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ABSTRACT

Lord, Caleb
The Role of CGI-58/ABHD5 in Lipid Metabolism, Inflammation, and Insulin Action
Dissertation under the direction of
J. Mark Brown, Ph.D., Assistant Professor of Pathology-Lipid Sciences

Cells normally store lipids as a source of energy, molecular building blocks, and
signaling molecules. Under conditions of excess caloric storage such as obesity, lipids
can accumulate to harmful levels and lead to inflammation and metabolic diseases like
fatty liver and diabetes. In 2001, a novel protein known as Comparative Gene
Identification 58 (CGI-58) was discovered to regulate cellular levels of triglyceride, a
major lipid storage molecule. Humans with genetic mutations in CGI-58 accumulate
triglyceride throughout their bodies and have a skin defect, fatty liver disease, and
neurological disabilities. Research done at the biochemical level has found that CGI-58
serves as an activator of an enzyme known as Adipose Triglyceride Lipase (ATGL),
which breaks down triglyceride. However, human ATGL mutations do not have the same
effect as CGI-58 mutations, suggesting that CGI-58 has an unknown function. The
purpose of this dissertation research is to advance the understanding of CGI-58 at a
physiological level. In this work, we show that mice lacking CGI-58 developed severe
fatty liver disease but paradoxically did not develop liver inflammation and diabetes. It is
known that inflammation can interfere with insulin signaling and lead to Type 2 diabetes,
in which a defective response to insulin causes high blood sugar. The absence of CGI-58
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decreased the activation of inflammatory proteins and increased the response to insulin in
the liver. We discovered that CGI-58 is necessary for the generation of certain lipids that
can act as signaling mediators of inflammation. Next, we tested whether CGI-58 is an
activator of ATGL-mediated triglyceride breakdown at the physiological level and
whether this function fully explains the triglyceride accumulation caused by CGI-58
mutations. Absence of CGI-58 indeed decreased the enzymatic activity of ATGL in the
liver and fat tissue, but we found that CGI-58 also controlled liver triglyceride levels
through a separate function. This dissertation significantly advances the understanding of
the disease caused by CGI-58 mutations in humans. Building upon the foundation of this
work, future studies of these newly discovered functions of CGI-58 could lead to
improved understanding and treatment of non-alcoholic fatty liver disease, inflammation,
and Type 2 diabetes.
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CHAPTER I
INTRODUCTION
Distinct roles for alpha-beta hydrolase domain 5 (ABHD5/CGI-58) and adipose
triglyceride lipase (ATGL/PNPLA2) in lipid metabolism and signaling
Caleb C. Lord1 and J. Mark Brown1
1

Department of Pathology, Section on Lipid Sciences, Wake Forest School of Medicine,
Winston-Salem, NC 27157, USA

Stylistic variations in this chapter are due to formatting requirements of the journal
Adipocyte where this work was published as a review in 2012. C.C.L. had the major role
in reviewing and interpreting the literature and preparing the manuscript and figure.
J.M.B. contributed to the interpretation of the literature and edited the manuscript.
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Introduction
Catabolism of stored triacylglycerol (TAG) from cytoplasmic lipid droplets is
critical for providing energy substrates, membrane building blocks, and signaling lipids
in most cells of the body. However, the lipolytic machinery dictating TAG hydrolysis
varies greatly among different cell types. Within the adipocyte, TAG hydrolysis is
dynamically regulated by hormones to ensure appropriate metabolic adaptation to
nutritional and physiologic cues. In other cell types such as hepatocytes, myocytes, and
macrophages, mobilization of stored TAG is regulated quite differently. Within the last
decade, mutations in two key genes involved in TAG hydrolysis, alpha-beta hydrolase
domain 5 (ABHD5/CGI-58) and adipose triglyceride lipase (ATGL/PNPLA2), were
found to cause two distinct neutral lipid storage diseases (NLSD) in humans. These
genetic links, along with supporting evidence in mouse models, have prompted a number
of studies surrounding the biochemical function(s) of these proteins. Although both CGI58 and ATGL have been clearly implicated in TAG hydrolysis in multiple tissues and
have even been shown to physically interact with each other, recent evidence suggests
that they may also have distinct roles. The purpose of this review is to summarize the
most recent insights into how CGI-58 and ATGL regulate lipid metabolism and
signaling.
We recently reported that CGI-58 generates signaling lipids that regulate
inflammation and insulin action.1 This review expands on the concepts presented in our
initial report1 and provides additional discussion of the mechanisms by which CGI-58
and the TAG hydrolase ATGL regulate lipid metabolism and signal transduction. We
have shown that antisense oligonucleotide (ASO)-mediated knockdown of CGI-58 in
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mice results in severe hepatic steatosis, yet paradoxically improves hepatic insulin
signaling.1, 2 CGI-58 knockdown: 1) prevents HFD-induced activation of hepatic stress
kinases, despite elevated plasma TH1 cytokines; 2) prevents the generation of
phosphatidic acid (PA) species and other glycerophospholipids in the liver in response to
TNFα, thereby attenuating downstream inflammatory signaling; and 3) alters the
systemic inflammatory response to endotoxin.1 Inhibition of inflammatory pathways may
explain the dissociation of hepatic steatosis and insulin resistance in CGI-58 ASO-treated
mice.1, 2 Importantly, lipidomic analysis shows several key changes in PA and other
glycerophospholipid species with signaling potential in the liver.1 Collectively, we
propose that CGI-58 generates signaling lipids that can activate inflammatory pathways
and down-regulate hepatic insulin signaling (Figure 1B).1 ATGL/PNPLA2, also known
as desnutrin3 or inducible phospholipase A2ζ,4 is a member of the patatin-like
phospholipase domain containing (PNPLA) family of proteins, which have diverse lipid
esterase and transacylase activities.5 In addition to selective TAG hydrolase activity,
ATGL has also been reported to possess phospholipase activity and acyl-CoAindependent acylglycerol transacylase activity, but the physiological functions of these
activities are not currently known.4 CGI-58/ABHD5 is a member of the alpha-beta
hydrolase domain (ABHD) family of proteins which share a highly conserved GXSXG
active site motif. In CGI-58, the catalytic serine nucleophile is replaced by an
asparagine,6 and CGI-58 does not possess hydrolase activity to directly mobilize TAG.
Rather, it is widely accepted that CGI-58 co-activates the TAG hydrolase activity of
ATGL through an incompletely understood mechanism.7-9 Lass and colleagues7 first
demonstrated that recombinant CGI-58, or extracts from CGI-58-overexpressing cells,
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increases the TAG hydrolase activity of both human and mouse ATGL in vitro. Purified
CGI-58 increases TAG hydrolase activity in adipose tissue extracts from wild-type mice,
but not in extracts from ATGL knockout (ATGL-/-) mice.8 This suggests that CGI-58
specifically co-activates ATGL-mediated lipolysis and that endogenous levels of CGI-58
in adipose tissue are limiting for maximal ATGL lipase activity.8 In addition, CGI-58
possesses intrinsic coA-dependent lysophosphatidic acid acyltransferase (LPAAT)
activity in vitro, generating PA.10, 11 Since either ATGL-mediated TAG hydrolysis or
LPAAT activity could generate signaling lipids, the relative physiological importance of
these functions becomes central to understanding the striking effects of CGI-58
knockdown on inflammation and insulin signaling.1 Although CGI-58 co-activation of
ATGL-mediated lipolysis has been well-established in vitro,7-9 whether this is the
primary physiological function of CGI-58 in vivo remains to be verified. Despite many
similarities between CGI-58 and ATGL deficiency, several key differences seem to
indicate additional, ATGL-independent functions of CGI-58 (Table 1). Here, we
summarize recent insights into the function(s) of CGI-58 and ATGL in vivo, based on
studies in humans and mice.
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CGI-58 and ATGL Mutations Cause Neutral Lipid Storage Disease in Humans
Neutral Lipid Storage Disease (NLSD) is a rare autosomal recessive,
nonlysosomal disorder characterized by ectopic TAG deposition in multiple tissues,
including the hallmark accumulation of lipid vacuoles in blood leukocytes (Jordan’s
anomaly).12 NLSD patients can be divided into two subsets: NLSD with ichthyosis
(NLSDI), also known as Chanarin-Dorfman Syndrome, and NLSD with myopathy
(NLSDM).12,

13

Mutations in CGI-58 cause NLSDI,14 while ATGL mutations cause

NLSDM.15 All known CGI-58 mutations cause ichthyosis, whereas ATGL mutations
always cause cardiomyopathy yet do not result in ichthyosis.13 Hepatomegaly and hepatic
steatosis occur more frequently with CGI-58 mutations than with ATGL mutations.13
CGI-58 mutations are also commonly associated with neurological disorders, which are
not seen with ATGL mutations.13 Interestingly, obesity has not been observed in patients
with NLSDI and NLSDM,12, 13 suggesting either that adipose lipolysis is not significantly
decreased or that other factors compensate to prevent obesity in these patients. In skin
fibroblasts from a NLSDI patient lacking functional CGI-58, TAG accumulation appears
to be secondary to a defect in phospholipid metabolism.16, 17 The phenotypic differences
between patients with NLSDI and NLSDM clearly indicate distinct roles for CGI-58 and
ATGL, at least in the skin and nervous system. Additional studies in patients with
primary CGI-58 and ATGL mutations will be extremely important to clarify the shared
and distinct functions of these proteins in the context of human physiology and
pathology.
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CGI-58 and ATGL in the Skin
Whole-body CGI-58 knockout (CGI-58-/-) mice die within hours after birth due to
a skin barrier defect.9 The skin of CGI-58-/- mice shows characteristics of lamellar
ichthyosis, similar to NLSDI in humans.9 In contrast, ATGL-/- mice do not develop
ichthyosis and survive to 12-14 weeks of age before dying of cardiomyopathy.18 Dermal
TAG hydrolase activity is lower in both CGI-58-/- mice and ATGL-/- mice compared to
wild-type mice.9 However, epidermal TAG hydrolase activity is 80% lower in CGI-58-/mice but is unchanged in ATGL-/- mice.9 This difference clearly supports an ATGLindependent function of CGI-58 in the epidermis. Perhaps CGI-58 co-activates an
unknown lipase to hydrolyze TAG for the production of skin barrier lipids. Alternatively,
CGI-58 could function in glycerophospholipid metabolism to generate signaling lipids
that are important for keratinocyte differentiation and skin barrier formation.
Interestingly, PNPLA1, a protein that shares high homology with ATGL/PNPLA2, was
recently discovered to be mutated in autosomal recessive congenital lamellar ichthyosis
in humans and dogs.19 Unlike ATGL, PNPLA1 does not exhibit CGI-58-driven TAG
hydrolase activity, and PNPLA1 mutations do not cause neutral lipid accumulation in
isolated keratinocytes.19 Furthermore, PNPLA1 mutations do not result in neutral lipid
vacuoles in blood leukocytes (Jordan’s anomaly),19 a hallmark of NLSD.12 Rather, levels
of PA and phosphatidylethanolamine (PE) are significantly lower in PNPLA1 mutant
keratinocytes, suggesting that PNPLA1 may possess acyltransferase activity and could
function in glycerophospholipid synthesis or remodeling.19 Based on CGI-58’s LPAAT
activity,10, 11 it is possible that altered glycerophospholipid metabolism in the skin could
contribute to NLSDI. In fact, altered phospholipid metabolism appears to be the primary
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defect in human NLSDI skin fibroblasts.16,

17

However, the role of CGI-58 LPAAT

activity in the skin remains unclear, since human CGI-58 mutations associated with
ichthyosis do not change the LPAAT activity of the protein in vitro.10 In addition, total
levels of PE are not altered in the epidermis of CGI-58-/- mice.9 Further work is needed to
elucidate the ATGL-independent function of CGI-58 in the skin. It would be interesting
to explore the possibility that mutations in CGI-58 and PNPLA1 may cause ichthyosis
through similar glycerophospholipid pathways in the skin. Since ASO-mediated
knockdown of CGI-58 does not result in ichthyosis, future studies of CGI-58 in the skin
will require conditional knockout mouse models.

CGI-58 and ATGL in White Adipose Tissue
Both CGI-58 and ATGL are highly expressed in white adipose tissue (WAT).2, 20,
21

ATGL and hormone sensitive lipase (HSL) together account for more than 90%

percent of TAG hydrolase activity in mouse WAT.8 In WAT of ATGL-/- mice, TAG
hydrolase activity is 80% lower than in wild-type mice, suggesting that ATGL is the ratelimiting enzyme for TAG hydrolysis in WAT, whereas HSL functions primarily as a
diacylglycerol hydrolase.18, 22 A general model of lipolytic trafficking in adipocytes is
depicted in Figure 1A. In the basal state, CGI-58 is primarily sequestered by perilipin-1
(Plin-1) at the lipid droplet (LD),23-25 and ATGL is localized to the LD.26 During
hormone-stimulated lipolysis, cAMP-activated protein kinase A (PKA) phosphorylates
Plin-1,27-29 resulting in the release of CGI-58 to interact with ATGL at the LD30 or to
reversibly disperse to the cytoplasm.23, 25 Meanwhile, phosphorylated HSL moves from
the cytoplasm to the LD28,
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and interacts closely with Plin-130 to preferentially

7

hydrolyze DAG22 generated by ATGL. In agreement with a rate-limiting role in TAG
hydrolysis,8 both whole-body and adipose-specific ATGL knockout mice are mildly
obese, with higher fat pad weight and larger adipocyte size, and have blunted lipolysis.18,
32

Conversely, adipose-specific ATGL overexpression in HFD-fed mice results in higher

TAG hydrolase activity in WAT, attenuated HFD-induced obesity, lower fat pad weight,
smaller adipocyte size, and lower TAG content in adipocytes.33 ATGL overexpression
has no effect on fat mass in chow-fed mice.33 In addition, ATGL overexpression in WAT
increases lipolysis but does not result in elevated serum NEFA or ectopic TAG
accumulation, possibly indicating increased FA oxidation in adipose.33 If CGI-58
functions as the co-activator of ATGL-mediated lipolysis in WAT,8 the phenotype of
CGI-58 knockdown should be similar to ATGL deficiency. However, in striking contrast
to ATGL deficiency, 80-95% knockdown of CGI-58 expression in WAT results in 50%
lower fat mass in both chow-fed and HFD-fed mice.2 CGI-58 knockdown does not
change body weight in chow-fed mice but completely prevents HFD-induced obesity.2
Neither ATGL nor CGI-58 appears to have an effect on food intake.2, 18, 32 Although the
prevention of adiposity resembles overexpression of ATGL,33 ATGL mRNA levels in
WAT are not higher in CGI-58 ASO-treated mice.2 In HFD-fed CGI-58 ASO-treated
mice, plasma NEFA levels are 35% lower in both the fed and fasted states, compared to
control ASO mice,2 possibly reflecting less ATGL-mediated lipolysis in WAT. Similarly,
Radner and colleagues reported 60% lower plasma NEFA in newborn CGI-58-/- mice.9 It
is conceivable that CGI-58 could co-activate ATGL to drive TAG hydrolysis, yet also
promote expansion of WAT through an ATGL-independent mechanism. For example,
ATGL-mediated lipolysis might provide lipid substrates for a separate function of CGI-
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58 in glycerophospholipid synthesis or signaling lipid generation in adipocytes.
Interestingly, Yang and colleagues reported the existence of an alternatively-spliced
isoform of mouse CGI-58 lacking a putative lipid binding domain.34 This isoform retains
LPAAT activity yet is predominately cytoplasmic and does not co-activate ATGL lipase
activity.34 A similar isoform of CGI-58 has not been identified in humans, and the
physiological function of this cytoplasmic isoform in mice remains unknown.34 It is
noteworthy that in 3T3-L1 adipocytes, the vast majority of CGI-58 disperses from the LD
to the cytoplasm following lipolytic stimulation,23, 25 while only a small amount remains
at the LD, presumably interacting with ATGL.30, 35 These observations and the prevention
of adiposity in CGI-58 ASO-treated mice seem to suggest that CGI-58 has a
physiological function in WAT apart from the co-activation of ATGL-mediated TAG
hydrolysis (Figure 1A). At the same time, it is important to note that CGI-58 knockdown
is not adipocyte-specific.2 CGI-58 knockdown in other ASO-targeted tissues, namely the
liver and macrophages, could possibly influence adiposity. However, overexpression of
CGI-58 using the aP2 promotor (adipose-selective) in mice has no effect on diet-induced
obesity, fat pad weight, or adipocyte size.36 Lipolysis in vivo is not altered in response to
fasting or treatment with a β3-adrenergic receptor agonist.36 Likewise, neither basal nor
isoproterenol-stimulated lipolysis is affected in isolated adipocytes.36 These data suggest
that endogenous expression of CGI-58 is at least not rate-limiting for ATGL-mediated
lipolysis. Although ATGL is clearly a rate-limiting enzyme in adipocyte lipolysis,
additional work is needed to clarify the physiological function of CGI-58 in adipocytes
and to determine the basis for the opposite effects of CGI-58 and ATGL deficiency on
adiposity.
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CGI-58 and ATGL in the Liver
In human NLSD, hepatomegaly and hepatic steatosis are more common with
CGI-58 mutations than with ATGL mutations.13 The regulation of CGI-58 and ATGL
subcellular localization and trafficking is less clearly defined in the liver and other nonadipose tissues that do not express Plin-1. In these tissues, it is likely that other perilipin
family proteins such as perilipin-224,

37

and perilipin-538,

39

play an important role in

regulating the interaction of CGI-58 and ATGL. In mice, ATGL deficiency (whole-body
knockout,9, 18, 40 liver-specific knockout,41 and adenovirus-mediated knockdown42) has
been reported to result in elevated hepatic TAG, although the effect has been variable,
ranging from 62% higher40 to 4-fold higher levels of TAG.9 CGI-58 deficiency likewise
results in markedly higher hepatic TAG levels compared to control mice.1, 2, 9 Radner and
colleagues9 reported 4-fold higher hepatic TAG in newborn CGI-58-/- mice, and we have
measured 2-4-fold more hepatic TAG in CGI-58 ASO-treated mice.1, 2 Based on more
frequent liver complications in humans with NLSDI,13 CGI-58 deficiency might be
expected to result in more severe steatosis than ATGL deficiency. However, the variable
range of steatosis observed in ATGL studies and the limited number of CGI-58 studies
make it difficult to interpret the relative degree of steatosis. Comparison of actual hepatic
TAG values is further complicated by experimental differences in the background strains,
diets, and ages of the mice. Clearly, both proteins have an important role in TAG
metabolism in the liver. Although expression of ATGL is much lower in liver than in
WAT,21 ATGL deficiency results in significantly lower total TAG hydrolase activity in
the liver.9, 18, 21, 41, 42 Likewise, TAG hydrolase activity and NEFA levels are significantly
lower in the liver of CGI-58 ASO-treated mice.2 Interestingly, newborn CGI-58-/- mice
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have 73% lower TAG hydrolase activity in the liver compared to wild-type mice, while
newborn ATGL-/- mice have only 46% lower activity.9 This could indicate a role for CGI58 in hepatic TAG mobilization beyond the co-activation of ATGL-mediated hydrolysis.
In CGI-58 ASO-treated mice fed HFD, fasting-induced plasma levels of βhydroxybutyrate are significantly lower compared to control mice, suggesting less FA
oxidation in the liver.2 In addition, CGI-58 knockdown results in a significantly lower
rate of very low density lipoprotein (VLDL) secretion from the liver,2 suggesting that
CGI-58-driven TAG mobilization is linked to the secretion of TAG-rich lipoproteins by
the liver. This dual role for CGI-58 in promoting FA oxidation and VLDL-TAG secretion
has been previously reported using gain-of-function and loss-of-function cell models.20, 43
In contrast, ATGL mobilization of hepatic TAG appears to preferentially lead to FA
oxidation, without changing VLDL secretion. Haemmerle and colleagues reported that
ATGL-/- mice have lower plasma VLDL levels, accounting for lower fasting plasma
TAG.18 However, liver-specific ATGL deletion41 or knockdown42 does not alter the rate
of VLDL secretion from the liver. In addition, liver-specific overexpression of ATGL in
obese mice attenuates hepatic steatosis, but does not change TAG or ApoB secretion
from the liver.21 Rather, ATGL mobilization of hepatic TAG is associated with FA
oxidation and NEFA release into plasma, as well as elevated fasting-induced
ketogenesis.21, 42, 44 Another important observation is that CGI-58 knockdown results in
the accumulation of DAG and ceramides in the liver,1, 2 whereas ATGL deficiency has
been associated with normal or slightly lower DAG and ceramide content in the liver.40, 44
In sum, whether CGI-58 and ATGL have distinct roles in hepatic TAG metabolism
remains inconclusive based on complex and subtle differences. However, an ATGL-
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independent function of CGI-58 in the liver is more clearly suggested by differences in
hepatic insulin signaling.

The Role of CGI-58 and ATGL in Insulin Sensitivity
Despite hepatic accumulation of TAG, DAG, and ceramides, CGI-58 knockdown
improves whole-body glucose tolerance and insulin sensitivity.2 In fact, CGI-58 ASOtreated mice are completely protected against HFD-induced hyperglycemia, glucose
intolerance, and systemic insulin resistance.2 ATGL-/- mice also have significant
improvement in whole-body glucose tolerance and insulin sensitivity,18,

40, 45

but the

underlying mechanisms likely differ significantly. In both ATGL-/- mice and CGI-58
ASO-treated mice, plasma insulin levels are very low compared to wild-type controls.2, 18,
45

It has been shown that ATGL is necessary for glucose-stimulated insulin secretion

(GSIS) from pancreatic β-cells in mice.46 In agreement, plasma insulin does not increase
in response to a glucose challenge in ATGL-/- mice.45 Although a role for CGI-58 in
GSIS has not been examined, defective GSIS is unlikely in CGI-58 ASO-treated mice
because ASOs do not knock down CGI-58 in the pancreas (unpublished data).
Furthermore, plasma insulin increases in response to a glucose challenge in CGI-58
ASO-treated mice,2 suggesting that enhanced insulin sensitivity, rather than impaired
GSIS, likely accounts for reduced plasma insulin levels. In fact, we have shown that CGI58 knockdown results in significantly more Akt phosphorylation (Ser473 and Thr308) in
the liver in response to insulin injected into the portal vein.1 Insulin-stimulated Akt
phosphorylation is not altered in skeletal muscle or WAT,1 suggesting that the liver
primarily accounts for enhanced whole-body insulin sensitivity in CGI-58 ASO-treated
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mice.2 In contrast, Kienesberger and colleagues45 reported that chow-fed ATGL-/- mice
have diminished hepatic Akt phosphorylation at Thr308 and impaired Akt activity in
response to intraperitoneally-administered insulin, while Akt phosphorylation at Ser473
is not affected. The same study showed that insulin-stimulated Akt phosphorylation
(Ser473) is increased in skeletal muscle of ATGL-/- mice, suggesting that skeletal muscle,
rather than the liver, primarily contributes to whole-body insulin sensitivity in ATGL-/mice in vivo.45 On the other hand, Hoy and colleagues40 found that in conjuction with
insulin administration, glucose uptake was signficantly higher in the liver and cardiac
muscle of HFD-fed ATGL-/- mice compared to wild-type mice, but was not altered in
skeletal muscle. Although this suggested improved hepatic insulin signaling in ATGL-/mice, insulin-stimulated Akt phosphorylation (Ser473) in the liver was not different
compared to wild-type mice.40 Turpin and colleagues44 also reported that Akt
phosphorylation is not affected in primary hepatocytes isolated from ATGL-/- mice. In
addition, these authors showed that adenoviral overexpression of ATGL in obese mice
significantly attenuates hepatic steatosis but only mildly improves hepatic insulin
sensitivity.44

Interestingly,

both

adipose-specific

ATGL

deficiency32

and

overexpression33 have been associated with enhanced hepatic insulin sensitivity, but in
both cases the improvement is likely due to an amelioration of hepatic steatosis.

In

contrast, ASO-mediated CGI-58 knockdown significantly improves Akt phosphorylation
in the liver despite marked accumulation of TAG, DAG, and ceramides.1,

2

Thus,

although ATGL and CGI-58 are both implicated in regulating systemic insulin
sensitivity, only CGI-58 knockdown improves hepatic insulin signaling.1,

2

Whereas

liver-specific ATGL deficiency41 or overexpression44 does not alter hepatic inflammation
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in HFD-fed mice, CGI-58 knockdown in the liver significantly blunts phosphorylation of
IκBα, JNK, and S6 in response to inflammatory cytokines (TNFα, IL-1β, IL-6).1 In
addition, CGI-58 knockdown in the liver is associated with the prevention of HFDinduced stress kinase activation (IKK, mTOR, S6K1, JNK) and prevention of serine
phosphorylation of insulin receptor substrate-1 (IRS1) at Ser1101.1 It is well-known that
phospholipase D (PLD)-derived PA can activate the mammalian target of rapamycin
complex 1 (mTORC1).47-50 mTORC1 then activates S6 kinase 1 (S6K1) which
phosphorylates IRS-1 on serines residues and inhibits insulin signaling.51 Since CGI-58
knockdown prevents HFD-induced phosphorylation of IRS1(Ser1101) in the liver,1 it is
possible that CGI-58-derived PA can directly activate mTORC1 to dampen insulin
signaling (Figure 1B). Recently, Zhang and colleagues elegantly demonstrated that PA in
the glycerolipid synthetic pathway can impair mTORC2-mediated phosphorylation of
Akt (Ser473) in mouse primary hepatocytes.52 Although we did not examine mTORC2
activity in the context of CGI-58 knockdown, this mechanism could also contribute to
improved Akt phosphorylation (Ser473) in the liver of CGI-58 ASO-treated mice.1 Taken
together, it is possible that CGI-58-derived PA could both activate mTORC1 and
diminish mTORC2 activity (Figure 1B). Improved insulin signaling could also alter
hepatic TAG metabolism in CGI-58 ASO-treated mice. Insulin suppresses VLDL
secretion,53 likely through apoB degradation54 and reduced FoxO1-driven MTP
expression.55-57 It is tempting to speculate that reduced VLDL secretion in CGI-58 ASOtreated mice2 might partially result from improved Akt-mediated inactivation of FoxO1.1
Collectively, these studies suggest that CGI-58 regulates insulin action in the liver
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through an ATGL-independent mechanism, either the generation of PA through LPAAT
activity or perhaps an unknown function of CGI-58 in signaling pathways.

The Role of CGI-58 and ATGL in Lipid Signaling
We have shown that the attenuation of hepatic inflammation in CGI-58 ASOtreated mice is associated with changes in multiple lipid species with signaling potential.1
Signaling defects are apparent downstream of several cytokine receptors, and it is
difficult to identify which lipid species are ultimately responsible for the effects on
signaling.1 Although LPAAT activity is the only enzymatic function of CGI-58 described
to date,10, 11 it is possible that CGI-58 may also bind other lipid substrates in addition to
LPA. CGI-58-generated PA could act directly in signaling pathways or serve as a
precursor to other signaling glycerophospholipid species (Figure 1B). In fact, the effects
of CGI-58 knockdown on inflammation likely result from changes in multiple lipid
species. We were not able to detect a change in total hepatic LPAAT activity in CGI-58
ASO-treated mice.1 Similarly, total LPAAT activity is unchanged in whole liver lysates
from CGI-58-/- mice.9 However, this does not rule out an important role for CGI-58 as a
signaling LPAAT in the liver. The levels of CGI-58-derived PA could be masked by
total cellular PA from other sources and might act locally without a major impact on total
glycerophospholipid levels. In addition, CGI-58 activity in vivo could be regulated by
mechanisms not detectable in cell lysates. These factors may explain why seemingly
modest changes in hepatic PA and other glycerophospholipid species have a profound
effect on inflammatory signaling in CGI-58 ASO-treated mice.1 It is also possible that
signaling lipids could derive from CGI-58’s ability to co-activate ATGL-mediated TAG
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hydrolysis (Figure 1B).7-9 The effect of ATGL deficiency on hepatic inflammatory kinase
activation has not been reported. However, liver-specific ATGL deficiency does not alter
hepatic inflammatory cytokine expression in HFD-fed mice.41 Interestingly, Fuchs and
colleagues58 recently reported that ATGL-/- mice are protected from hepatic ER stress and
inflammatory gene expression (TNFα, iNOS) in response to tunicamycin. In
macrophages, ATGL deficiency results in lower IL-6 expression and impaired
migration.59 Further studies are needed to clarify whether specific inflammatory
pathways are altered by ATGL deficiency. Haemmerle and colleagues recently showed
that ATGL-/- mice have severely blunted PPARα target gene expression in the liver and
heart, and that ATGL-mediated TAG hydrolysis is required for the activation of hepatic
gene transcription by the PPARα-PCG-1 complex.60 In agreement, Ong and colleagues42
reported that adenoviral knockdown of ATGL in mice results in lower hepatic expression
of PPARα and target genes. ATGL-mediated lipolysis can also activate PPARα in
adipose tissue.32, 33 Adipose-specific ATGL knockout mice have reduced PPARα binding
to genes involved in thermogenesis and show impaired thermogenesis similar to PPARα-/mice.32 Conversely, adipose-specific ATGL overexpression results in elevated
thermogenic gene expression and FA oxidation in adipose tissue.33 Collectively, these
studies suggest that ATGL-mediated TAG hydrolysis generates endogenous ligands of
PPARα (Figure 1B). Remarkably, long-term treatment with a PPARα agonist prevents
cardiomyopathy-related death and completely reverses hepatic TAG accumulation in
ATGL-/- mice.60 Hepatic PPARα target gene expression is also lower in CGI-58 ASOtreated mice2 (unpublished data), possibly reflecting the loss of PPARα ligands derived
from ATGL-mediated TAG hydrolysis. Alternatively, CGI-58 could generate PPARα
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ligands through glycerophospholipid pathways. In addition to signaling in the liver,1 it is
possible that CGI-58 could function in lipid signaling in the nervous system, since
neurological disorders are frequently observed in NLSDI patients.12,

13

Interestingly,

ABHD4, which shares the highest sequence homology (55%) with CGI-58/ABHD5, has
been shown to generate precursors for endocannabinoid signaling lipids in the central
nervous system.6 In sum, further studies will be needed to examine the role of ATGL in
inflammatory signaling and to determine the source of CGI-58-derived signaling lipids in
the liver,1 as well as putative signaling functions in other tissues.

Conclusion
In summary, several recent studies provide insight into possible ATGLindependent functions of CGI-58 in humans and mice (Table 1). Despite significant
advances in our understanding of the biochemistry of CGI-58, the primary physiological
function of CGI-58 still remains unclear. An important next step will be clearly
distinguishing which effects of CGI-58 deficiency result from decreased ATGL-mediated
lipolysis versus altered signal transduction. Based on the studies discussed here, several
questions remain: Does CGI-58 knockdown limit ATGL-mediated lipolysis in vivo?
What is the function of CGI-58 in adipose tissue, and why are CGI-58 ASO-treated mice
protected from obesity while ATGL-/- mice are obese? Do ATGL and CGI-58 promote
hepatic TAG mobilization through distinct or common mechanisms? Does CGI-58
regulate hepatic insulin signaling and inflammation through ATGL-mediated lipolysis or
through LPAAT activity? Which CGI-58-derived signaling lipids promote inflammatory
signaling in the liver? The answers to these and similar questions will greatly advance our
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understanding of how CGI-58 and ATGL are related to the development of metabolic
disease. Tissue-specific CGI-58 and ATGL knockout mouse models will be essential to
understanding cell-autonomous alterations in signaling and metabolism. In conclusion,
both CGI-58 and ATGL are critical enzymes in the regulation of TAG metabolism and
cellular signaling, yet many additional studies are required to clarify their individual
contributions to NLSD, obesity, and type 2 diabetes.
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Figure 1: CGI-58 and ATGL Functions in Adipocytes and Hepatocytes
(A) Within the adipocyte, triacylglycerol (TAG) hydrolysis is dynamically regulated by
hormones to ensure appropriate metabolic adaptation to nutritional and physiologic cues.
In the basal state, CGI-58 is primarily sequestered by perilipin-1(Plin-1) at the lipid
droplet, ATGL is localized at the lipid droplet, and hormone sensitive lipase (HSL)
resides in the cytoplasm. Downstream of catecholamine stimulation through β-adrenergic
receptors (βAR), cAMP-activated protein kinase A (PKA) phosphorylates Plin-1 and
HSL. Plin-1 phosphorylation results in the release of CGI-58. CGI-58 reversibly
disperses to the cytoplasm, while a small amount remains at the lipid droplet, interacting
with ATGL to co-activate TAG hydrolysis. Meanwhile, phosphorylated HSL translocates
to the lipid droplet and interacts closely with Plin-1, preferentially hydrolyzing
diacylglycerol (DAG) to monoacylglycerol (MAG). In the final step of lipolysis, MAG is
hydrolyzed by MAG lipase (MAGL), leading to glycerol release from the adipocyte.
Based on the localization of CGI-58 in the cytoplasm during stimulated lipolysis, CGI-58
may have a physiological function distinct from the co-activation of ATGL-mediated
lipolysis. The role of CGI-58 LPA acyltransferase (LPAAT) activity in adipocytes is not
known, but CGI-58-derived PA and downstream products might participate in signal
transduction.
(B) Within the hepatocyte, CGI-58 generates signaling lipids to activate inflammatory
kinases and dampen insulin signaling. Downstream of nutrient oversupply or systemic
inflammation, CGI-58-derived PA could serve as a precursor to pro-inflammatory
signaling lipids that lead to the activation of stress kinases such as IκB kinase (IKK), cjun N-terminal kinase (JNK) and mammalian target of rapamycin (mTOR). CGI-58-
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derived PA might directly activate mTOR complex 1(mTORC1), similar to PA generated
by phospholipase D (PLD). mTORC1 activates S6 kinase 1 (S6K1) which phosphorylates
insulin receptor substrate-1 (IRS-1) at Ser1101 and other residues to inhibit insulin
signaling through the insulin receptor (IR). mTOR complex 2 (mTORC2) mediates
insulin action by phosphorylating Akt at Ser473. PA generated within the glycerolipid
synthesis pathway can impair insulin signaling through mTORC2. CGI-58-derived PA
might also inactivate mTORC2 to prevent Akt phosphorylation. Phosphorylated Akt
inactivates forkhead box protein O1 (FoxO1), a transcription factor that drives expression
of genes involved in gluconeogenesis and very low density lipoprotein (VLDL) secretion.
In addition to signaling lipids derived through CGI-58 LPAAT activity, it is possible that
ATGL-mediated lipolysis could produce precursors to signaling lipids. Products of
ATGL-mediated lipolysis can serve as signaling lipids to activate PPARα, a transcription
factor that drives oxidative gene expression. CGI-58’s role in hepatic TAG mobilization
and PPARα target gene expression is likely ATGL-dependent (blue lines). Unlike CGI58, ATGL does not significantly affect hepatic insulin signaling. Thus, CGI-58’s role in
the regulation of insulin signaling is proposed to be independent of ATGL (red lines).
Direct effects are denoted by solid lines. Potential pathway effects are indicated by dotted
lines. CGI-58, Comparative Gene Identification-58; ATGL, Adipose Triglyceride Lipase;
LPA, lysophosphatidic acid; PA, phosphatidic acid; PI3Ks, phosphoinositide 3 kinases;
PDPK1, phosphoinositide dependent protein kinase 1; GPAT, glycerol-3-phosphate
acyltransferases;

AGPAT,

sn-1-acylglycerol-3-phosphate

acyltransferase;

phosphatidic acid phosphatase; DGAT, diglyceride acyltransferase.
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STATEMENT OF PURPOSE
Human CGI-58 mutations result in significant pathology, including ichthyosis, fatty liver
disease, and neurological disabilities. Whereas the effects of ATGL mutations can be
attributed to the function of ATGL as a major TAG hydrolase to release fatty acids for a
number of important pathways, the known function of CGI-58 to co-activate ATGL does
not fully explain the effects of CGI-58 mutations in the skin, liver, and nervous system.
The co-activation of ATGL is widely described as the primary function of CGI-58, but
the model of co-activation remains unverified at the physiological level. Moreover, cellbased studies and previous mouse models have not addressed the existence of ATGLindependent functions of CGI-58. Thus, the physiological importance of CGI-58 has not
been adequately studied, despite the evidence in humans that CGI-58 is a critical protein
in lipid metabolism and inflammation. The overall purpose of this dissertation is to
advance the understanding of CGI-58 in metabolic stress and inflammation, using
antisense oligonucleotide-mediated knockdown of CGI-58 in adult mice. The objective of
Chapter II is to examine how CGI-58 knockdown dissociates severe hepatic lipid insult
from insulin resistance and glucose intolerance. The objective of Chapter III is to directly
test the co-activation model for the first time at the physiological level, using a unique
and novel mouse model of CGI-58 and ATGL double deficiency. This model also allows
identification of ATGL-independent effects of CGI-58 deficiency. Together, these studies
aim to address the significant lack of physiological understanding of CGI-58 and lead the
way for continued research by uncovering novel functions of CGI-58 in metabolic
tissues.
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CGI-58/ABHD5-Derived Signaling Lipids Regulate
Systemic Inflammation and Insulin Action.
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ABSTRACT
Mutations of comparative gene identification 58 (CGI-58) in humans cause ChanarinDorfman Syndrome (CDS), a rare autosomal recessive disease in which excess triacylglycerol
(TAG) accumulates in multiple tissues. CGI-58 has recently been ascribed two distinct
biochemical activities, including coactivation of adipose triglyceride lipase (ATGL) and
acylation of lysophosphatidic acid (LPA). Importantly, both the substrate (lysophosphatidic
acid) and the product (phosphatidic acid) of the lysophosphatidic acid acyltransferase
(LPAAT) reaction are well known signaling lipids. Therefore, we hypothesized that CGI58 is involved in generating signaling lipids in vivo. We examined the effect of CGI-58
knockdown on insulin resistance, cytokine signaling, and the systemic response to acute and
chronic inflammatory stimuli in mice. Here we show that CGI-58 is required for the
generation of signaling lipids in response to inflammatory stimuli, and that lipid second
messengers generated by CGI-58 play a critical role in maintaining the balance between
inflammation and insulin action. Furthermore, we show that CGI-58 is necessary for maximal
tumor necrosis factor alpha (TNFα) signaling in the liver. This novel role for CGI-58 in
cytokine signaling may explain why diminished CGI-58 expression causes severe hepatic lipid
insult, yet paradoxically improves hepatic insulin action. These findings establish that, in
addition to its ability to coactivate ATGL to promote TAG hydrolysis, CGI-58 provides a
novel source of signaling lipids. These findings contribute insight into the basic mechanisms
linking TH1 cytokine signaling to nutrient metabolism.
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INTRODUCTION
CGI-58, also known as α/β hydrolase domain-containing protein 5 (ABHD5), has
recently gained attention a master regulator of TAG hydrolysis and phospholipid
metabolism (1-4). However, molecular mechanisms by which CGI-58 regulates these
metabolic processes and are still incompletely understood. Since the discovery that
mutations in CGI-58 cause CDS (6), several groups have studied CGI-58’s biochemical
properties in vitro (2-4). An important advancement on this front came when it was
demonstrated that CGI-58 indirectly promotes TAG hydrolysis by coactivating ATGL
(1). However, recent studies in mice with diminished levels of CGI-58 clearly show that
ATGL-independent functions for CGI-58 must also exist (2,5). In addition to activating
ATGL, CGI-58 catalyzes the acylation of lysophosphatidic acid (LPA) to generate the
critical lipid second messenger phosphatidic acid (PA). Both the substrate (LPA) and the
product (PA) of the LPAAT reaction are well known signaling lipids with critical roles in
angiogenesis, cardiac development, carcinogenesis, and immunity (7-9). Furthermore,
fibroblasts from CDS patients have dramatically altered rates of synthesis and turnover of
other major lipids with signaling potential including phosphatidylcholine (PC),
phosphatidylinositol (PI), and phosphatidylserine (PS) (10,11). Given the central
importance of lipid mediators in growth factor and cytokine-mediated signal transduction
(7-9), we reasoned that CGI-58 may be a novel source of signaling lipids. Unfortunately,
conventional gene targeting of CGI-58 in mice results in premature lethality (5). To
circumvent this, we have utilized targeted antisense oligonucleotides (ASOs) to test
whether CGI-58 plays a quantitatively important role in the generation of signaling lipids in
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vivo. Our findings show that CGI-58 is a novel source of signaling lipids that link
inflammation to TAG and glucose metabolism.
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RESEARCH DESIGN AND METHODS

Mice
Male C57BL/6N mice (Harlan) were maintained on standard rodent chow or a high fat
diet (HFD) for a period of 4-10 weeks, and simultaneously injected with antisense
oligonucleotides (ASO) targeting knockdown of CGI-58 as previously described (2). The
diets and ASOs used here have been described elsewhere (2). The HFD was prepared by
our institutional diet core, and contains ~45% of energy as lard (16:0 = 23.3%, 18:0 =
15.9%, 18:1 = 34.8%, 18:2 = 18.7%). The 20-mer phosphorothioate ASOs were designed
to contain 2'-0-methoxyethyl groups at positions 1 to 5 and 15 to 20, and were
synthesized, screened, and purified as described previously (12) by ISIS Pharmaceuticals
(Carlsbad, CA). The CGI-58 ASO used in the current studies was described as CGI-58
ASOβ in our previous work (2). All mice were maintained in an American Association for
Accreditation of Laboratory Animal Care- approved specific pathogen-free environment
on a 12:12 light:dark cycle and allowed free access to regular chow and water. All
experiments were performed with the approval of the institutional animal care and use
committee.

LPS-induced acute phase response
Mice were injected with control or CGI-58 ASOs and maintained on standard chow or a
HFD for a period of 4 weeks as previously described (2). After 4 weeks of ASO
treatment, mice were injected intraperitoneally with either saline or 5   µg   LPS
(Escherichia coli 0111:B4). Following injection, plasma was collected at 1h by
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submandibular puncture (for TNFα measurements), and exactly 6 hours post injection
mice were terminally anesthetized with ketamine/xylazine (100-160mg/kg ketamine-2032mg/kg xylazine). Thereafter, a midline laparotomy was performed, and blood was
collected by heart puncture. Following blood collection, a whole body perfusion was
conducted by puncturing the inferior vena cava and slowly delivering 10 ml of sterile
0.9% saline into the left ventricle of the heart to remove residual blood. Multiple tissues
were collected and snap frozen for subsequent analysis.

In Vivo Insulin Signaling Analyses
Mice were injected with control or CGI-58 ASOs and maintained on standard chow or a
HFD for a period of 8 weeks as previously described (2). After an overnight fast (11:00
p.m. - 9:00 a.m.), mice were anesthetized with isoflurane (4% for induction, 2% for
maintenance), and were maintained on a 37oC heating pad to control body temperature. A
minimal midline laparotomy was performed and the portal vein was visualized. Sterile
saline or recombinant human insulin (0.5 U/kg body weight; Novo Nordisk, Inc) was
administered directly into the portal vein. Exactly 5 minutes later, tissues were excised
without saline perfusion and immediately snap frozen in liquid nitrogen. Protein extracts
from tissues were analyzed by Western blotting as previously described (13-15).

In Vivo Hepatic TNFa Signaling Analyses
Mice were injected with control or CGI-58 ASOs and maintained on standard chow or a
HFD for a period of 4 weeks as previously described (2). After an overnight fast (11:00
p.m. - 9:00 a.m.), mice were anesthetized with isoflurane (4% for induction, 2% for
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maintenance), and were maintained on a 37oC heating pad to control body temperature. A
minimal midline laparotomy was performed and the portal vein was visualized. Saline or
mouse recombinant TNFα (10 ng per mouse; R & D Systems # 410-MT) was
administered directly into the portal vein. Exactly 5 minutes later, the liver was excised
without saline perfusion and immediately snap frozen in liquid nitrogen. Protein extracts
from tissues were analyzed by Western blotting as previously described (13-15), and lipid
extracts were analyzed using mass spectrometry methods (16) as described in detail
below.

Cytokine Signaling in Primary Hepatocytes
Following 4 weeks of ASO treatment, mouse primary hepatocytes were isolated by
collagenase perfusion from chow-fed mice as previously described (17). Hepatocytes
were cultured for 3-6 hours to dampen serum-driven signaling, and then stimulated with
recombinant mouse TNFα (100 ng/ml; R&D systems #410-MT), IL-1β (10 ng/ml; R&D
systems #401-ML), or IL-6 (10 ng/ml; R&D systems #406-ML/CF) over an acute time
course. Protein extracts from tissues were analyzed by Western blotting for phospho-cjun N-terminal kinase (p-JNK; Thr183/Tyr185), phospho-S6 ribosomal protein (p-S6;
Ser235/236), and beta-actin (β-actin) as previously described (13-15).

Plasma Biochemistries
Detailed descriptions of plasma lipid and lipoprotein analyses have been previously
described (14,15) Plasma cytokines were quantified by multiplex assay (Bio-Plex; BioRad) as previously described (18). In some cases (Figure 4A), the level of plasma TNFα
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was determined by enzyme-linked immunosorbent assay (R & D systems # MTA00).

Lysophosphatidic acid acyltransferase (LPAAT) activity assay
Whole liver homogenates were prepared from snap frozen mouse liver by dounce
homogenization in 50 mM Tris pH 7.5, 300 mM NaCl, 50 mM NaF, and Sigma protease
inhibitor cocktail just prior to assay. Cellular debris was removed by centrifugation at
1000xg for 15 minutes at 4oC, and the supernatant was used for determination of protein
content by Lowry assay (19). Total hepatic LPAAT activity was determined by
measuring the conversion of [1-14C]-oleoyl-CoA to [1-14C]-PA as previously described
(3). The reaction was assembled in 100 µl of 50 mM Tris (pH 7.5) containing 50 µM
oleoyl-sn1-glycerol-3-phosphate (Avanti Polar Lipids, Alabaster, AL), and 10 µM [114

C]-oleoyl-CoA (specific activity 8,000 dpm/nmol) using 5 µg of whole liver

homogenate, and continued for 10 minutes at 30oC.

Immunoblotting
Whole tissue homogenates were made from multiple tissues in a modified RIPA buffer as
previously described (13-15). Proteins were separated by 4–12% SDS-PAGE, transferred
to polyvinylidene difluoride (PVDF) membranes, and proteins were detected after
incubation with specific antibodies. Information on antibodies used are available upon
request.

Hepatic Neutral Lipid and Glycerophospholipid Analyses
Extraction of liver lipids for enzymatic quantification of total TAG, cholesteryl esters
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(14,15), free cholesterol (FC), and PL was performed as previously described (82,83).
Glycerophospholipids were extracted using a modified Bligh and Dyer procedure (20).
Approximately 10 mg of frozen mouse liver was homogenized in 800 µl of ice-cold 0.1
N HCl:CH3OH(1:1) using a tight-fit glass homogenizer (Kimble/Kontes Glass Co,
Vineland, NJ) for about 1 min on ice. Suspension was then transferred to cold 1.5-ml
microfuge tubes (Laboratory Product Sales, Rochester, NY, USA) and vortexed with 400
µl of cold CHCl3 for 1 minute. The extraction proceeded with centrifugation (5 min, 4 oC,
18,000 x g) to separate the two phases. The lower organic layer was collected and the
solvent was evaporated. The resulting lipid film was dissolved in 100 µl of
isopropanol:hexane:100 mM NH4CO2H(aq) 58:40:2 (mobile phase A). Quantification of
glycerophospholipids was achieved by the use of an LC-MS technique employing
synthetic (non-naturally occurring) diacyl and lysophospholipid standards. Typically, 200
ng of each odd-carbon standard was added per 10-20mg tissue. Glycerophospholipids
were analyzed on an Applied Biosystems/MDS SCIEX 4000 Q TRAP hybrid triple
quadrupole/linear ion trap mass spectrometer (Applied Biosystems, Foster City, CA,
USA) and a Shimadzu high pressure liquid chromatography system with a Phenomenex
Luna Silica column (2 × 250 mm, 5-µm particle size) using a gradient elution as
previously described (16). The identification of the individual species, achieved by
LC/MS/MS, was based on their chromatographic and mass spectral characteristic. This
analysis allows identification of the two fatty acid moieties but does not determine their
position on the glycerol backbone (sn-1 versus sn-2). Triacyl-, diacyl- and
monoacylglycerols (TAG, DAG, MAG) from frozen mouse liver tissue (10-15 mg) were
extracted by homogenizing tissue in the presence of internal standards (500 ng each of
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14:0 MAG, 24:0 DAG and 42:0 TAG) in 2 ml 1X PBS and extracting with 2 ml ethyl
acetate:trimethylpentane (25:75). After drying the extracts the lipid film was dissolved in
1 ml hexane:isopropanol (4:1) and passed through a bed of Silicagel 60 Å to remove
remaining polar phospholipids. Solvent from the collected fractions was evaporated and
lipid film was redissolved in 100 µl 9:1 CH3OH:CHCl3, containing 10µl of 100mM
CH3COONa for MS analysis essentially as described (21)..

Quantitative Real-Time PCR (Q-PCR)
Tissue RNA extraction and qPCR was conducted as previously described (14,15).
Cyclophilin or hypoxanthine phosphoribosyltransferase 1 (HPRT1) were used as
invariant controls for these studies, and expression levels were calculated based on the
ΔΔ-CT method. Q-PCR was conducted using the Applied Biosystems 7500 Real-Time
PCR System. Primers used for Q-PCR are available on request.

Statistical Analysis
All data are expressed as the mean ± S.E.M., and were analyzed using either a one-way
or two-way analysis of variance (ANOVA) followed by Student’s t tests for post hoc
analysis using JMP version 5.0.12 software (SAS Institute, Cary, NC).
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RESULTS

CGI-58 Knockdown (KD) Paradoxically Improves Hepatic Insulin Signaling. Our
original interest in CGI-58’s role in intracellular signaling was sparked by the
unexplained “metabolic paradox” apparent in mice with diminished CGI-58 function
(Figure 1). We have discovered that CGI-58 KD results in striking hepatic steatosis
(Figure 1A; 2), yet paradoxically improves systemic glucose and insulin tolerance (2). It
is well accepted that hepatic lipotoxicity, and more specifically the hepatic accumulation
of signaling lipids such as diacylglycerols (DAGs) and ceramides, is linked to insulin
resistance (22). However, hepatic lipid insult is not sufficient to cause insulin resistance
in CGI-58 ASO-treated mice (Figure 1, 2). Instead, CGI-58 KD actually improves
systemic insulin action despite these metabolic abnormalities (2). To confirm that the
hepatic steatosis seen in CGI-58 ASO-treated mice were indeed dissociated from primary
defects in insulin signaling, we analyzed acute Akt and FoxO1 phosphorylation in
response to portally administered insulin (Figure 1B-1G). In agreement with previous
measures of systemic glucose and insulin tolerance (2), CGI-58 KD significantly
improved hepatic insulin signaling (Figure 1B and 1E). CGI-58 KD had no significant
impact on insulin-stimulated Akt phosphorylation in skeletal muscle (Figure 1C and 1F)
and adipose tissue (Figure 1D and 1G). Collectively, these data have uncovered an
unexpected role for CGI-58 in dissociating hepatic steatosis from insulin resistance. This
prompted us to examine the molecular basis for this dissociation.
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CGI-58 KD Prevents High Fat Diet-Induced Hepatic Stress Kinase Activation. CGI58 ASO-treated mice have elevated hepatic levels of multiple lipid species including
triacylglycerols (TAGs) (Supplementary Figure 1), DAGs (Supplementary Figure 2),
monoacylglycerols (MAGs) (Supplementary Figure 3), and ceramides (2), yet
accumulation of these lipid intermediates is insufficient to cause local insulin resistance
(Figure 1B and 1E). Thus, other factors must overcome this lipid insult to improve insulin
signaling in the liver. In addition to the lipid hypothesis of insulin resistance (22), chronic
elevation of pro-inflammatory TH1 cytokine action in metabolic tissues also promotes
insulin resistance (23-28). Importantly, both lipid- and cytokine-induced insulin
resistance involve the chronic activation of stress kinase signaling pathways such as IκB
kinase β (IKKβ) (24,25), S6 kinase 1 (S6K1) (26), the mammalian target of rapamycin
(mTOR) (26,27), and c-Jun amino-terminal kinases (JNK) (28) which dampen insulin
signaling by phosphorylating serine residues of insulin receptor substrate proteins (IRS-1
& IRS-2). Hence, we examined circulating levels of pro-inflammatory cytokines and the
activation state of cytokine-induced stress kinases (IKKβ, S6K1, mTOR, and JNK) in
metabolic tissues of CGI-58 ASO-treated mice (Figure 2). CGI-58 KD caused modest
elevations in the plasma levels of several pro-inflammatory cytokines (IL12p40, MCP-1,
MIP-2, KC, RANTES, and IL-6) in chow-fed mice, and several of these cytokines were
further increased by HFD feeding (Figure 2A). However, despite elevated circulating TH1
cytokines (Figure 2A), CGI-58 ASO treated mice were completely protected against
HFD-induced activation of stress kinases such as IKKβ, S6K1, and mTOR in the liver
(Figure 2B). In contrast, HFD-induced activation of these kinases was not altered in
adipose tissue (Figure 2C). CGI-58 KD also prevented HFD-induced serine
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phosphorylation of IRS-1 (Serine 1101) in the liver (Supplementary Figure 13A, C), but
did not alter IRS-1 phosphorylation in adipose tissue (Supplementary Figure 13B, D).

CGI-58 KD Prevents Maximal TNFα Signaling in the Liver. The LPAAT product
(PA) is a known lipid second messenger generated acutely in response to TNFα (29), IL-1
(30), and Lipid A (31) in cell models. Moreover, LPAAT inhibitors can blunt
inflammatory cytokine action in models of sepsis (32) and acute lung injury (33). To
further test whether CGI-58 could contribute to TH1 cytokine signaling in the liver, we
examined the generation of lipid second messengers and activation of downstream
kinases in response to TNFα administration (Figure 3). Hepatic TNFα signaling was
interrogated based on its well-known ability to dampen insulin signaling (23) and
promote TAG hydrolysis (34), two pathways that are regulated by CGI-58 in vivo (1,2).
To examine acute TNFα signaling, we portally administered physiological levels of
recombinant TNFα and analyzed signaling lipid generation at five minutes post
stimulation. In control ASO-treated mice, TNFα treatment elicited a small (18%) but
significant increase in hepatic total PA levels, compared to saline treatment (Figure 3A).
Importantly, CGI-58 KD prevented TNFα-induced PA generation (Figure 3A). Neither
TNFα nor CGI-58 KD significantly altered total hepatic LPAAT activity (Figure 3B),
which was not surprising since multiple LPAAT enzymes are expressed in mouse liver
(35). Interestingly, CGI-58 KD specifically prevented TNFα-driven increases in 34:2 PA
and 38:4 PA species (Figure 3A), whereas other PA species were not altered
(Supplementary Figure 4). Additionally, CGI-58 KD reduced basal levels of multiple
hepatic glycerophospholipid (GPL) species with signaling potential (36:4 PA, 34:1 PE,
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34:2 PE, 36:1 PE, 36:2 PE, 36:4 PE, 36:2 PEp, 34:1 PC, 34:2 PC, and 40:6 PC)
regardless of TNFα treatment (Supplementary Figures 4-9). As previously reported (2),
CGI-58 KD also caused large increases in hepatic PG levels, independent of TNFα
treatment (Figure 3A and Supplementary Figure 10). Since TNFα signaling requires lipid
second messengers (29), we examined whether CGI-58 KD blunted downstream signal
transduction in the liver (Figure 3C). Five minutes post TNFα administration in vivo,
hepatic IκBα (an NfκB inhibitory protein) was hyperphosphorylated at serine 32 in
control mice, whereas CGI-58 KD significantly attenuated hepatic IκBα phosphorylation
(Figure 3C). To determine whether the role of CGI-58 in hepatic cytokine action was cell
autonomous, we isolated primary hepatocytes from CGI-58 ASO-treated mice. CGI-58
KD prevented JNK hyperphosphorylation and S6K1 activation in response to a timecourse stimulation with either TNFα (Figure 3D), IL-1β (Figure 3E), and IL-6 (Figure
3F). Collectively, these data suggest that CGI-58-generated signaling lipids may
participate in multiple cytokine signaling cascades, which deserves further exploration.

CGI-58 KD Alters the Systemic Response to Endotoxin. Although TH1 cytokines
(TNFα, IL-1β, and IL-6) have clearly been implicated in promoting chronic inflammatory
conditions that accompany obesity (23-28), TH1 cytokine action has been best
characterized in models of acute inflammation driven by microbial infection or tissue
injury (36,37). In acute inflammation, TH1cytokines are produced transiently by
macrophages and mast cells to promote tissue reprogramming typified by the hepatic
acute phase response (34,36,37). Interestingly, the acute phase response in the liver is
also associated with transient overproduction of very low-density lipoprotein (VLDL)-
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TAG (34) and insulin resistance (24,25), two pathways that are stimulated by CGI-58 in
vivo (2; Figures 1D, 1E, and 1F). To test whether CGI-58 participates in cytokine action
and TAG metabolism during acute inflammation, we injected CGI-58 ASO-treated mice
with a low dose of lipopolysaccharide (LPS, E. coli). In response to LPS, CGI-58 KD
significantly elevated plasma levels of TNFα, IL-6, and IL-12p40, compared to LPSinjected controls (Figure 4A). Notably, 1 hour after LPS injection, mice receiving CGI-58
ASOs had 5-fold more circulating TNFα than LPS-injected control mice (Figure 4A).
Despite the elevation in circulating TH1 cytokines (Figure 4A), LPS-induced expression
of TNFα and markers of the acute phase response (SAA and SAP) was significantly
reduced in livers of CGI-58 ASO-treated mice (Figure 4B). LPS-induced plasma levels of
SAA and haptoglobin were also decreased in CGI-58 ASO-treated mice (Figure 4A).
However, LPS induced higher expression of other cytokines such as IL-12p40 and IL-10
in the livers of CGI-58 ASO-treated mice (Figure 4B). Interestingly, in parallel to altered
circulating levels of cytokines (Figure 4A), LPS injection increased the expression of
TNFα, IL-6, IL12p40, and IL-10 in adipose of CGI-58 ASO-treated mice (Figure 4C).
Notably, the LPS response in white adipose tissue treated mice was unique in CGI-58
ASO-treated mice (Supplementary Figure 11). In support of this, LPS-induced expression
of IL-1β, TNFα, and several other TH1 cytokines was dramatically elevated in the white
adipose tissue of CGI-58 ASO treated mice, when compared to that of control mice
(Figure 4C, Supplementary Figure 11, data not shown). In contrast, LPS-driven
expression of IL-1β and TNFα was reciprocally diminished in the liver, lung, spleen, and
kidney of CGI-58 ASO treated mice, compared to LPS-injected controls (Supplementary
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Figure 11). Both white and brown adipose tissue from CGI-58 ASO treated mice had 4-7fold higher expression of the macrophage marker CD-68 (Supplementary Figure 11).
We surmised that the integrated inflammatory response to endotoxin was dramatically
altered by CGI-58 KD (Fig. 4 and Supplementary Figure 11). However, we were
concerned that this effect may be simply due to the abnormally high accumulation of
TAG in the liver of CGI-58 ASO treated mice (2; Supplementary Figure 1). To rule out
this possibility, we fed mice a high fat diet for 4 weeks, which increased hepatic TAG
levels to the same levels seen in chow-fed CGI-58 ASO- treated mice (Supplementary
Figure 12B). We then treated these HFD-fed mice with LPS to determine whether HFDinduced fatty liver could alter the acute phase response in a similar fashion to CGI-58
ASO treatment. Importantly, HFD feeding did not mimic the effects of CGI-58 KD on
LPS-driven plasma cytokine levels (Supplementary Figure 12C and 12D) or the hepatic
acute phase response (Supplementary Figure 12E). Moreover, CGI-58 ASO treatment
increased plasma TH1 cytokines and blunted the acute phase response of mice on both
chow and high fat diets (Supplementary Figures 12C, 12D, and 12E), further supporting
the idea that CGI-58 ASO-driven alteration in inflammatory signaling is an on-target
effect of the ASO, and not due to hepatic TAG accumulation.
Given CGI-58’s documented role in promoting adipose lipolysis (1) and hepatic
VLDL-TAG packaging (2), we examined these parameters in LPS injected, CGI-58
ASO-treated mice. LPS treatment increased plasma NEFA levels by 18% in chow-fed
control ASO-treated mice and 25% in chow-fed CGI-58 ASO-treated mice, indicating
that LPS-driven adipose lipolysis was similar between groups (data not shown).
However, in these same mice, the hepatic metabolic response to LPS was altered (Figure
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4D and 4E). LPS treatment of chow-fed CGI-58 ASO-treated mice resulted in a
significant (29%) increase in hepatic TAG levels (Figure 4D), but no comparable change
in control ASO-treated mice. Interestingly, LPS treatment caused a 73% increase in
plasma TAG levels in chow-fed control ASO-treated mice, yet caused no
hypertriglyceridemia in CGI-58 ASO-treated mice (Figure 4E). These data suggest that
hepatic CGI-58 plays a critical role in the overproduction of TAG-rich lipoproteins
during infection. Collectively, these data suggest that CGI-58 function is critical to both
the inflammatory and metabolic response to acute infection.
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DISCUSSION
Although it is generally accepted that CGI-58 indirectly regulates TAG metabolism by
co-activating ATGL (1), we now alternatively propose that CGI-58’s ability to acylate
LPA (3,4) also plays a critical role in CGI-58’s ability to modulate TAG metabolism and
insulin signaling. The major findings of the current study are: CGI-58 KD in mice 1)
improves insulin signaling in liver and skeletal muscle, 2) prevents HFD-induced stress
kinase activation, 3) prevents the generation of PA and other GPL species in response to
TNFα, thereby attenuating downstream signaling, and 4) alters the integrated
inflammatory response to endotoxin. In our current working model (Figure 5), we
propose that downstream of hepatic cytokine receptor activation, in response to
inflammatory stimuli such as HFD or LPS treatment, CGI-58 generates signaling lipids
either directly through direct acylation of LPA or indirectly by co-activating ATGLmediated TAG hydrolysis. CGI-58-generated PA, and likely other signaling lipids, can
subsequently act as lipid second messengers to activate stress kinases such IKK-β, S6K1,
and mTOR. These stress kinases can then facilitate serine phosphorylation of critical
residues on IRS-1, thereby dampening hepatic insulin signaling (Figure 5). This role in
cytokine signaling may partially explain why CGI-58 KD causes severe hepatic lipid
insult, yet improves hepatic insulin signaling.
It has now been a decade since the causal link between CGI-58 mutations and CDS
was established (6), yet molecular mechanism(s) by which CGI-58 prevents CDS has
remained elusive. Early studies using skin fibroblasts isolated from neutral lipid storage
disease (NLSD) or CDS patients showed that these cultured cells had striking
accumulation of intracellular TAG under normal growth conditions (10,11,38-41).
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However, the TAG accumulation could not be explained by alteration in mitochondrial
fatty acid uptake, β-oxidation, in vitro lipase activity, or TAG synthesizing enzyme
activity (10,11,38-41). Instead, it was found that NLSD fibroblasts had impaired turnover
of long-chain fatty acids from stored TAG (38-41). We have likewise demonstrated that
targeted knockdown of CGI-58 in hepatocytes impairs intracellular TAG hydrolysis in
vitro and in vivo (2,42). Interestingly, CGI-58 is a lipid-droplet associated protein in
adipocytes, achieving this subcellular localization by directly interacting with perilipin A
(43,44). However, it is important to note that CGI-58 is not always associated with lipid
droplets in non-adipocyte cell models (42-44), and the intracellular trafficking itinerary of
CGI-58 under hormonal or cytokine stimulation deserves further study.
The product of the LPAAT reaction, PA, is a well-studied signaling lipid (7-9,45-47).
In fact, PA participates in many cellular signal transduction pathways and regulates
membrane trafficking (7-9,45-47). It is generally accepted that PA regulates cell
signaling by physically interacting with target proteins through defined PA-binding
motifs, thereby altering either membrane localization or activation state. Bona fide PA
binding proteins include protein kinases, phosphatases, phosphodiesterases, scaffolding
proteins, and small guanine nucleotide exchange factors (7-9,45-47). Although the
majority of acute cytokine-stimulated PA generation has been attributed to the enzymatic
hydrolysis of PC through the action of phospholipase D (PLD) (45-47) or the
phosphorylation of diacylglycerol (DAG) by DAG kinases (48), there is growing
evidence that LPAAT enzymes make substantial contributions to endotoxin- and
cytokine-stimulated PA generation (29-33). In fact, pharmacologic inhibition of LPAAT
activity protects mice against endotoxic shock, lung injury, and pancreatic islet
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dysfunction in response to endotoxin and IL-1 (32,33,49,50), implicating LPAATderived PA in promoting inflammatory disease. Undoubtedly, PA is a central lipid
signaling molecule that can be synthesized or broken down by a number of enzymatic
pathways (45-50). We propose that CGI-58-driven synthesis of PA represents a novel
lipid signaling pathway that may have important implications in human diseases such as
the metabolic syndrome and CDS. CGI-58 KD in mice prevents diet-induced obesity and
decreases fat pad mass (2), suggesting a defect in lipid storage by adipose tissue. The
possibility that CGI-58-generated signaling lipids may regulate adipocyte function in vivo
deserves further investigation. The signaling function of CGI-58 may also have
implications for neurological defects in CDS, including ataxia, mental retardation, and
hearing loss. Given that global deficiency of CGI-58 results in postnatal lethality, tissuespecific CGI-58 knockout mice will be required to further dissect the role of CGI-58generated signaling lipids in these other biological processes. In conclusion, these studies
demonstrate that CGI-58 is a novel source of signaling lipids that integrate inflammation
and nutrient metabolism.
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Figure 1.
CGI-58 knockdown dissociates hepatic steatosis from insulin resistance. (A) Photographs
depicting hepatic steatosis and adiposity in C57BL/6N mice fed either a chow or high fat
diet (HFD) for 10 weeks in conjunction with biweekly injections (25 mg/kg) of either a
non-targeting control antisense oligonucleotide (Control ASO) or ASO targeting
knockdown of CGI-58 (CGI-58 ASO). (B-G) Despite hepatic lipid insult, knockdown of
CGI-58 enhances insulin signaling. Mice were fed either a chow or HFD and treated with
ASOs for 8 weeks. Mice were fasted for 10 hours prior to saline or insulin injection into
the portal vein. Exactly 5 minutes later, tissues were excised and immediately snap frozen
in liquid nitrogen. Protein extracts from the liver (B), skeletal muscle (C), and adipose
tissue (D) were analyzed by Western blotting for total Akt, phospho-Akt (Ser473 &
Thr308), and phospho- FoxO1 (Ser256); 3 representative animals are shown for each
group. Phospho-Akt protein levels were normalized to total Akt in liver (E), skeletal
muscle (F), and adipose tissue (G). White bars= Control ASO; black bars= CGI-58 ASO.
Data represent the mean ± SEM from 3 mice per group, and values not sharing a common
superscript differ significantly (p <0.05).
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Figure 2.
CGI-58 knockdown alters high fat diet-induced inflammation: Evidence of hepatic
cytokine resistance. C57BL/6N mice were fed either a standard chow or high fat diet
(HFD) in conjunction with biweekly injections ofeither a non-targeting control antisense
oligonucleotide (white bars) or ASO targeting knockdown of CGI-58 (black bars) for 10
weeks. (A) Plasma levels of proinflammatory cytokines including interleukins 6 (IL-6)
and 12 p40 (IL-12p40), monocyte chemoattractant protein 1 (MCP-1), macrophage
inflammatory protein 2 (MIP-2), CXCL1 (KC), and Regulated upon Activation, Normal
T-cell Expressed, and Secreted (RANTES). Data represent the mean ± SEM from 5 mice
per group, and values not sharing a common superscript differ significantly (p <0.05).
ND = Levels below limit of detection. (B,C) High fat diet-induced stress kinase
activation. Representative immunoblots from liver (B) or epididymal adipose tissue (C)
are shown for phospho-IκB kinase alpha/beta (p-IKKα/β; Ser176/180), phosphomammalian target of rapamycin (p-mTOR; Ser2448), and phospho-S6 ribosomal protein
(p-S6; Ser235/236). Membranes were probed for beta-actin (β-actin) and CGI-58 to serve
as loading controls; data from 4 representative animals are shown for each group.
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Figure 3.
CGI-58-generated signaling lipids are necessary for maximal TNFα signaling in the liver.
(A-C) Mice were maintained on a chow diet for 4 weeks in conjunction with biweekly
injections (25 mg/kg) of either a non-targeting control antisense oligonucleotide (white
bars) or ASO targeting knockdown of CGI-58 (black bars). Mice were fasted for 10 hours
prior to injection of saline or TNFα (10 ng) into the portal vein. Exactly 5 minutes later,
the liver was excised and immediately snap frozen in liquid nitrogen for signaling
analyses. (A) Hepatic levels of phosphatidic acid (PA) and phosphatidylglycerol (PG)
were analyzed by mass spectrometry. (B) Total hepatic lysophosphatidic acid
acyltransferase (LPAAT) activity. Data in panels A-B represent the mean ± SEM from 4
mice per group, and values not sharing a common superscript differ significantly (p
<0.05). (C) Protein extracts from the liver were analyzed for total IκB alpha (IκBα) and
phospho-IκBα (p-IκBα, Ser32); data from 4 representative animals are shown for each
group. (D-F) Acute stress kinase activation in primary hepatocytes. Following 4 weeks of
ASO treatment, hepatocytes were isolated from control and CGI-58 ASO-treated mice by
collagenase perfusion. Freshly isolated hepatocytes were stimulated for 15 minutes (15’)
or 1 hour (1h) with 100 ng/ml TNFα (D), 10 ng/ml IL-1β (E), and 10 ng/ml IL-6 (F).
Downstream signaling was analyzed by immunoblotting for phospho-c-jun N-terminal
kinase (p-JNK; Thr183/Tyr185), phospho-S6 ribosomal protein (p-S6; Ser235/236), and
beta-actin (β-actin). Data in panels D-F represent responses of hepatocytes isolated from
3 individual mice per condition
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Figure 4.
CGI-58 knockdown alters the systemic inflammatory and metabolic response to
endotoxin. C57BL/6N mice were fed a standard chow diet in conjunction with biweekly
injections of a non-targeting control ASO (white bars) or CGI-58 ASO (black bars) for 4
weeks. Thereafter, mice received a single intraperitoneal injection of either saline or
lipopolysaccharide (LPS, 5 µg per mouse), and were necropsied 6 hours post injection.
(A) Plasma cytokine and acute phase response protein levels were measured at 1 hour
(for TNFα only) and 6 hours post-injection (for interleukins: IL-6 and IL-12p40, and for
SAA and haptoglobin). ND = Levels below limit of detection. (B,C) Q-PCR analyses of
hepatic (B) and epididymal adipose tissue (C) gene expression. TNFα, tumor necrosis
factor alpha; IL-6, interleukin 6; IL-10, interleukin 10; IL-1β, interleukin 1 beta; SAA,
serum amyloid A; SAP, serum amyloid P-component. (D) Hepatic triglyceride (TAG)
levels. (E) Plasma TAG levels at 6 hours post injection. Data in panels A,D,E represent
the mean ± SEM (n=6), and Q-PCR data in panels B and C represent the mean ± SEM
(n=5); Within each panel, values not sharing a common superscript differ significantly (p
<0.05).
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Figure 5.
Proposed model for CGI-58’s integrated role in inflammatory responses and insulin
action in the liver. In response to inflammatory stimuli such as high fat diet (HFD) or
lipopolysaccharide (LPS), plasma levels of inflammatory cytokines such TNFα, IL-1β,
and IL-6 are increased. These inflammatory cytokines normally signal through their
membrane-bound receptors (TNF-R, IL-6-R, & IL-1- R) to promote CGI-58-driven
generation of signaling lipids either directly from lysophosphatidic acid acyltransferase
(LPAAT) activity or indirectly by co-activating adipose triglyceride lipase (ATGL) to
generate lipid signals from TG hydrolysis. CGI-58-generated phosphatidic acid (PA), and
likely other signaling lipids, can subsequently act as a critical second messengers to
promote the activation of inflammatory stress kinases such as Inhibitor κB kinase beta
(IKK- β), S6 kinase 1 (S6K1), and the mammalian target of rapamycin (mTOR).
Collectively, these activated stress kinases (IKK-β, S6K1, and mTOR) can facilitate
serine phosphorylation (pS) of critical serine residues (ser307, ser612, ser632, ser1101)
on insulin receptor substrate 1 (IRS-1), thereby dampening hepatic insulin signaling.
Knocking down CGI-58 diminishes this potent negative regulatory loop, thereby
improving hepatic insulin action.
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explain why CGI-58 KD causes severe hepatic lipid insult
and yet improves hepatic insulin signaling.
It has now been a decade since the causal link between
CGI-58 mutations and CDS was established (5), yet molecular mechanism(s) by which CGI-58 prevents CDS has
remained elusive. Early studies using skin ﬁbroblasts isolated from patients with neutral lipid storage disease or
CDS showed that these cultured cells had striking accuFigure 5
mulation of intracellular TAGs
under normal growth conditions (10,11,38–41). However, the TAG accumulation
could not be explained by alteration in mitochondrial fatty

FIG. 5. Proposed model for CGI-58’s integrated role in inﬂammatory
responses and insulin action in the liver. In response to inﬂammatory
stimuli, such as an HFD or LPS, plasma levels of inﬂammatory cytokines, such TNFa, IL-1b, and IL-6, are increased. These inﬂammatory
cytokines normally signal through their membrane-bound receptors
(TNF-R, IL-6-R, and IL-1-R) to promote CGI-58–driven generation of
signaling lipids either directly from LPAAT activity or indirectly by
coactivating ATGL to generate lipid signals from TAG hydrolysis. CGI58–generated PA, and likely other signaling lipids, can subsequently act
as a critical second messenger to promote the activation of inﬂammatory stress kinases, such as IKK-b, S6K1, and mTOR. Collectively, these activated stress kinases (IKK-b, S6K1, and mTOR) can
facilitate serine phosphorylation (pS) of critical serine residues
(Ser307, Ser612, Ser632, and Ser1101) on IRS-1, thereby dampening
	
  
hepatic
insulin signaling. Knocking 69
down CGI-58 diminishes this potent
negative regulatory loop, thereby improving hepatic insulin action. IR,
insulin receptor. TNF-R, TNF receptor.
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Supplementary Figure 1. Hepatic Triacylglycerol (TAG) Levels Following Portal
Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and TAG levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary Figure 2. Hepatic Diacylglycerol (DAG) Levels Following Portal
Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and DAG levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary Figure 3. Hepatic Monoacylglycerol (MAG) Levels Following Portal
Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and MAG levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary Figure 4. Hepatic Phosphatidic Acid (PA) Levels Following Portal
Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and PA levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary Figure 5. Hepatic Phosphatidylcholine (PC) Levels Following Portal
Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and PC levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary

Figure

6.

Hepatic

Phosphatidylinositol

(PI)

and

Lysophosphatidylinositol (LPI) Levels Following Portal Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and PI levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary Figure 7. Hepatic Phosphatidylserine (PS) Levels Following Portal
Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and PS levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary

Figure

8.

Hepatic

Phosphatidylethanolamine

(PE)

and

Lysophosphatidylethanolamine (LPE) Levels Following Portal Administration of
TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and PE levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary Figure 9. Hepatic Phosphatidylethanolamine Plasmalogen (PEp)
Levels Following Portal Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and plasmalogen (ether-linked) PE levels were measured by mass
spectrometry as described in the methods section. Data represent the mean ± SEM for 4
mice per group. Values not sharing a common superscript differ significantly(p<0.05).
N.S. = not significant differences detected (p<0.05).
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Supplementary Figure 10. Hepatic Phosphatidylglycerol (PG) Levels Following
Portal Administration of TNFα.
At eight weeks of age male chow-fed C57BL/6N mice began receiving biweekly
injections of either a non-targeting control ASO (CON), or an ASO targeting the
knockdown of CGI-58 for 4 weeks. Following 4 weeks of ASO knockdown, mice were
administered either saline or 10 ng TNFα via the portal vein. Five minutes later, livers
were harvested and PG levels were measured by mass spectrometry as described in the
methods section. Data represent the mean ± SEM for 4 mice per group. Values not
sharing a common superscript differ significantly(p<0.05). N.S. = not significant
differences detected (p<0.05).
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Supplementary Figure 11. CGI-58 knockdown alters LPS-driven inflammatory gene
expression in a tissue-specific manner.
C57BL/6N mice were fed a standard chow diet in conjunction with biweekly injections
of a non-targeting control ASO or CGI-58 ASO for 4 weeks. Thereafter, mice received a
single intraperitoneal injection of either saline or lipopolysaccharide (LPS, 5 µg per
mouse), and 6 hours post injection multiple tissues were collected for expression
analyses. Q-PCR analysis was conducted on pooled samples (n=5 per pool). All data are
normalized to hypoxanthine phosphoribosyltransferase 1 (HPRT1) expression, which was
similar in all tissues, and are shown as fold-change compared to Control ASO – Saline
group. CD-68, cluster of differentiation 68; TNFα, tumor necrosis factor alpha; IL-1β,
interleukin 1 beta.
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Supplementary Figure 12. Alterations in LPS-driven inflammatory response in
CGI-58 ASO treated mice are not simply due to hepatic triglyceride accumulation.
C57BL/6N mice were fed either a standard chow diet (CHOW-fed) or a high fat diet
(HFD-fed) in conjunction with biweekly injections of a non-targeting control ASO or
CGI-58 ASO for 4 weeks. Thereafter, mice received a single intraperitoneal injection of
either saline or lipopolysaccharide (LPS, 5 µg per mouse), and 6 hours post injection
multiple tissues were collected for expression analyses. a, Q-PCR analysis of hepatic
CGI-58 mRNA expression. b, Hepatic triglyceride (TAG) levels. c, Plasma levels of
interleukin 6 (IL-6). d, Plasma levels of interleukin 12 p40 (IL-12p40). e, Q-PCR
analysis of the hepatic expression level of the acute phase marker serum amyloid A
(SAA). Q-PCR data in panels a and e represent the mean ± SEM (n=3); and values not
sharing a common superscript differ significantly (p <0.05); AU = arbitrary units. Plasma
cytokine data in panels c and d represent the mean ± SEM (n=6); and values not sharing a
common superscript differ significantly (p <0.05).
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Supplementary Figure 13. CGI-58 knockdown prevents high fat diet-induced IRS-1
phosphorylation at Serine 1101.
C57BL/6N mice were fed either a standard chow or high fat diet (HFD) in conjunction
with biweekly injections of either a non-targeting control ASO or ASO targeting
knockdown of CGI-58 for 10 weeks. Representative immunoblots from liver (A) or
epididymal adipose tissue (B) are shown for phospho-insulin receptor substrate 1 (p-IRS1; Ser1101). Membranes were probed for total IRS-1, and levels of p-IRS-1 were
normalized to levels of total IRS-1 (C, D). White bars= control ASO; black bars= CGI-58
ASO. Data represents mean ± SEM of 4 individual mice per group. Values not sharing a
superscript differ significantly (p <0. 05).
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SUMMARY
Neutral Lipid Storage Disease (NLSD) implicates Adipose Triglyceride Lipase (ATGL)
and Comparative Gene Identification 58 (CGI-58) in triacylglycerol (TAG) storage. CGI58 is thought to regulate TAG mobilization by co-activating ATGL lipase activity.
However, this model remains unverified physiologically, and the phenotype of human
CGI-58 mutations suggests an additional function. Through direct comparison of mice
with single or double deficiency of CGI-58 and ATGL, we show here that endogenous
CGI-58 specifically co-activated ATGL in white adipose tissue and was necessary for
stimulated lipolysis. ATGL activity in the liver required CGI-58 co-activation, but CGI58 deficiency caused hepatic steatosis independently of ATGL hydrolase activity.
Furthermore, we uncovered an ATGL-independent function of CGI-58 in inflammation
and liver fibrosis. These findings show that maximal ATGL activity physiologically
requires CGI-58 expression, yet CGI-58 has a major role in TAG storage and
inflammation distinct from the co-activation of ATGL.
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INTRODUCTION
The mobilization of triacylglycerol (TAG) in cellular lipid droplets has become an
area of intense research, with growing recognition of the molecular complexity and of the
significance to a large number of physiological processes, including energy balance,
signaling, gene transcription, and cell-cycle progression (Zechner et al., 2012). About a
decade ago, a rare autosomal-recessive disorder of TAG accumulation known as Neutral
Lipid Storage Disease (NLSD) was linked to mutations in either CGI-58 or ATGL
(Fischer et al., 2007; Lefevre et al., 2001), implicating these proteins as critical regulators
of TAG storage in humans. ATGL (Adipose Triglyceride Lipase, also known as PNPLA2
or desnutrin) functions as a critical lipase with TAG hydrolase activity (Zimmermann et
al., 2004). Since CGI-58 (Comparative Gene Identification 58, also known as Abhd5)
does not possess hydrolase activity, an important discovery was that CGI-58 serves as a
co-factor for ATGL to increase in vitro TAG hydrolase activity and that this effect is lost
with CGI-58 mutations in NLSD (Lass et al., 2006). Furthermore, the addition of purified
CGI-58 can increase TAG hydrolase activity in white adipose tissue lysates from wildtype mice but not from mice lacking ATGL, indicating specificity for ATGL and
suggesting that endogenous levels of CGI-58 limit maximal lipolysis (Schweiger et al.,
2006). While loss of ATGL co-activation could account for TAG accumulation in NLSD
patients with CGI-58 mutations, there is also strong evidence that CGI-58 has ATGLindependent functions. For example, CGI-58 and ATGL mutations do not result in
identical NSLD phenotypes. CGI-58 mutations always cause icthyosis and frequently
result in severe fatty liver disease and neurological defects, whereas ATGL mutations
primarily cause myopathies and rarely result in fatty liver disease or icthyosis (Schweiger

	
  

98

et al., 2009). The phenotypes of CGI-58 and ATGL deficiency in mice also differ
significantly. While ATGL deficiency increases fat mass (Ahmadian et al., 2011;
Haemmerle et al., 2006), CGI-58 deficiency prevents diet-induced obesity and decreases
fat mass (Brown et al., 2010). Adipose-selective overexpression of CGI-58 in mice does
not increase lipolysis, calling into question the physiological importance of CGI-58 as a
rate-limiting co-activator of ATGL (Caviglia et al., 2011). Therefore, the co-activation
model remains unverified in vivo. To determine whether ATGL-mediated lipolysis
actually requires CGI-58 under physiological conditions and to directly test whether CGI58 has any ATGL-independent functions, we generated mouse models with single or
double deficiency of CGI-58 and ATGL. This could not be achieved through breeding
because CGI-58 global knockout mice die at birth due to a skin barrier defect (Radner et
al., 2010). Therefore, we used antisense oligonucleotides (ASOs), which selectively
target liver and adipose tissue, to deplete CGI-58 in either ATGL global knockout mice
(ATGLKO) or wild-type littermates. As a result, we were able to directly compare wildtype (WT), CGI-58 single-deficient (CGI-58Δ), ATGL single-deficient (ATGLKO), and
double-deficient (ATGLKO/CGI-58Δ) mice. These mouse models were used to test the coactivation hypothesis in vivo and to detect ATGL-independent functions of CGI-58.
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RESULTS
CGI-58 Deficiency in White Adipose Tissue Specifically Limits ATGL-mediated
Lipolysis
Lipolysis in white adipose tissue (WAT) is a tightly regulated process that can be
stimulated by adrenergic hormones, and ATGL is an important mediator of hormonestimulated lipolysis (Ahmadian et al., 2011; Haemmerle et al., 2006). In adipocytes, CGI58 co-activation of ATGL appears to occur following hormonal stimulation (Granneman
et al., 2007) and is thought to regulate maximal ATGL activity (Schweiger et al., 2006).
However, the physiological significance of this interaction remains unclear, since
overexpression of CGI-58 in WAT does not increase stimulated lipolysis (Caviglia et al.,
2011). To determine whether CGI-58 deficiency in WAT would decrease ATGLmediated lipolysis, we used ASOs to reduce CGI-58 levels by approximately 90% in
epididymal WAT (Figure 1A). We first measured TAG hydrolase activity in cytosolic
extracts from WAT (Figure 1B). Compared to activity in WT mice, hydrolase activity
was significantly decreased by 33% in CGI-58Δ mice and 55% in ATGLKO mice. Doubledeficiency in ATGLKO/CGI-58Δ mice did not further decrease activity compared to ATGLKO
mice. Therefore, CGI-58 deficiency specifically decreased ATGL hydrolase activity in
WAT, and endogenous levels of CGI-58 at least doubled ATGL activity. To test whether
CGI-58 deficiency would limit stimulated lipolysis in vivo, we measured plasma glycerol
and non-esterified fatty acids (NEFA) in mice treated with either saline or a β3adrenergic receptor agonist (CL-316,243). Stimulated lipolysis was significantly blunted
in CGI-58Δ mice compared to WT mice, but was not further decreased in ATGLKO/CGI-58Δ
mice compared to ATGLKO mice (Figure 1C). To more directly attribute this finding to
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WAT, we measured basal and isoproterenol-stimulated lipolysis in WAT explants.
Stimulated lipolysis in CGI-58Δ explants was decreased by 33% compared to WT
explants, but lipolysis in ATGLKO/CGI-58Δ explants was not different from ATGLKO
explants (Figure 1D). Approximately 50% of ATGL activity in WAT explants was
abolished by CGI-58 deficiency. Therefore, under physiological conditions the maximal
stimulation of ATGL-mediated lipolysis in WAT does require CGI-58 expression, and
CGI-58 is a specific co-activator of ATGL in WAT.
CGI-58 Regulates Hepatic TAG Storage Through a Mechanism Distinct from
ATGL Co-activation
In NLSD patients, fatty liver disease and hepatomegaly occur more frequently with
CGI-58 mutations than with ATGL mutations (Schweiger et al., 2009), suggesting that
CGI-58 has an ATGL-independent function in the liver. However, this hypothesis has not
been adequately tested by previous studies, since hepatic TAG appears similarly
increased by either ATGL or CGI-58 deficiency in mice (Lord and Brown, 2012). To
directly compare relative hepatic TAG accumulation and to determine whether CGI-58
regulates fatty liver disease independently of ATGL activity, we examined the liver
phenotype in high fat diet-fed mice. CGI-58 expression in the liver was reduced by over
90% with CGI-58 ASO treatment (Figure 2A). ATGL deficiency did not change liver
weight compared to WT mice, but CGI-58 deficiency significantly increased liver weight
even in the genetic absence of ATGL (Figure 2B). Compared to WT mice, TAG
hydrolase activity in liver was decreased by 40% in CGI-58Δ mice and 60% in ATGLKO
mice, with no further decrease in ATGLKO/CGI-58Δ mice (Figure 2C). Although ATGL
hydrolase activity was much lower in the liver than in WAT, maximal ATGL activity in
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the liver still required CGI-58, and CGI-58 co-activation was specific to ATGL activity.
Next we measured lipid concentrations in the liver (Figure 2D). Compared to WT mice,
CGI-58Δ mice had on average 9-fold more hepatic TAG, while ATGLKO mice had only
5-fold more. Remarkably, hepatic TAG levels in ATGLKO/CGI-58Δ mice were 23-fold
higher than WT mice, indicating an additive effect of double deficiency. Although TAG
accumulation was predominant, double deficiency also increased free cholesterol 2-fold,
and ATGL deficiency increased cholesterol ester 4-fold regardless of CGI-58 expression.
Phospholipid levels did not differ among groups. Relative TAG values were reflected in
the morphology of hepatocytes in liver sections, with severe lipid droplet accumulation in
ATGLKO/CGI-58Δ livers (Figure 2F). Therefore, CGI-58 deficiency causes hepatomegaly
and hepatic steatosis through a mechanism separate from the activity ATGL or other
hepatic TAG hydrolases.
Double Deficiency of CGI-58 and ATGL Uncovers Shared and Distinct Roles In
Vivo
Despite severe fatty liver, CGI-58 knockdown unexpectedly results in decreased fat
mass and improved glucose tolerance (Brown et al., 2010). ATGLKO mice are
predisposed to obesity yet also have improved glucose tolerance (Haemmerle et al.,
2006). Having uncovered distinct roles for CGI-58 and ATGL in hepatic TAG storage,
we looked for further differences in adiposity and energy metabolism in our mouse
models. Because ATGLKO mice die prematurely due to cardiomyopathy (Haemmerle et
al., 2006), we began ASO treatment and high fat diet (HFD) feeding in mice at 4-6 weeks
of age. We initially designed our studies to feed HFD for 8 weeks (to 12-14 weeks of
age). However, nearly half of the ATGLKO mice died before the end of the study (Figure
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S1A). As expected, ATGL deficient mice suffered symptoms of cardiac failure and had
elevated heart weight (Figure S1B). CGI-58 deficiency had no apparent effect on
survival. To avoid significant mortality in ATGLKO mice, we shortened our studies to 6
weeks (10-12 weeks of age). CGI-58 deficiency significantly reduced weight gain as
previously described (Brown et al., 2010), but to our surprise ATGL deficiency also
reduced weight gain to a similar extent (Figure 3A). This was associated with reduced
epididymal fat pad weight (Figure 3B). In addition, adipocyte cross-sectional area was
smaller compared to WT (Figure 3C), and plasma leptin levels confirmed a decrease in
WAT mass (Figure 3D). No previous studies have reported decreased WAT size in
ATGLKO mice. Based on this unexpected result in WAT, we examined the phenotype of
brown adipose tissue (BAT). In agreement with previous studies (Ahmadian et al., 2011),
ATGL deficiency increased interscapular BAT weight (Figure S2A), reduced uncoupling
protein 1 (UCP-1) expression (Figure S3B), and resulted in a WAT-like morphology
(Figure S2C). Fifty percent knockdown of CGI-58 (Figure S2B) did not significantly
alter the BAT phenotype, although BAT size was slightly smaller in CGI-58Δ mice
compared to WT mice (Figure S2A), and brown adipocyte size appeared somewhat
decreased (Figure S2C). Thus, under these experimental conditions ATGL deficiency
decreased WAT mass despite blunted lipolysis and a defective BAT phenotype. We
reasoned that food intake could be decreased due to cardiomyopathy in these mice, but
CGI-58 and ATGL deficiency slightly increased food intake compared to WT mice
(Figure S3A). We also examined energy expenditure (EE) by indirect calorimetry (Figure
S3B). ATGLKO mice had reduced EE, in agreement with published studies (Hoy et al.,
2011). Interestingly, EE in CGI-58Δ mice was significantly higher compared to WT mice
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during the light cycle, although this could be due to decreased WAT tissue. However, this
increase in EE was not observed in ATGLKO/CGI-58Δ mice. We did not detect any major
difference in energy substrate preference (Figure S3C), although ATGL deficiency
slightly increased dependence on fat oxidation, as previously reported in ATGLKO mice
fed HFD (Hoy et al., 2011). CGI-58 and ATGL single deficiency improved glucose
clearance compared to WT mice (Figure S4), and this effect was not synergistic in
ATGLKO/CGI-58Δ mice. Therefore, the metabolic effects of CGI-58 deficiency in reducing
WAT size and improving glucose tolerance in the context of HFD (Brown et al., 2010)
appeared to be at least partially mediated by mechanisms downstream of ATGL, since the
genetic absence of ATGL resulted in a similar phenotype and prevented any additive
effect of CGI-58 deficiency in ATGLKO/CGI-58Δ mice.
We previously reported that CGI-58 regulates inflammation through the generation
of signaling lipids (Lord et al., 2012). The observation that human CGI-58 mutations are
more commonly associated with severe fatty liver disease, including cirrhosis, suggest an
ATGL-independent function in inflammation (Schweiger et al., 2009). We examined
whether CGI-58 deficiency altered hepatic inflammatory gene expression in the genetic
absence of ATGL (Figure 4A). CGI-58 deficiency increased expression of F4/80, a
macrophage marker, and tumor necrosis factor (TNF)-α, a prototypical inflammatory
cytokine. We found that TGF-β and α-SMA were highly expressed in CGI-58 deficient
mice. During the development of liver fibrosis, transforming growth factor (TGF)-β
induces hepatic stellate cell activation, which can be detected through increased
expression of α-Smooth Muscle Actin (α-SMA) (Gressner, 1995). This result suggested
that CGI-58 deficiency could lead to fibrosis and steatohepatitis. Notably, ATGL single
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deficiency had no effect on inflammatory gene expression compared to WT mice, and the
effect of CGI-58 deficiency persisted in the absence of ATGL (ATGLKO/CGI-58Δ mice).
Therefore, CGI-58 deficiency promotes hepatic inflammation and fibrosis through an
ATGL-independent mechanism. Next, we examined whether CGI-58 deficiency might
also lead to macrophage infiltration in WAT. Expression of CD68, F4/80, and CD11c in
WAT was significantly elevated in ATGLKO/CGI-58Δ mice compared to ATGLKO mice, and
TNF-α trended higher (Figure 4B). The increase in CD68 and F4/80 in CGI-58Δ mice did
not reach statistical significance compared to WT mice because of a single highexpressing WT mouse. However, the morphology of WAT sections suggested that
macrophage infiltration was increased relative to WT mice (Figure 4C). Compared to WT
and ATGLKO mice, CGI-58 deficiency resulted in large numbers of so-called “crown-like
structures” in both CGI-58Δ and ATGLKO/CGI-58Δ mice. Along with macrophage
infiltration in the liver and WAT, CGI-58 deficient mice had significantly more
monocytes in the circulation (Figure 4D). ATGL single deficiency also significantly
increased monocytes compared to WT mice, although there was no effect on macrophage
infiltration in the liver or WAT. Interestingly, we found that ATGL deficient mice had
higher expression of F4/80 and CD11c in BAT (Figure S2B), suggesting a possible
reason for increased blood monocytes. Together, these findings suggest that CGI-58
deficiency leads to inflammation and macrophage recruitment in liver and WAT through
an ATGL-independent mechanism.
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DISCUSSION
These studies are the first to test whether CGI-58 functions as a specific coactivator of ATGL under physiological conditions and to directly address whether the
phenotype of CGI-58 deficiency derives from any ATGL-independent functions. The
major findings of these studies are that: 1) endogenous CGI-58 specifically co-activates
ATGL activity in both WAT and liver, 2) CGI-58 regulates hepatic TAG storage through
an ATGL-independent mechanism, and 3) CGI-58 regulates inflammation in liver and
WAT through an ATGL-independent mechanism. Although studies of CGI-58
overexpression in WAT have suggested that endogenous levels of CGI-58 do not limit
lipolysis (Caviglia et al., 2011), CGI-58 deficiency decreased ATGL activity by
approximately 50%. This result indicates that endogenous levels of CGI-58 are at least
able to increase if not limit maximal ATGL activity in response to β-adrenergic
stimulation, supporting the physiological importance of CGI-58 co-activation in lipolysis.
Based on defective lipolysis, we expected that ATGLKO mice fed a HFD would become
more obese relative to WT mice, as previously reported (Hoy et al., 2011). Instead, both
CGI-58 and ATGL deficiency decreased WAT weight and adipocyte size relative to WT
mice. In ATGLKO mice, this could be a late-stage effect due to severe cardiomyopathy
exacerbated by HFD, since we fed HFD for 2 weeks longer than in previous studies (Hoy
et al., 2011). We could not explain decreased adiposity through indirect calorimetry or
caloric intake, but it should be noted that these were not primary endpoints in our studies.
As a result, we did not have sufficient power to detect small differences that could have
contributed to decreased WAT (Tschop et al., 2012). In any case, the phenotype in CGI58Δ mice must be mediated by ATGL-dependent pathways, if not directly by decreased
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ATGL activity. Since TAG hydrolysis was blunted in both CGI-58 and ATGL deficient
mice, decreased adiposity in these mice seems to suggest reduced TAG deposition in
WAT and increased accumulation in other tissues such as the liver. Interestingly, NLSD
patients accumulate TAG in multiple tissues but are not obese (Schweiger et al., 2009).
Although this observation could suggest that ATGL is not a critical lipase in human
WAT, another intriguing possibility is that extended HFD feeding in ATGLKO mice
recapitulates the human phenotype and could shed light on the mechanisms that prevent
obesity in NLSD. During obesity, macrophage infiltration into WAT leads to the
formation of characteristic crown-like structures around dead or dying adipocytes (Cinti
et al., 2005). We found that CGI-58 deficiency in WAT promoted macrophage
infiltration and widespread crown-like structures, suggestive of increased adipocyte
death. This had no apparent effect on adiposity, since WAT size did not differ between
ATGLKO/CGI-58Δ mice and ATGLKO mice in spite of a marked difference in macrophage
content. Therefore, our studies not only indicated that CGI-58 regulates lipolysis and
obesity through ATGL activity, but also identified a putative role for CGI-58 in adipocyte
survival and macrophage infiltration independent of ATGL.
Until now, the specific co-activation of hepatic ATGL by CGI-58 has not been
demonstrated. We found that maximal ATGL hydrolase activity in the liver required coactivation by endogenous CGI-58. In fact, the co-activation effect of CGI-58 on ATGL
activity was roughly equal in liver and WAT. Likewise, CGI-58 deficiency did not
further decrease hydrolase activity in ATGL deficient livers, suggesting that CGI-58 does
not co-activate any other hepatic TAG hydrolase. Comparing relative steatosis in
experimentally matched mice, we found that CGI-58Δ mice had higher hepatic TAG than
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ATGLKO mice and that double deficiency had an additive effect. Since TAG levels did
not correlate with hydrolase activity in CGI-58 deficient mice, a separate pathway must
account for TAG accumulation. The relative effect of this pathway appears to be
independent of ATGL expression. Compared to WT mice, ATGLKO mice had 5-fold
higher TAG, while CGI-58Δ mice had 9-fold higher TAG. If ATGL activity were 50%
lower in CGI-58Δ mice as indicated by hydrolase activity assays, then decreased
hydrolysis alone should have resulted in a 2.5-fold increase in TAG compared to WT
mice, roughly 25% of the TAG accumulation actually observed in CGI-58Δ mice.
Interestingly, TAG levels in ATGLKO mice were approximately 25% of the TAG
accumulation in ATGLKO/CGI-58Δ mice. Therefore, the independent effect of CGI-58
deficiency was a 4-fold increase in TAG over the levels attributable to loss of ATGL
activity. Although these results clearly demonstrate the existence of a function of CGI-58
separate from the co-activation of ATGL, the underlying mechanism remains unknown.
Lipogenic gene expression was not increased by CGI-58 deficiency (Figure S5). CGI-58
is reported to possess lysophosphatidic acid acyltransferase (LPAAT) activity (Ghosh et
al., 2008; Montero-Moran et al., 2010), which could suggest a function in lipid synthesis
or signaling. Interestingly, earlier studies showed that in NLSD human skin fibroblasts
lacking functional CGI-58, the primary defect was not in TAG hydrolysis but rather in
the recycling of TAG-derived diacylglycerol (DAG) into phospholipids (Igal and
Coleman, 1996). Because lipase activity was not affected, these studies apparently
uncovered an ATGL-independent effect of CGI-58. It is important to point out that
multiple CGI-58 mutations cause NLSD (Schweiger et al., 2009), and some mutations
could exclusively affect either ATGL co-activation or ATGL-independent functions. In
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contrast, CGI-58 knockdown in mice abolishes all functions of CGI-58. We show here
that CGI-58 deficiency indeed limits ATGL-mediated TAG hydrolysis, but we have
previously reported that CGI-58 deficiency also leads to increased hepatic DAG levels
(Brown et al., 2010) and prevents the generation of multiple glycerophospholipid species
in response to inflammatory stimuli in the liver (Lord et al., 2012). The possibility that
CGI-58 could play a role in the regulation of DAG localization or utilization is also
suggested by two recent reports. First, CGI-58 knockdown causes hepatic DAG
accumulation in lipid droplets/endoplasmic reticulum while preventing a proinflammatory increase in DAG at the plasma membrane (Cantley et al., 2013). Second,
ATGL prefers the sn-2 position of the glycerol backbone and generates sn-1,3 DAG, but
CGI-58 co-activation broadens the selectivity of ATGL to the sn-1 position and results in
the generation of both sn-1,3 and sn-2,3 DAGs (Eichmann et al., 2012). Further studies
will be needed to determine the mechanism whereby CGI-58 regulates DAG localization
and the generation of signaling lipids in the liver. Future studies should also examine a
similar role for CGI-58 in adipocytes, since our studies suggest an ATGL-independent
function in adipocyte survival and inflammation. Interestingly, CGI-58 mainly disperses
to the cytoplasm during stimulated lipolysis in adipocytes, while only a small portion colocalizes with ATGL at the lipid droplet (Subramanian et al., 2004; Yamaguchi et al.,
2007).
In conclusion, these studies establish that CGI-58 is a physiological co-activator of
ATGL-mediated TAG hydrolysis. Moreover, these studies clearly demonstrate the
existence of distinct CGI-58 functions and provide the rationale for the generation of
conditional double knockout mice to determine ATGL-independent functions in specific
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tissues. Future studies to understand the independent function(s) of CGI-58 in the liver
could lead to novel therapies for NLSD and non-alcoholic fatty liver disease.
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EXPERIMENTAL PROCEDURES
Animals
ATGLKO mice were previously generated on a mixed background (Haemmerle et al.,
2006) and subsequently backcrossed onto a C57BL/6N background >10 generations
(Kienesberger et al., 2009). ATGLKO mice and WT littermates were generated by
breeding heterozygous female mice with either heterozygous male mice or ATGLKO male
mice. Approximately 12% of offspring were homozygous ATGLKO instead of the
expected 25%. At 4-6 weeks of age, male WT and ATGLKO mice were subjected to high
fat diet feeding (45% energy as fat from lard) and intraperitoneal injections with either a
control non-targeting ASO or an ASO specifically targeting CGI-58 at a weekly dose of
50mg/kg body weight for 6-8 weeks. The ASOs were provided by ISIS Pharmaceuticals
(Carlsbad, CA), and the diet and ASOs were the same used in previous studies (Brown et
al., 2010; Lord et al., 2012). Plasma leptin concentration in terminal plasma was
determined using a commercial ELISA kit (R&D Systems). Unless otherwise indicated,
all mice were euthanized following a 4h fast in the light cycle. Mice were maintained in a
specific pathogen-free facility under a 12:12 hour light/dark cycle. All experimental
procedures were approved by the Institutional Animal Care and Use Committee at Wake
Forest University School of Medicine.
TAG Hydrolase Activity Assays
Total TAG hydrolase activity was measured as previously described (Schweiger et al.,
2006) in frozen epididymal WAT or liver from mice fasted for 4h. Briefly, the tissues
were disrupted on ice in Buffer A (Schweiger et al., 2006). Following centrifugation for
30 minutes at 20,000 X g at 4°C, the cytosolic infranatant was collected, and protein
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concentration was determined. For TAG hydrolase assays, 25 µg (WAT) and 200 µg
(liver) of cytosolic protein was incubated for one hour at 37°C with a substrate containing
1.67 mM triolein (WAT) or 0.3 mM triolein (liver) and 3H-radiolabelled triolein
emulsified with phosphatidylcholine and phosphatidylinositol. The reaction was
terminated, and FFA were extracted. Radioactivity in FFA was measured by liquid
scintillation counting and normalized to protein mass.
Lipolysis Assays
In vivo lipolysis was measured in male mice following 5-7 weeks of HFD and ASO
treatment. Ad libitum fed mice (9 am) were injected intraperitoneally with either saline
vehicle or a β3-adrenergic receptor agonist, CL316243 (Sigma), at a dose of 0.1 µg/g
body weight. Following 15 minutes, blood was collected by the submandibular vein. Ex
vivo WAT explants were used to measure WAT lipolysis. Following 6 weeks of HFD, ad
libitum fed mice (9 am) were anesthetized with ketamine/xylazine and epididymal fat
pads were surgically dissected. The tissue was minced into small pieces (~20 mg) and
washed three times with Krebs-Ringer Buffer (KRB) (Sigma). Thereafter, the tissue
pieces were incubated for 4 h at 37°C/5% CO2 in 200µL of KRB containing 2% (w/v)
fatty acid-free BSA (Sigma) with or without 100µM isoproterenol (Sigma). Following
incubation, the media was collected and the tissue pieces were weighed. Commercial kits
were used to determine glycerol (Cayman Chemicals) and NEFA (Wako) concentrations
in plasma or explant media.
Liver Lipid Analysis
Liver lipids were extracted and measured as previously described (Brown et al., 2008).
Histological Analysis
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At necropsy, tissues were placed in 10% buffered formalin. Thereafter, the tissues were
paraffin-embedded and sections were prepared and stained with hematoxylin and eosin
(H&E) by the histopathology core lab at Wake Forest University School of Medicine.
Representative images were obtained using a Nikon Eclipse 50i light microscope.
Adipocyte cross-sectional area was determined in blinded samples by manual tracing and
ImageJ software. Using random fields, every adipocyte was included until at least 100
measurements were obtained for each mouse. Adipocytes in crown-like structures were
not included.
Blood Monocyte Analysis
Following 4 weeks of HFD and ASO treatment, 100µL of blood was collected from the
submandibular vein of ad libitum fed male mice (9 am) into heparin-containing collection
tubes on ice. Following red blood cell lysis with ACK Lysing Buffer (Gibco), blood
leukocytes were incubated on ice with anti-mouse CD16/CD32 (Fc block) (BD
Biosciences) prior to staining with anti-mouse CD45-PerCP (BD Biosciences), antimouse CD115-APC (eBioscience), anti-mouse Ly6C-FITC (BD Biosciences), and antimouse CCR2-PE (R&D Systems). Appropriate unstained and isotype controls were
included, and cell populations were measured using a BD FACS Canto II.
Quantitative Real-Time PCR
Tissue RNA extraction and qPCR were conducted as previously described (Brown et al.,
2008) using the Applied Biosystems 7500 Real-Time PCR System. Cyclophilin A was
used as an invariant control gene. Relative mRNA levels were calculated using the ΔΔCT
method. The following primer pairs were used: mCyclophilin A, forward 5’-GCG GCA
GGT CCA TCT ACG, reverse 5’-GCC ATC CAG CCA TTC AGT C; mCGI-58,
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forward 5’-AGA TCT GGT CGC TCA GGA AA, reverse 5’-TGA CAG TGA TGC
GGA AGA AG; mATGL, forward 5’-TAT CCG GTG GAG AAA GAG C, reverse 5’CAG TTC CAC CTG CTC AGA CA; mF4/80, forward 5’-GGA TGT ACA GAT GGG
GGA TG, reverse 5’-CAT AAG CTG GGC AAG TGG TA; mTNF-α, forward 5’-CCA
CCA CGC TCT TCT GTC TAC, reverse 5’-AGG GTC TGG GCC ATA GAA CT;
mTGF-β, forward 5’-TGG AGC AAC ATG TGG AAC TC, reverse 5’-CAG CAG CCG
GTT ACC AAG; mα-SMA, forward 5’-CCC ACC CAG AGT GGA GAA, reverse 5’ACA TAG CTG GAG CAG CGT CT; mCD68, forward 5’-ATC CCC ACC TGT CTC
TCT CA, reverse 5’-ACC GCC ATG TAG TCC AGG TA; mCD11c, forward 5’-CAG
TGA CCC CGA TCA CTC TT, reverse 5’-CAC CAC CAG GGT CTT CAA GT.
Glucose Tolerance Test
Glucose tolerance was measured as previously described (Brown et al., 2008) in male
mice subjected to HFD and ASO treatments for 4-7 weeks.
Food Intake and Metabolic Analysis
Food intake was measured after 5 weeks of HFD and ASO treatment to detect reduced
food intake due to cardiomyopathy. Mice were individually housed for 3 consecutive
days in wire-bottom cages. Each day fresh diet was added and unconsumed diet was
collected and weighed. VO2 and energy expenditure were measured using the
Comprehensive Lab Animal Monitoring System CLAMS (Columbus Instruments). RER
was calculated as the ratio of VO2/VCO2.
Statistical Analysis
Data are expressed as mean ± standard error of the mean (SEM) and were analyzed using
two-way ANOVA followed by Student’s t tests for post hoc analysis using JMP version
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10.0.0 (SAS Institute, Inc, Cary, NC).
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Figure 1. CGI-58 Deficiency Limits ATGL-mediated Lipolysis in White Adipose
Tissue.
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet feeding for 6 weeks.
(A) Relative mRNA expression of CGI-58 and ATGL in whole epididymal WAT (n=5).
(B) Total TAG hydrolase activity in cytosolic extracts of whole epididymal WAT (n=5).
(C) Fed mice were treated with either saline vehicle or CL316243 agonist (0.1 µg/g body
weight) to stimulate lipolysis, and plasma glycerol and NEFA were measured after 15
minutes (n=4-7).
(D) Surgically-dissected epididyamal WAT explants were incubated in plain media
(Basal) or 100 µM isoproterenol (Stimulated) for 4 h (n=4 replicate wells per group).
Data represent the mean+S.E.M. Values not sharing a common superscript letter are
significantly different (p<0.05).
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Figure 2. CGI-58 Regulates Hepatic TAG Storage in the Genetic Absence of ATGL
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet feeding for 6 weeks.
(A) Relative mRNA expression of CGI-58 and ATGL in whole liver (n=5).
(B) Liver weight normalized to tibia length (n=6-9).
(C) Total TAG hydrolase activity in cytosolic extracts of whole liver (n=5).
(D) Hepatic triacylglycerol (TAG), free cholesterol (FC), cholesteryl ester (CE), and
phospholipid (PL) concentrations normalized to protein (n=5).
(E) Representative liver sections stained with hematoxylin and eosin (H&E). Bar=75µm.
Data represent the mean+S.E.M. Values not sharing a common superscript letter are
significantly different (p<0.05).
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Figure 3. CGI-58 or ATGL Deficiency Prevents Diet-Induced Obesity
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet feeding for 6 weeks.
(A) Body weight of mice during treatment period and weight gain after 6 weeks as a
percent of baseline body weight (n=20-25).
(B) Epididymal fat pad weight and percent of body weight (n=8-11).
(C) Adipocyte cross-sectional area was measured in epididymal WAT sections from 5
individual mice per group (n=500-550 adipocytes per group).
(D) Leptin concentrations in terminal plasma (n=4-5).
Data represent the mean+S.E.M. *= p<0.05 WT vs CGI-58Δ, #= p<0.05 WT vs all
groups. Values not sharing a common superscript letter are significantly different
(p<0.05).
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Figure 4. CGI-58 Regulates Inflammation Independent of ATGL Expression
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet feeding for 6 weeks.
(A) Gene expression in whole liver (n=5).
(B) Gene expression in whole epididymal WAT (n=5).
Data represent the mean+S.E.M. *= p<0.05 compared to control ASO in the same
genotype by 2-way ANOVA followed by Students t test.
(C) Representative hematoxylin and eosin (H&E)-stained white adipose tissue sections.
Low magnification, bar= 200µm, higher magnification insets, bar= 75µm.
(D) CD45+CD115+ monocytes as a percent of total CD45+ leukocytes in whole blood of
mice following 4 weeks of high fat diet and ASO treatment (n=6-7).
Data represent the mean+SEM. Values not sharing a common superscript letter are
significantly different (p<0.05).
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Figure S1. ATGL Deficiency Causes Premature Death Due to Cardiomyopathy
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet feeding for 8 weeks.
(A) Kaplan-Meier plot of survival.
(B) Heart weight at 6 weeks (n= 6-9).
Data represent mean+S.E.M. *= p<0.05 vs WT.
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Figure S2. Brown Adipose Tissue Phenotype
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet feeding for 6 weeks.
(A) Interscapular fat pad weight normalized to tibia length (n=6-9)
Data represent mean+S.E.M. Values not sharing a common superscript letter are
statistically different (p<0.05).
(B) Relative gene expression in whole interscapular BAT (n=5)
Data represent mean+S.E.M. *= p<0.05 vs. WT
(C) Representative H&E-stained BAT sections, bar=75µm

	
  

129

	
  

130

Figure S3. Food Intake and Indirect Calorimetry
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet.
(A) Following 5 wk of treatment, caloric intake over 3 consecutive days (n=5)
Data represent mean+S.E.M. *= p<0.05 vs. WT in the same day.
(B) Following 2-3 wk of treatment, average energy expenditure over a 24 h period or in
the light and dark cycle (n=4-5).
(C) Following 2-3 wk of treatment, average respiratory exchange ratio (RER) over a 24 h
period or in the light and dark cycle (n=4-5).
Data represent the mean+S.E.M. *= p<0.05 vs. WT in the same light cycle.
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Figure S4. Glucose Tolerance Tests
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet. Glucose tolerance tests were
performed following 4-7 weeks of treatment (n=12-16). Data are presented as plasma
glucose over time and area under the coordinates (AUC). Data represent the
mean±S.E.M. Values not sharing a common superscript letter differ significantly
(p<0.05).
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Figure S5. Hepatic Lipogenic Gene Expression
At 4-6 weeks of age, male wild-type or ATGLKO mice were treated with either a nontargeting control ASO (WT, ATGLKO) or an ASO targeting CGI-58 (CGI-58Δ,
ATGLKO/CGI-58Δ) in conjunction with high fat diet feeding for 6 weeks. Relative gene
expression of lipogenic genes in whole liver following a 4h fast. Data represent the
mean+S.E.M. *= p<0.05 vs. WT.
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CHAPTER IV

DISCUSSION

C.C.L wrote this chapter. J.M.B acted in an advisory capacity.
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Summary
As introduced in Chapter I, this work addresses important questions regarding the role of
CGI-58. The physiological relevance of the ATGL co-activation model remained
unknown, and no studies had directly demonstrated separate functions of CGI-58. These
questions are highly significant to human health and physiology, since they bear on the
model of lipolysis and triglyceride storage in cells. CGI-58 and ATGL mutations in
humans do not result in identical phenotypes (Schweiger et al., 2009). Available mouse
models of CGI-58 and ATGL deficiency have also suggested distinct roles, as reviewed
in Chapter I. We show that CGI-58 is necessary for the generation of
glycerophospholipid species that can act as mediators of inflammation (Chapter II). CGI58 deficiency prevented the activation of stress kinases in response to high fat diet
feeding. At the same time, insulin action was increased compared to mice treated with
control ASO. CGI-58 deficiency also caused a defect in hepatocyte cell-autonomous
inflammatory signaling in response to inflammatory cytokines. Stress kinases negatively
regulate insulin signaling through serine phosphorylation of IRS proteins (Arkan et al.,
2005; Hirosumi et al., 2002; Um et al., 2004). In agreement with decreased stress kinase
activation and increased insulin signaling, CGI-58 knockdown prevented diet-induced
serine phosphorylation of IRS-1 at Ser1101, an important phosphorylation site in insulin
resistance (Li et al., 2004). Thus, Chapter II uncovers a novel role for CGI-58 in the
activation of stress kinases in response to metabolic stress and the generation of
inflammatory lipid signaling mediators. CGI-58 knockdown can therefore dissociate the
hepatic insulin resistance from severe hepatic lipid insult. This finding may explain why
CGI-58 mutations in Chanarin-Dorfman Syndrome (CDS) do not result in Type 2
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diabetes despite severe ectopic TAG accumulation. Chapter III addressed whether TAG
accumulation in CDS patients can be fully explained by loss of ATGL co-activation. We
directly tested the physiological significance of CGI-58 as a co-factor for ATGLmediated TAG hydrolysis. ASO-mediated knockdown of CGI-58 decreased TAG
hydrolysis in WT mice but not in ATGL global knockout mice, indicating that CGI-58
does regulate TAG mobilization through ATGL activity. Importantly, these studies are
the first to demonstrate that CGI-58 is a physiological regulator of lipolysis and TAG
mobilization through ATGL co-activation. Even more significantly, we demonstrated that
CGI-58 also regulates hepatic TAG levels through a separate function, independent of
ATGL and independent of hydrolase activity. This finding is highly relevant to the
phenotype of CGI-58 deficiency in humans. Although we did not identify the exact
mechanism whereby CGI-58 regulates hepatic TAG levels, Chapter III provides strong
rationale for further efforts to study this ATGL-independent function of CGI-58.

Strengths and Limitations of Studies
These studies used ASO-mediated knockdown rather than genetic targeting to study CGI58 deficiency. There were several obvious benefits to this approach. We were able to
achieve knockdown of CGI-58 in multiple tissues (liver, adipose tissue, macrophages,
and kidney) while avoiding lethality caused by a skin barrier defect in global deletion of
CGI-58 (Radner et al., 2010). We were thus able to study several tissues in the same
mice. Of course, multi-tissue knockdown makes it difficult to delineate how each tissue
contributes to a phenotype. For example, the hepatic steatosis in CGI-58 ASO mice could
be a reflection of decreased adiposity. Likewise, it is difficult to say whether the
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phenotype of macrophage infiltration is due to CGI-58 knockdown in macrophages,
hepatocytes, adipocytes, or epithelial cells. In any case, ASO-mediated knockdown
facilitated studies which otherwise would have required extensive breeding of tissuespecific knockout models. The generation of double knockout mice will likely only be
carried out after the study of ATGL or CGI-58 single conditional knockouts is completed.
Comparison of single-deficient models under identical experimental conditions would not
directly test the hypothesis that CGI-58 has ATGL-independent functions. In contrast, the
use of ASO-mediated knockdown has enabled a straightforward and timely test of this
hypothesis. Admittedly, the use of ASO-mediated knockdown introduces certain caveats
into our studies. One risk is that ASOs could have confounding side effects. We have
made every effort to control for this possibility. All mice were treated with either a
control ASO or a CGI-58-specific ASO. In theory, any immunological or otherwise offtarget effects of ASOs per se should also be present in mice treated with control ASO. In
particular, the inflammatory effects of CGI-58 knockdown (i.e., macrophage infiltration,
elevated plasma cytokines, and inflammatory gene expression) are unlikely to be an offtarget ASO effect, since we did not observe the same phenotype in mice treated with
control ASO. In addition, we previously controlled for ASO effects by including a salinetreated group of mice (Brown et al., 2010), and we found no difference between control
ASO and saline treatment. To control for a possible sequence-specific effect, we also
previously used a different CGI-58 ASO, which resulted in a similar phenotype (Brown
et al., 2010). Notwithstanding the risk that ASOs somehow alter the inflammatory or
metabolic environment, the applications and benefits of this tool can be leveraged
through a properly controlled experimental design. Another caveat is the difference in
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mouse backgrounds used in Chapters II and III (the mice used in Chapter II were
obtained from Harlan, and the mice in Chapter III from Taconic). In many ways, these
studies are a cautionary tale on the importance of carefully controlling for background
differences by using littermates. For example, the control mice in Chapter III did not
appear to become obese or glucose intolerant. This could be due to age differences
between studies, but another possibility is that the Taconic background was less
obesogenic, and that these mice were less susceptible to diet-induced metabolic stress.
Thus, the inclusion of WT littermates is absolutely essential. Although our studies were
well controlled for background strain, age, and experimental conditions, we were unable
to identify the mechanism responsible for a lean phenotype in ATGLKO mice (Chapter
III). Cardiomyopathy could be a major contributing factor, since ATGLKO mice stopped
gaining body weight after about 4 weeks of diet. Still, this is in contrast to a previous
study in which ATGLKO mice were fed a 60% diet for 4 weeks and had increased body
weight and fat mass compared to WT mice (Hoy et al., 2011). Possible explanations
could be a difference in mouse background strains or diet compositions. For example,
pure C57BL/6N mice may be more susceptible to diet-induced cardiomyopathy and heart
failure than the mixed background used in the previous study (Hoy et al., 2011). Endstage heart failure could have resulted in cardiac cachexia or otherwise altered energy
metabolism. These limitations will need to be addressed with conditional double
knockout mice that do not develop cardiomyopathy, such as liver or adipose-specific
knockout mice.
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Current Understanding of CGI-58
This work advances the understanding of CGI-58 at the physiological level in regards to
ATGL co-activation and ATGL-independent functions. Many questions at the
biochemical level still remain unanswered. It remains unclear exactly how CGI-58 coactivates ATGL activity. There is evidence that the proteins interact directly (Lass et al.,
2006; Olzmann et al., 2013), and studies have even determined the domains required for
co-activation (Cornaciu et al., 2011; Oberer et al., 2011). The studies in Chapter III also
indicate that CGI-58 regulates TAG hydrolysis exclusively through ATGL activity. It is
clear that both CGI-58 and ATGL are indispensable for efficient TAG mobilization.
However, since previous studies have included whole cell lysates (Lass et al., 2006;
Schweiger et al., 2006), it has not been excluded that CGI-58 could mediate the
interaction of another co-factor with ATGL. Alternatively, it is possible that CGI-58
generates or localizes a lipid co-factor, since in vitro TAG hydrolase assays require the
presence of a lipid substrate. At any rate, CGI-58 knockdown has a similar effect on
ATGL activity in intact adipose tissue and cytosolic lysates (Chapter III), suggesting that
the co-activation mechanism does not require an intact subcellular structure. On the other
hand, it is important to keep in mind that the cytosolic fractions used in TAG hydrolase
assays exclude the lipid droplet fraction, which could result in some loss of CGI-58. One
potential co-activation mechanism is that CGI-58 broadens the stereo-selectivity of
ATGL toward TAG, thus increasing the rate of ATGL-mediated TAG hydrolysis in
effect by increasing the amount of substrate (Eichmann et al., 2012). In other words, the
stereo-selectivity of ATGL may be rate limiting for TAG hydrolysis. Even if this is the
mechanism of CGI-58 co-activation, it still remains unclear how CGI-58 alters the
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selectivity of ATGL at a biochemical and structural level. In sum, the studies in Chapter
III establish the importance of CGI-58 as a physiological co-factor of ATGL, but the coactivation mechanism requires further investigation. Another recent insight is that CGI58 knockdown sequesters diacylglycerols (DAGs) in the lipid droplet/endoplasmic
reticulum compartment (Cantley et al., 2013), which suggests that CGI-58 could regulate
utilization or localization of DAGs. This could explain the defect in phospholipid
metabolism in NLSDI human skin fibroblasts (Igal and Coleman, 1996, 1998), as well as
decreased inflammation in CGI-58 ASO-treated mice (Chapter II). Alternatively, CGI-58
has also been reported to possess intrinsic lysophosphatidic acid acyltransferase
(LPAAT) activity (Ghosh et al., 2008; Montero-Moran et al., 2010). The generation of
phosphatidic acid may explain how CGI-58 regulates the levels of signaling lipids
(Chapter II). However, there was no decrease in LPAAT activity in CGI-58 ASO mice
(Chapter II) or CGI-58 global knockout mice (Radner et al., 2010). It will be important to
determine whether the LPAAT activity of CGI-58 is physiologically relevant. In addition,
it remains to be determined whether this activity is due to a canonical acyltransferase
motif (HXXXXD) or some other active site within CGI-58. Although many questions
remain surrounding CGI-58 biochemistry, this dissertation advances the current
understanding of CGI-58 at the physiological level by establishing the importance of the
co-activation model and uncovering novel functions of CGI-58 in inflammation and
insulin action.
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CGI-58 As a Therapeutic Target
These studies show that CGI-58 is an important regulator of lipolysis and inflammation,
and that pharmacological inhibition of CGI-58 can be used to modulate these processes.
Stimulated lipolysis is a hormonally regulated process that results in the release of free
fatty acids and glycerol in response to negative energy balance (Langin, 2006b; Lass et
al., 2011). During obesity, the storage capacity of adipocytes becomes overwhelmed and
the rate of basal lipolysis increases (Kosteli et al., 2010), resulting in elevated circulating
free fatty acids and lipotoxicity, which can contribute to insulin resistance in the liver and
other metabolic tissues (Holland et al., 2007). Insulin resistance is an underlying
component of the metabolic syndrome and can lead to Type 2 diabetes (Grundy, 2008).
These consequences of obesity have profound implications for cardiovascular disease
(CVD). Obesity increases the risk of atherosclerosis and stroke (Andersson et al., 2011;
Poirier et al., 2006), and Type 2 diabetes is a major risk factor for CVD (Malik et al.,
2004). Obesity now affects around one-third of adults in the United States and threatens
to reverse decades of progress in CVD prevention (Flegal et al., 2010; Poirier et al.,
2006). Given the metabolic effects of lipotoxicity, the regulation of adipocyte lipolysis
has become a target of interest in the development of new CVD therapeutic strategies
(Andersson et al., 2011; Langin, 2006a), with the goal of improving normal lipid storage
in adipocytes or promoting weight loss in a controlled manner. Indeed, partial inhibition
of Hormone Sensitive Lipase-mediated lipolysis can lead to an improved metabolic
profile (Girousse et al., 2013). Inhibition of CGI-58 also partially decreases lipolysis
(Chapter III). This effect was on stimulated lipolysis, while basal lipolysis did not appear
to be altered by CGI-58 knockdown. The studies in Chapter III make it clear that
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inhibition of lipolysis does not necessarily result in healthy storage of TAG in adipose
tissue. On the contrary, inhibition of CGI-58 and ATGL-mediated lipolysis actually
decreases fat mass in high-fat diet fed mice and leads to ectopic lipid accumulation
(Chapter II). It is likely that this phenotype reflects a harmful effect of inhibition in nonadipose tissues, especially in the heart (Haemmerle et al., 2006; Haemmerle et al., 2011).
In fact, adipose-specific inhibition of ATGL-mediated lipolysis has been shown to have
beneficial effects on hepatic insulin sensitivity despite increased fat mass (Ahmadian et
al., 2011). Thus, adipose-specific inhibition of CGI-58 could also have a positive
metabolic effect. However, it is important to note that CGI-58 inhibition has lipolysisindependent effects (Chapter III). Complete inhibition of CGI-58 does not seem to be a
good strategy for therapeutically modulating lipolysis, given the potential of harmful side
effects on adipocyte survival and adipose inflammation (Chapter III). Nonetheless,
selectively targeting the co-activation function of CGI-58 in adipose tissue could be a
good strategy to modulate ATGL-mediated lipolysis. In the liver, CGI-58 appears to be
protective against TAG accumulation and fibrosis, based on CDS patients and CGI-58
ASO mice (Chapter III). At the same time, CGI-58 knockdown prevents inflammatory
cytokine signaling in hepatocytes, which has a protective effect on insulin sensitivity
(Chapter II). In the long-term, the harmful effects of fatty liver disease would outweigh
the benefits of reduced inflammation. However, acute inhibition of CGI-58 could perhaps
have therapeutic potential in conditions such as sepsis. The reported LPAAT activity of
CGI-58 generates phosphatidic acid, a mediator of cytokine signaling and endotoxic
shock (Bursten et al., 1994; Rice et al., 1994). In fact, CGI-58 knockdown in the liver
inhibits the generation of certain phosphatidic acid species in response to TNFα (Chapter
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II). Overall, the potential of CGI-58 as a therapeutic target is complicated by paradoxical
effects of inhibition in the liver and seemingly opposing effects on inflammation in other
tissues (ie adipose tissue). It remains to be seen whether promoting CGI-58 function in
the liver could be beneficial in non-alcoholic fatty liver disease.

Future Directions
One of the most important unanswered questions is the mechanism of CGI-58 coactivation of ATGL activity. Although the minimal domains have been determined
(Cornaciu et al., 2011; Oberer et al., 2011), the molecular and structural mechanisms
remain unknown. Future studies could employ structural techniques such as cross-linking
to elucidate whether the structural conformation of ATGL changes upon interaction with
CGI-58. Another important question is the regulation of CGI-58 and ATGL interaction in
non-adipocyte cells, including hepatocytes and macrophages. It is likely that other
members of the perilipin protein family could orchestrate the localization of CGI-58 and
ATGL, but the conditions that stimulate co-activation in these tissues are poorly
understood. The studies in Chapter III clearly demonstrate that CGI-58 is equally
required for maximal ATGL activity in both adipocytes and hepatocytes. Although it has
been established that co-activation occurs in adipocytes in response to lipolytic
stimulation and trafficking, the stimuli that drive co-activation in the liver remain
unknown. Future studies in cells should use immunofluorescence to characterize the
trafficking and localization of CGI-58 and ATGL in response to different conditions in
hepatocytes. For example, it would be informative to examine the role of co-activation in
fasting or VLDL secretion. Interestingly, we found that systemic endotoxin treatment
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causes additional TAG accumulation in the livers of CGI-58 ASO mice (Chapter II). The
elevation of plasma TAG during the acute phase response may require TAG hydrolysis in
the liver and could be a condition that stimulates CGI-58 co-activation in hepatocytes.
Perhaps the most important unanswered question is the ATGL-independent function of
CGI-58 in the liver. One potential way to approach this question is to examine what other
proteins interact with CGI-58. Immunoprecipitation of CGI-58 could be used to identify
unknown binding partners in the liver and other tissues. TAG hydrolase activity assays
appeared to rule out the co-activation of additional lipases (Chapter III), but CGI-58
could perhaps negatively regulate DAG esterification or lipogenesis. CGI-58 could both
promote hydrolysis and down-regulate esterification. Future studies should quantitatively
measure lipogenesis and DAG esterification in the context of CGI-58 deficiency. A
related question is whether reduced adiposity in CGI-58 ASO mice contributes to the
development of hepatic steatosis. It is possible that a defect in fatty acid uptake into
adipocytes might divert lipid storage to the liver. Future experiments could measure
lipoprotein lipase activity or radiolabeled FA uptake in adipose tissue explants from CGI58 ASO mice. However, the best approach will be to generate tissue-specific models of
CGI-58 to examine whether adipose-specific deficiency increases hepatic TAG, or
conversely whether liver-specific deficiency decreases adiposity. Future work must also
elucidate the molecular mechanisms whereby CGI-58 regulates the generation of
signaling lipids (Chapter II) and DAG localization (Cantley et al., 2013) in the liver. It
will also be important to determine whether CGI-58 has a similar role in other tissues,
including leukocytes, adipose tissue, and muscle. Future studies could use re-expression
of CGI-58 variants in conditional knockout mice. For example, adenoviral re-expression
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of mutant CGI-58 in liver-specific knockout mice could help to identify the functions of
specific domains of CGI-58. Interestingly, an isoform of CGI-58 has been identified that
is localized to the cytoplasm and does not co-activate ATGL (Yang et al., 2010).
Exclusive expression of this isoform in liver-specific knockout mice could help to
identify the molecular functions of CGI-58 separate from ATGL co-activation.

Conclusion
Human CGI-58 mutations result in significant pathology, highlighting the importance of
CGI-58 in lipid metabolism and inflammation. Whereas previous studies of CGI-58 coactivation were limited to cell models and in vitro hydrolase activity assays, the primary
contribution of this dissertation is to examine the physiological role of CGI-58 in
metabolic stress, lipolysis, and inflammation. We have successfully tested hypotheses
that could not be addressed in previous models. In particular, this work advances the
understanding of CGI-58 in the liver, a central metabolic organ. As with any body of
research, these studies raise more questions than they answer, but these new questions
should drive continued research into CGI-58 as an important protein in lipid metabolism,
inflammation, and insulin action.
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