure of beta cells (Petersen & Shulman 2002, Ahren 2005). This insulin
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resistance in skeletal muscle in turn is thought to result from defects in the signalling pathways
whereby insulin enhances translocation of intracellular glucose transporters (GLUT4) to the
cell surface membrane, while the total expression of the GLUT4 protein is the same in normal
and diabetic subjects (Huang & Czech 2007). Interestingly, such syndromes as obesity and
lipdystrophy are thought to confer insulin resistance to skeletal muscle, even in subjects who
are not diabetic (Sovik et al. 1996). When the beta cells of such subjects exhibit impaired
insulin secretion, type 2 diabetes results. Thus, understanding the molecular connections
between obese or lipodystrophic conditions and the induction of impaired insulin signalling in
skeletal muscle is a major goal in the field.

Over the past several years it has become apparent that adipose tissue in humans, mice and rats
plays a key role in regulating insulin signalling in skeletal muscle. The basis for this conclusion
includes experiments showing that adipose-specific deletions in key genes lead to systemic
glucose intolerance and insulin resistance. For example, conditional ablation of GLUT4 in
adipose tissue in mice causes impaired insulin signalling in skeletal muscle, glucose intolerance
and even diabetes in some of the animals (Li et al. 2000, Rossetti et al. 1997, Stenbit et al.
1997). Conversely, selective expression of GLUT4 (Shepherd et al. 1993, Tozzo et al. 1995)
at high levels in adipose tissue greatly improves insulin sensitivity in mice. Knockout of the
gene encoding the adipose-specific protein adiponectin also leads to decreased insulin
sensitivity in muscle and impaired glucose tolerance in vivo (Kubota et al. 2002, Pajvani &
Scherer 2003, Haluzik et al. 2004, Civitarese et al. 2006), although one study failed to observe
this effect (Ma et al. 2002). It has also been noted that adipose tissue-specific deficiency of
peroxisome proliferator-activated receptor-γ (PPAR-γ) protects against high fat diet-induced
insulin resistance (Jones et al. 2005). Furthermore, transplantation of adipose tissue from
normal mice into lipodystrophic mice prevents the muscle insulin resistance and glucose
intolerance of this condition (Gavrilova et al. 2000). Taken together, these and other data
provide compelling evidence in support of the concept that adipose tissue metabolism strongly
influences whole body glucose tolerance and skeletal muscle insulin sensitivity.

Based upon the above considerations, we reasoned that adipose tissue was a suitable target
tissue to search for novel proteins that regulate adipocyte metabolism directly and perhaps
whole body metabolism indirectly. Identification of such proteins might provide useful insight
into the molecular basis of insulin signalling or other aspects of adipocyte function, and may
lead to potent targets for therapeutic agents. We thus developed a strategy for such
identifications based upon a two step process (Powelka et al. 2006, Tang et al. 2006): (1)
Selection of candidate genes/proteins from the entire database of mouse and human genes,
based on high, selective expression in adipocytes and their regulation by changes in metabolic
states, and (2) Screening the function of these candidate genes by RNA interference (RNAi)-
based gene silencing in cultured adipocytes, using insulin signalling to glucose transport as a
reporter assay. We developed methods for silencing genes with pools of short interfering RNA
(siRNA) oligonucleotides in cultured 3T3-L1 adipocytes (Jiang et al. 2003) as well as in
primary mouse and human adipocytes (Puri et al. 2007). Following successful functional
analysis of several candidate genes with this method (Jiang et al. 2003, Mitra et al. 2004, Zhou
et al. 2004, Powelka et al. 2006, Tang et al. 2006), we were able to miniaturize the procedure
and perform gene silencing assays in a higher throughput mode (30–50 genes per week). These
experiments have led to the identification of several genes that encode proteins with novel
functions in regulating adipocyte biology. Three of these proteins we have discovered by this
approach are briefly summarized in this review, and may be potential targets for development
of therapeutic agents in future studies.
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RIP140 as a negative regulator of oxidative metabolism
Receptor interacting protein 140 (RIP140) was one of a set of genes we identified in a
subtractive cDNA library designed to isolate transcripts enriched in RNA from insulin-
responsive adipocytes and muscle and thus potentially involved in the pathway of regulated
glucose uptake common to these cell types. Upon siRNA-mediated knockdown of expression
in our miniaturized screen, RIP140 was the most prominent of several targets in this set which
resulted in an enhancement of insulin-stimulated deoxyglucose uptake (Powelka et al. 2006).
This enhancement of insulin-responsive deoxyglucose uptake appears to be largely the
consequence of an increase in GLUT4 expression in these cells.

Although the upregulation of RIP140 expression during adipogenesis had been previously
noted (Soukas et al. 2001), at that time investigations into its role in adipocyte biology had not
been reported. RIP140 was originally identified as a transcriptional repressor found in a
complex with oestrogen receptor (Cavailles et al. 1995). Subsequent reports have suggested
that RIP140 can interact with a wide spectrum of nuclear receptors including members of the
PPAR family (L’Horset et al. 1996, Treuter et al. 1998, Tazawa et al. 2003), and thus is likely
to play a role in modulating the transcriptional programme activated by these factors. RIP140
is similar to other nuclear receptor cofactors in that it serves as a scaffolding protein that couples
the receptor to transcription modulatory activities (Fig. 1). RIP140 itself contains nine nuclear
receptor-interacting LXXLL motifs, and in turn, four repressor domains which can recruit
histone deacetylases or C-terminal binding protein (Christian et al. 2004). RIP140 was the first
example of a repressor reported to associate with several ligand-bound nuclear receptors
(L’Horset et al. 1996). This finding was contrary to the notion that part of the mechanism of
nuclear receptor activation by ligands is dismissal of basal repressors associated with the apo-
receptor (Gurevich et al. 2007).

These observations combined with the well established roles of a variety of nuclear receptors,
most prominently PPAR-γ (Lehrke & Lazar 2005), in adipocyte biology prompted us to
investigate the effects of RIP140 on gene transcription in these cells. Thus we performed
Affymetrix GeneChip profiling of gene expression in cultured 3T3-L1 adipocytes depleted of
RIP140 with siRNA vs. control adipocytes transfected with scrambled siRNA (Powelka et
al. 2006). Analysis of pathways of genes affected by RIP140 depletion revealed a remarkable
concentration of significantly upregulated genes in the pathways of oxidative metabolism of
glucose and fatty acids: glycolysis, tricarboxylic acid cycle and fatty acid oxidation as well as
mitochondrial biogenesis and oxidative phosphorylation (Fig. 2). The majority of annotated
genes in each of these pathways were significantly upregulated in response to RIP140 silencing,
with most of the remainder not significantly changed, while only 4 of 142 genes in these
categories were significantly downregulated (Powelka et al. 2006). Thus RIP140 seems to
broadly suppress pathways of oxidative energy production in adipocytes. These changes in
gene expression upon RIP140 depletion are associated with phenotypic changes including
increased mitochondrial mass, increased oxygen consumption and increased glucose
conversion to CO2. In addition, depletion of RIP140 results in enhanced expression of several
markers of brown adipocytes (Ucp1, Cidea and Cpt1b) consistent with the higher capacity of
brown fat for oxidative fuel utilization in thermogenesis.

While these studies of cellular effects of RIP140 were underway in our laboratory, Parker and
colleagues, who had initially identified RIP140 in association with an oestrogen receptor
(Cavailles et al. 1995), reported that mice with a whole body knockout of the RIP140 gene
were lean compared with littermates, with body fat stores reduced by 70% despite near-normal
food intake (Leonardsson et al. 2004). Transcriptional profiles of these animals as well as
adipocytes derived from RIP140-deficient mouse embryonic fibroblasts were similar to those
observed in 3T3-L1 cells (Christian et al. 2005, Powelka et al. 2006). This lean phenotype of
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the RIP140 knockout mouse is therefore associated with enhanced oxidative energy
metabolism in the whole animal as well as in cultured cell systems. Additional studies of
RIP140−/− mice demonstrated that weight gain even on a high fat diet was reduced compared
with controls (Powelka et al. 2006). Furthermore, RIP140−/− animals maintained normal
glucose and insulin tolerance while control animals that gained more weight developed
impaired glucose disposal, as expected.

Currently, the exact mechanisms for the leaner, insulin-sensitive phenotype of high-fat
challenged, RIP140−/− animals are undefined. The whole body knockout could result in
contributions from insulin-sensitive organs other than fat such as muscle or liver, or even
altered regulatory signals from brain or endocrine organs, given the likely participation of
RIP140 in regulatory systems involving many different nuclear receptors. This question should
soon be addressed with conditional knockout models; however, metabolic changes in adipose
tissue are the most obvious and direct mechanism for alterations in fat deposition. Enhanced
oxidative metabolism would certainly favour fatty acid oxidation, as would partial conversion
to a brown adipocyte phenotype suggested by expression of brown fat marker genes Cidea and
Ucp1 in RIP140-depleted cells. The expression of these markers remains low compared with
endogenous brown fat, however. In the case of Ucp1, several mouse models have suggested
that even a small amount of ectopic Ucp1 expression can have profound effects on whole body
fat metabolism similar to RIP140 depletion (Yamada et al. 2006, Almind et al. 2007).

At the molecular level, studies of the mechanism of RIP140 function have centred around
analysis of its interaction with particular nuclear receptors. Among the nuclear receptors with
established roles in adipogenesis and/or adipocyte metabolism are liver X receptor (Laffitte et
al. 2001, Juvet et al. 2003, Seo et al. 2004), farnesoid X receptor (Cariou et al. 2006, Rizzo et
al. 2006) and oestrogen-related receptor-α (ERR-α; Sladek et al. 1997, Vega & Kelly 1997,
Nichol et al. 2006). ERR-α is of exceptional interest as it has been associated with regulation
of genes associated with mitochondrial biogenesis, oxidative phosphorylation and fatty acid
oxidation in several systems (Vega & Kelly 1997, Huss et al. 2004, Schreiber et al. 2004), thus
it is reasonable that regulation of a similar cohort of genes by RIP140 is mediated in some
measure by association with ERR-α. Indeed evidence that RIP140 may function in regulating
several genes via ERR-α actions has been presented (Powelka et al. 2006, Debevec et al.
2007).

As a key regulator of adipogenesis and adipocyte metabolism, PPAR-γ looms as a strong
candidate for acting as a mediator of RIP140 functions in adipocytes. Several lines of evidence
for functional interaction of PPAR-γ and RIP140 have been presented: (1) PPAR-γ has been
shown to directly interact with RIP140 in vitro and in the presence of the PPAR-γ ligand
(L’Horset et al. 1996, Treuter et al. 1998, Tazawa et al. 2003); (2) Gene expression profiling
of adipocytes depleted of PPAR-γ or RIP140 shows a substantial coincidence of genes
upregulated by RIP140 depletion and downregulated by PPAR-γ depletion (M. Chouinard, J.
Christianson, J.V. Virbasius and M.P. Czech, unpublished data), consistent with the notion of
RIP140 as a negative regulator of PPAR-γ-mediated gene expression; (3) RIP140 depletion
enhances activation of the majority of genes whose expression is stimulated by the PPAR-γ
ligand rosiglitazone. This observation can be explained by the binding of RIP140 to PPAR-γ
at rosiglitazone-sensitive promoters. Depletion of RIP140 from the cells should favour
assembly of active transcription complexes including ligand-dependent activators in place of
RIP140. (4) RIP140 has been detected by chromatin immunoprecipitation in an enhancer
element, which includes a PPAR response element (PPRE) as well as an ERR-α binding site
(Christian et al. 2005, Debevec et al. 2007). This PPRE also confers PPAR-γ ligand activation
of the Ucp1 promoter only in RIP140 knockout cells. Evidence for direct in vivo association
of RIP140 and PPAR-γ at regulated promoter sites is yet to be presented. However, the
observations described above point to PPAR-γ as a primary target of RIP140 regulation.
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Investigations into the regulation of RIP140 itself hint at important roles of RIP140 in
homeostatic mechanisms in a number of systems. Transcription of RIP140 is in turn regulated
by nuclear receptors including PPAR-γ, ERR-α and ER (Carroll et al. 2005, Augereau et al.
2006, Nichol et al. 2006), suggesting that RIP140 participates in feedback loops that modulate
function of these nuclear receptor networks. Acute regulation of RIP140 activity by post-
translational modifications including phosphorylation and acetylation has also been described
(Gupta et al. 2005, Huq & Wei 2005, Mostaqul Huq et al. 2006), and may constitute an
additional layer of regulation subject to metabolic or hormonal signals.

MAP4K4/NIK: a TNF-α -regulated protein kinase that functions as negative
regulator of PPAR-γ and adipogenesis

MAP4K4/NIK was initially identified in an RNAi-based screen we developed to search for
protein kinases that modulate insulin-sensitive deoxyglucose uptake in cultured adipocytes
(Tang et al. 2006). Remarkably, silencing MAP4k4 caused an increase in the expression of
PPAR-γ, along with a corresponding increase in the expression of GLUT4 and stimulation of
insulin-mediated deoxyglucose uptake. Furthermore, the effect of MAP4K4/NIK silencing on
deoxyglucose uptake is quite specific, as siRNA-mediated silencing of 22 other MAPK family
members expressed in adipocytes did not enhance insulin signalling to deoxyglucose transport
(Tang et al. 2006).

MAP4K4/NIK is a mammalian serine/threonine protein kinase that belongs to a large group
of protein kinases related to Saccharomyces cerevisiae Sterile 20 (STE20) (Dan et al. 2001).
There are 36 STE20-related protein kinases in the human genome, which can be divided into
two groups: the germinal centre protein kinases and the p21-activated protein kinases.
MAP4K4/NIK is a member of the germinal centre protein kinase IV group (Fig. 3a). This
kinase was first identified a few years ago by Su et al. (1997) in the mouse through a screen
for proteins that interact with the SH3 domain of Nck, using the two-hybrid system. Thus,
MAP4K4/NIK appears to interact with the SH3 domain of Nck, and it was termed Nck
Interacting Kinase (NIK) (see Fig. 3b). In this initial study, however, no link between MAP4K4
and adipocyte function was reported.

More recent studies have shown that MAP4K4 appears to control cellular events ranging from
cell motility, rearrangement of the cytoskeleton, cell proliferation and insulin resistance in
muscle induced by tumour necrosis factor-α (TNF-α) (Nishigaki et al. 2003, Wright et al.
2003, Hu et al. 2004, Taira et al. 2004, Collins et al. 2006, Zohn et al. 2006, Bouzakri & Zierath
2007). This protein kinase also appears to specifically activate c-Jun N-terminal kinase (JNK)
(Su et al. 1997, Yao et al. 1999). In fact, the majority of studies focusing on MAP4k4 propose
that it acts as an upstream activator of the c-Jun-N-terminal kinases 1 and 2 (JNK1/2),
extracellular signal-related kinase 1/2 (ERK1/2) and p38 SAP kinase (Wright et al. 2003,
Collins et al. 2006, Zohn et al. 2006, Bouzakri & Zierath 2007). Consistent with this notion,
the activation of JNK by MAP4K4 was found to be inhibited by the dominant-negative mutants
of TAK1, MKK4 and MKK7, suggesting that this kinase may function through the TAK1-
MKK4-MKK7-JNK kinase cascade, and mediate in part the TNF-α signalling pathway (Yao
et al. 1999). Moreover, subsequent studies by Machida et al. (2004) also showed that MAP4K4
interacts with Rap2 (a Ras family small GTP-binding protein) through its C-terminal domain
and that Rap2 enhances activation of JNK by MAP4K4. Together, these observations suggest
a role for MAP4K4 on SAPK/JNK kinase cascade activation. However, loss of MAP4K4/NIK
in 3T3-L1 adipocytes had no effect on the ability of TNF-α to induce phosphorylation of JNK1
and JNK2 or on the ability of TNF-α to induce inhibitor alpha of nuclear factor-kappa B (IκB)
degradation (Tang et al. 2006). Thus, the enhancement of insulin-stimulated deoxyglucose
transport observed in adipocytes depleted of MAP4K4 is not caused by disruption of TNF-α
activation of JNK or nuclear factor-kappa B (NFκB) signalling cascades in cultured adipocytes.
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Moreover, there are almost certainly other routes of JNK activation, independent of MAP4K4,
and in turn there are likely other cascades in which MAP4K4 plays key roles.

These observations, combined with the well-established role of TNF-α as a potent negative
regulator of adipogenesis (Zhang et al. 1996) and the fact that large amounts of this cytokine
are secreted by adipocytes and macrophages within adipose tissue of obese animals (Wellen
& Hotamisligil 2003, 2005, Wellen et al. 2004), prompted us to investigate the effect of TNF-
α on MAP4K4 expression in cultured adipocytes. We found that treatment of 3T3-L1
adipocytes with TNF-α for 24 h caused a three to fourfold increase in MAP4K4 mRNA levels
(Tang et al. 2006, Tesz et al. 2007). This enhancement in MAP4k4 expression is mediated by
TNF-α-receptor 1 (TNFR1), but not TNFR2. Remarkably, TNF action on MAP4k4 protein
kinase expression is quite specific in cultured adipocytes, such that expression of other stress
protein kinases such as JNK1/2 and p38 SAP kinase is unaffected by TNF. Moreover, the action
of TNF MAP4k4 is not mimicked by other cytokines such as IL-1 and IL-6 (Tesz et al.
2007). We also demonstrated that this specificity of TNF responsiveness appears due to a
unique robust and prolonged phosphorylation of JNK1/2 and p38 SAP kinase that leads to
activation of the transcription factors c-Jun and ATF2. These latter factors are in turn required
for regulated MAP4k4 expression (Tesz et al. 2007). Taken together, these results indicate that
the increase in MAP4k4 expression in response to TNF-α is mediated through a signalling
pathway elicited selectively by TNFR1 activation leading to c-Jun and ATF2 activation in
cultured adipocytes (see Fig. 4a). Our findings also suggest that MAP4K4 acts as a negative
regulator of adipogenesis and insulin-stimulated glucose transport and that it may play a role
in signalling by TNF-α, a cytokine known to downregulate GLUT4, PPAR-γ and adipogenesis
(Fig. 4a).

Consistent with this hypothesis, siRNA-based silencing of MAP4k4 partially protected against
the TNF-induced depletion of both PPAR-γ and GLUT4 (Tang et al. 2006). Furthermore, we
showed in a subsequent study (unpublished data) that depletion of MAP4K4 in 3T3-L1
adipocytes enhances PPAR-γ protein levels and function, suggesting that MAP4K4 is required
for TNF-α signalling in adipocytes. However, we have found that MAP4k4 is not required for
many of the TNF-α effects in adipocytes, such as the decrease in PPAR-γ mRNA. Interestingly,
TNF-α appears to require MAP4K4 to cause insulin resistance in muscle, as siRNA silencing
of MAP4k4 completely restores insulin sensitivity in muscle tissue from diabetic humans, in
part by downregulating TNF-α activation of JNK1/2 and ERK1/2 (Bouzakri & Zierath 2007).
Thus, based on the recent results published by our group (Tang et al. 2006, Tesz et al. 2007)
and others (Bouzakri & Zierath 2007), MAP4k4 seems to function in the signalling pathways
that mediate at least some of the inhibitory effects of TNF-α on adipose and muscle tissue
processes, as depicted in Figure 4b.

Based on the results of TNF-α action on MAP4K4 expression in 3T3-L1 adipocytes described
above, the increased levels of TNF-α within adipose tissue of both obese humans and animals
may also upregulate the expression of MAP4K4 in adipose tissues. Thus, a key question raised
by the above studies is whether MAP4K4 mediates some of the insulin resistance induced by
obesity. Few years ago, mice deficient in MAP4K4 were generated by homologous
recombination at the MAP4K4 gene (Xue et al. 2001). However, MAP4K4 (−/−) mice die
between embryonic day 9.5 and 10.5, making it difficult to test a potential role of MAP4K4 in
insulin resistance associated with increased levels of TNF-α in obesity. Nevertheless, this
question should soon be addressed with conditional knockout models, where mice deficient in
MAP4K4 in skeletal muscle or adipose tissue may be protected from insulin resistance caused
by high fat feeding.

Another important question that is currently under investigation in our laboratory is what are
the molecular mechanisms by which MAP4K4 depletion upregulates PPAR-γ function?
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Remarkably, RNAi-mediated silencing of MAP4K4 elevated the levels of both PPAR-γ1 and
PPAR-γ2 proteins two to threefold in 3T3-L1 adipocytes without affecting PPAR-γ mRNA
levels, suggesting that MAP4K4 regulates PPAR-γ at a post-transcriptional step (K.V.P.
Guntur, A. Guilherme, G.J. Tesz & M.P. Czech, unpublished data). Moreover, PPAR-γ
degradation rates are remarkably rapid as measured in the presence of cylcohexamide (t1/2 =
2 h), and silencing MAP4K4 had no effect on PPAR-γ degradation (Guntur et al. 2007,
unpublished data). Thus, based on our preliminary results, it appears that MAP4K4 regulates
PPAR-γ protein expression by inhibiting protein translation in cultured adipocytes. Further
investigations will be required to confirm these results, as well as to identify the elements
downstream of MAP4K4 that mediates its effects on protein translation in cultured adipocytes.

FSP27: a lipid droplet protein that controls fat storage
Another siRNA-based gene silencing screen we performed revealed the highly expressed
protein FSP27 as a novel negative regulator of insulin-stimulated deoxyglucose uptake (Fig.
5a). Subsequent assays performed under standard conditions confirmed that depletion of FSP27
from cultured adipocytes enhanced insulin signalling to hexose transport, probably by
increasing GLUT4 expression (Fig. 5b and data not shown). These latter results also show that
depletion of the protein kinase Akt, a known positive regulator of insulin signalling (Jiang et
al. 2003), inhibited insulin stimulation of deoxyglucose uptake, as expected, while depletion
of a known negative regulator of insulin signalling, the PtdIns(3,4,5)P3 phosphatase PTEN,
enhanced this process. In many experiments, depletion of FSP27 mRNA levels by siRNA was
observed to be in the range of 60–90% in 3T3-L1 adipocytes (Fig. 5c).

FSP27 is a member of the CIDE family of proteins that share a conserved N-terminal CIDE-
N domain and COOH-terminal CIDE-C domain (Fig. 5c). Three CIDEs have been reported in
mice (Cidea, Cideb and FSP27) and humans (CIDEA, CIDEB and CIDEC) (Liang et al.
2003). The CIDE-N domain of CIDEs has significant homology to the regulatory domains of
the apoptotic DNA fragmentation factors DFF40 (caspase activated-nuclease) and DFF45
(inhibitor) (Danesch et al. 1992,Inohara et al. 1998). FSP27 shares significant sequence
similarity to Cidea (Inohara et al. 1998), a BAT protein in mouse that has been reported to be
mitochondrial (Zhou et al. 2003), and Cideanull mice have a lean phenotype with resistance
to diet-induced obesity and diabetes (Tansey et al. 2001,Zhou et al. 2003). As shown in Figure
5d, we could confirm high expression of FSP27 in WAT and BAT by RT-PCR, although
detectable expression was also observed in mouse skeletal muscle. The Novartis GNF gene
atlas shows that the human homologue of FSP27, CIDEC, is highly expressed in human
adipocytes (Su et al. 2002), with little or no expression detectable in other tissues.

FSP27 itself was originally identified as an FSP of unknown function (Danesch et al. 1992,
Inohara et al. 1998). In attempting to determine the biological mechanisms of FSP27 function
in adipocytes, our preliminary studies unexpectedly revealed that FSP27 is associated with
lipid droplets in 3T3-L1 adipocytes (V. Puri et al., 2007). Interestingly, a previous report based
on the proteomic analysis on lipid droplets isolated from adipocytes listed FSP27 as one of the
proteins that was present in isolated lipid droplet preparations (Brasaemle et al. 2004). In
another set of studies, we found that siRNA-mediated knockdown of FSP27 in 3T3-L1
adipocytes leads to increased basal lipolysis as measured by glycerol release into the medium
(V. Puri et al., 2007). Zhou et al. (2003) reported enhanced lipolysis in brown adipose tissue
of Cideanull mice and Nordstrom et al. (2005) reported increased basal lipolysis in Cidea-
depleted human pre-adipocytes in vitro. Thus, our new data on FSP27 provide an explanation
for these previously published results – FSP27 and related CIDE proteins such as Cidea are
lipid droplet proteins that may shield and protect the lipid droplets from lipolysis. It will be
interesting in future studies to determine the structural basis for interaction of FSP27 with lipid
droplets and regulation of lipolysis. Nonetheless, our findings already show that this ‘hit’ in
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the RNAi-based screening plays a role in a major function of adipocytes – storage of
triglyceride in lipid droplets.

We have also further analysed the expression of FSP27 during adipogenesis in culture (Fig.
6a) and in response to PPAR-γ depletion in mature 3T3-L1 adipocytes using Affymetrix
GeneChip microarrays (Fig. 6b). These data indicate a 59-fold increase in FSP27 mRNA
expression during adipogenesis, consistent with previous findings, and a corresponding
decrease in FSP27 expression upon depletion of PPAR-γ in fully differentiated 3T3-L1
adipocytes. Real-time quantitative PCR analysis shows PPAR-γ itself as well as adipose-
specific genes GLUT4, AP2 and perilipin are upregulated upon FSP27 silencing (Fig. 6c). It
is intriguing that FSP27, discovered by us to be a lipid droplet protein as described above, was
revealed as a hit in the RNAi screen for regulators of insulin-sensitive deoxyglucose uptake
(Fig. 5). One explanation is that in response to FSP27 depletion, increased intracellular fatty
acids or other lipids released from lipid droplets mediate secondary responses that lead to
increased GLUT4 expression (Fig. 6d). Indeed fatty acid derivatives such as eicosanoids have
been shown to be sequestered in lipid droplets (Finstad et al. 1998). PPAR-γ serves as a key
regulator of adipocyte differentiation and lipid storage (Tontonoz et al. 1995,Hamm et al.
1999,Rosen et al. 2000,Lazar 2002) and it is involved in regulation of GLUT4 in adipocytes
(MacDougald & Lane 1995). Perhaps PPAR-γ or other nuclear receptors respond to ligands
liberated from lipid droplets in response to FSP27 depletion to mediate this effect on GLUT4
transcription (Fig. 6d). In our laboratory, further studies in progress are designed to reveal
functional roles of FSP27 as a lipid droplet protein and the related proteins Cidea and Cideb
in adipocytes as well as in whole body metabolism in mice and humans.

Summary and conclusions
Although much has been learned about adipocyte functions over the past 10 years, it is likely
there remain multiple additional layers of unknown pathways and their components yet to be
discovered. Biological screens of relatively high throughput have proved to be powerful
approaches to discovery, in part because little or no bias is instilled into experimental designs.
The RNAi-based screens for novel regulators of adipocyte function that we were able to
develop, described in this review, confirm this attribute. The ‘hits’ described here, RIP140,
MAP4k4 and FSP27, were all novel proteins with respect to regulation of adipocyte biology
when they appeared in our screens. They are remarkably diverse and belong to three different
classes of proteins: transcriptional corepressor, protein kinase and lipid droplet protein. Each
regulates adipocyte biology through a different initiating mechanism; but they were revealed
as an ultimate consequence of effects of their perturbations on expression of GLUT4, which
is highly responsive to PPAR-γ and adipogenesis. It is likely that one of the targets of each of
these novel adipocyte regulators is PPAR-γ itself, as described in detail in this review. RIP140
directly interacts with PPAR-γ and negatively influences its transcriptional activity; MAP4k4,
likely through a protein kinase cascade, regulates the expression level of PPAR-γ; and FSP27
acts as a lipid droplet protein to restrain lipolysis, which in turn may regulate PPAR-γ through
controlling the release of ligands. Thus, these novel adipocyte regulators have revealed new
modes for modulating PPAR-γ, a crucial player in determining the adipocyte phenotype. In
addition, each of these new regulators operates within a complex set of pathways to play a
major role in regulating processes of central importance to adipocyte biology – adipogenesis,
triglyceride storage, fatty acid release, fatty acid oxidation and mitochondrial oxidative
phosphorylation. Determining further details of their mechanisms of action will be of high
interest in the search for potential therapeutic approaches to metabolic diseases.
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Figure 1.
Domain structure of receptor interacting protein 140 (RIP140). Interaction of the RIP140
protein with nuclear receptors is mediated by nine LXXLL motifs capable of interacting with
the ligand binding domain of the receptor. In turn, via four independent repressor domains
(RD1-4) RIP140 can recruit histone deacetylases as well as C-terminal binding protein (CtBP)
whose activities repress transcription from the promoter bound by the nuclear receptor.
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Figure 2.
Function of receptor interacting protein 140 (RIP140) in adipocytes. Via interaction with
nuclear receptors (here depicted as a heterodimer such as PPAR-RXR) bound to specific
recognition sites in promoters, RIP140 recruits transcription repressor activities [histone
deacetylases (HDAC) and C-terminal binding protein (CtBP)] to promoter complexes thereby
inhibiting transcription. Major categories of genes repressed by RIP140 function in adipocytes
include those in the glycolysis, tricarboxylic acid (TCA) cycle, fatty acid oxidation and
oxidative phosphorylation pathways. Inset charts depict numbers of genes whose expression
is changed upon RIP140 depletion: upregulated (red bars); unchanged (white bars);
downregulated (green bar).
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Figure 3.
(a) Protein kinases related to Saccharomyces cerevisiae Sterile 20. Depicted are the two
families, p21-activated protein kinases (PAK) and the germinal centre protein kinases (GCK),
the subfamilies, PAK I and II and GCK-I to -VIII. Members from each one of the subfamilies
are also shown. Depicted in red is MAP4K4, a member of the GCK-IV subfamily. (b)
Schematic diagram depicting predicted structural motifs of mouse MAP4K4. Within the
MAP4K4 sequence shown is the N-terminal catalytic domain in the hatched area, the coiled-
coil region in grey and the Nck-binding motif in black, followed by the C-terminal CNH
domain. The two proline-rich motifs that match consensus SH3 binding motifs and mediate
the association of MAP4K4 with Nck are shown (amino acids 574–616).
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Figure 4.
(a) Model for the increase in MAP4k4 expression via TNF-α signalling. TNF-α activates the
catalytic activity of MAP4k4, but in addition elevates its expression. Our data are consistent
with the following hypothesis. Treatment of 3T3-L1 adipocytes with TNF-α stimulates TNFR1
and causes enhanced activation of JNK1/2 and p38 SAP kinase. In turn, activated JNK1/2 and
p38 SAP kinase cause increased phosphorylation and activation of c-Jun and ATF2. Increased
activation of c-Jun and ATF2 leads to increased MAP4k4 transcription, thus increasing
MAP4k4 expression. This increase in MAP4k4 expression then negatively regulates PPAR-γ
expression and adipogenesis in 3T3-L1 adipocytes (adapted from Tesz et al. 2007). (b)
MAP4k4 is required for TNF-α signalling in adipocytes and skeletal muscle. Model for
MAP4k4 downregulation of GLUT4-mediated glucose transport in muscle and adipose cells
and the effect of this kinase in insulin receptor signalling in skeletal muscle. Increased levels
of circulating fatty acids lead to lipid overload and impairment of insulin-stimulated glucose
transport through GLUT4 in muscle. PPAR-γ activity promotes fatty acid storage as
triglycerides (TG) in adipocytes. TNF-α signals through MAP4K4 and downregulates PPAR-
γ expression and TG biosynthesis in adipocytes. MAP4K4 may also mediate in part the actions
of TNF-α on insulin-stimulated glucose transport through GLUT4 in adipocytes as well as in
muscle cells.
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Figure 5.
siRNA-based screen identifies FSP27 as a negative regulator of 2-deoxyglucose (2-DOG)
uptake in 3T3-L1 adipocytes. (a) Four days after the induction of differentiation, 3T3-L1
adipocytes were transfected with pools of siRNA against the panel of genes shown (GenBank
accession numbers will be provided upon request). The effect of each knockdown on 2-DOG
uptake was determined by using a 2-DOG uptake assay. Shown is the average of two
independent experiments. siRNA was purchased from Dharmacon (Chicago, IL, USA). Pools
of siRNA consisting of a mix of four individual oligonucleotides against each gene were used
for the screen. (b) Dose-dependent insulin-stimulated 2-DOG uptake in 3T3-L1 adipocytes.
Cells on their fourth day of differentiation were transfected with scrambled siRNA or siRNA
against, Akt, Pten or FSP27 and assayed for 2-DOG uptake after 72 h. Results are representative
of at least six independent experiments each performed in triplicate. (c) Graphic representation
of FSP27 and Cidea showing N-terminal CIDE-N domain and COOH-terminal CIDE-C
domain. (d) Real-time PCR analysis of mRNA levels of FSP27 in mouse inguinal and axillary
subcutaneous white adipose tissue, epididymal white adipose tissue, interscapular brown
adipose tissue, liver, muscle, kidney, heart, lung, brain and testis. These tissues or organs were
excised from 6-week-old C57Bl/6J male mice that were housed on a 12-h light/dark schedule
and had free excess to water and food. After procurement, the samples were immediately stored
flash frozen and stored at −80 °C. All procedures were carried according to the guidelines of
the University of Massachusetts Medical School Institutional Animal Care and Use Committee
(UMMS-IACUC). 36B4 gene was used as a reference gene for quantitative analysis.
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Figure 6.
The expression of FSP27 is greatly upregulated during differentiation of 3T3-L1 adipocytes.
(a) mRNA levels of FSP27 in 3T3-L1 adipocytes at different days of differentiation. Data were
generated using Affymetrix GeneChip microarrays. (b) Fold changes, indicating the difference
in expression of PPAR-γ and FSP27, from day 0 to day 6 during adipogenesis and after
transfecting adipocytes (day 4) with scrambled siRNA or siRNA against PPAR-γ (P < 0.0001).
(c) Real-time PCR analysis of mRNA levels of various adipogenic markers in 3T3-L1
adipocytes transfected with scrambled siRNA or siRNA against FSP27 on day 4 of their
differentiation. Results are an average of three or more independent experiments. (d) Working
model and hypothesis. We hypothesize that FSP27 is a lipid droplet protein that localizes to
lipid droplets in adipocytes. Its presence on lipid droplets inhibits basal lipolysis, thereby
promoting net triglyceride storage. Hypothetically, FSP27 depletion in our RNAi screen may
have increased expression of GLUT4 through the release of PPAR-γ ligand(s) from lipid
droplets, with the resultant increase in adipogenesis and adipocyte-specific genes (see text for
details).
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