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E4orf1 induction in adipose tissue promotes
insulin-independent signaling in the adipocyte
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ABSTRACT

Background/Purpose: Type 2 diabetes remains a worldwide epidemic with major pathophysiological changes as a result of chronic insulin
resistance. Insulin regulates numerous biochemical pathways related to carbohydrate and lipid metabolism.

Methods: We have generated a novel mouse model that allows us to constitutively activate, in an inducible fashion, the distal branch of the
insulin signaling transduction pathway specifically in adipocytes.

Results: Using the adenoviral 36 E4orf1 protein, we chronically stimulate locally the Ras-ERK-MAPK signaling pathway. At the whole body level,
this leads to reduced body-weight gain under a high fat diet challenge. Despite overlapping glucose tolerance curves, there is a reduced
requirement for insulin action under these conditions. The mice further exhibit reduced circulating adiponectin levels that ultimately lead to
impaired lipid clearance, and inflamed and fibrotic white adipose tissues. Nevertheless, they are protected from diet-induced hepatic steatosis. As
we observe constitutively elevated p-Akt levels in the adipocytes, even under conditions of low insulin levels, this pinpoints enhanced Ras-ERK-
MAPK signaling in transgenic adipocytes as a potential alternative route to bypass proximal insulin signaling events.

Conclusion: We conclude that E4orf1 expression in the adipocyte leads to enhanced baseline activation of the distal insulin signaling node, yet
impaired insulin receptor stimulation in the presence of insulin, with important implications for the regulation of adiponectin secretion. The
resulting systemic phenotype is complex, yet highlights the powerful nature of manipulating selective branches of the insulin signaling network
within the adipocyte.

© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Adipose tissue; Adipocyte; Diabetes; Insulin signaling; Obesity; Adenovirus

1. INTRODUCTION development of novel therapeutics to treat T2DM and its’ related

complications.

Insulin signaling regulates whole-body glucose and lipid homeo-
stasis primarily through actions on peripheral tissues, such as the
liver, skeletal muscle and white adipose tissue (WAT) as well as in
the brain. Upon stimulation by insulin, signals are transduced from
the insulin receptor to propagate two main downstream branches,
the PI3K-Akt pathway and the Ras-MAPK pathway. These orches-
trate a plethora of biological functions on growth and metabolism,
such as proliferation, differentiation, survival, glucose uptake and
lipolysis, respectively. Under conditions of chronic nutrient excess,
such as diet-induced obesity-associated type 2 diabetes mellitus
(T2DM), insulin signaling is impaired. As such, peripheral tissues
develop a resistance to insulin, a central feature that culminates in
T2DM [1]. Understanding the intricate perturbations in the insulin
signaling pathway during obesity is therefore paramount for the

Over the decades, extensive efforts have focused on the various nodes
of regulation within the insulin signaling pathway and the points of
crosstalk that exist with other transduction cascades during insulin
resistance [2]. WAT and the adipocyte itself are major regulators of
whole body insulin sensitivity and energy homeostasis, with targeted
defects in insulin action in adipocytes resulting in systemic insulin
resistance [3—5]. Studies have attributed defective Akt signaling in
adipocytes critical for the development of insulin resistance, as adipose-
specific Akt2 knockout mice exhibit impaired insulin-stimulated
glucose-uptake [6]. Bluher and colleagues generated mice with a fat-
specific disruption in the insulin receptor gene (FIRKO mice) that
display defective insulin-stimulated glucose uptake. These mice are
however protected from obesity and glucose intolerance [7]. Ussar et al.
described the cell-surface proteoglycan glypican-4 interacting directly
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with the insulin receptor to enhance insulin sensitivity, albeit only in the
absence of insulin [8]. There has been controversy as to which defect in
the insulin signaling pathway is the major contributor to insulin resis-
tance, with a discordance evident between upstream proximal com-
ponents (the insulin receptor or insulin receptor substrate-1 [IRS-1])
[9—12] versus downstream distal signaling (AS160) [13], or at the
level of Akt [14]. The specific step of the insulin signaling pathway at
which a deficiency in insulin signaling is induced can thus contribute to
major differences in phenotypic outcomes. This holds true even for
differential interference along the pathway within a single tissue.

An example of alternate phenotypic outcomes following perturbation at
different branches of the insulin signaling pathway is the insulin-
mediated regulation of adiponectin release into the system. As a
circulating adipokine, adiponectin enhances insulin sensitivity in
models of insulin resistance [15,16]. However, insulin signaling within
the adipocyte exerts differential effects on adiponectin release from
adipocytes. Patients with genetically defective insulin receptors, by
definition components of the proximal insulin signaling branch, harbor
severe insulin resistance, yet paradoxically exhibit hyper-
adiponectinemia [17,18]. Conversely, genetic mutations in Akt-2, a
distal factor in the insulin signaling node, result in low adiponectin
levels. The generalized insulin resistance observed in obese patients
with T2DM, also results in lower adiponectin levels. It is therefore
evident that manipulating different segments of the insulin trans-
duction cascade, whether proximal or distal, exerts profoundly dif-
ferential effects on adiponectin production and whole-body insulin
sensitivity. This further highlights the complexity of the relationship of
adiponectin with the various components of the insulin signal trans-
duction modules in the adipocyte. Identifying new targets impacting
the insulin signal transduction cascade has the potential to decipher
how perturbing the different nodes of the insulin signaling pathway
within adipocytes alters whole-body insulin sensitivity.

The adenoviral gene product E4orf1 encodes a 14-kDa polypeptide
that enhances glucose metabolism in a PI3K-independent manner
[19]. Recent in vitro studies have demonstrated E4orf1 to exert insulin-
independent or ‘insulin-sparing’ actions that bypass insulin receptor
signaling to promote cellular glucose uptake in adipocytes. Studies
utilizing 3T3-L1 adipocytes revealed that E4orf1 directly inhibits IRS1/2
phosphorylation in the insulin signaling pathway [20,21]. Synergisti-
cally, and unaffected by an insulin receptor knockdown, E4orf1 en-
hances Ras activity to activate PI3K and subsequent phosphorylation of
the PI3K downstream target PKB/Akt to promote membrane trans-
location of Glut4, in the absence of insulin [20—23]. However, the
functional role that E4orf1 exerts on insulin signaling in adipocytes
in vivo, particularly in the context of obesity and T2DM, is yet to be
established. We therefore set out to test how inducing E4orf1 in adi-
pocytes in an in vivo setting could serve as a novel means to study the
different branches of the insulin signaling pathway and further, to
provide a model for investigating the role of insulin in the regulation of
adiponectin secretion from adipocytes. We wanted to explore how the
E4orf1-mediated ‘insulin-sparing’ effects have an impact on systemic
metabolic parameters in vivo. To avoid any developmental issues, we
generated and characterized an inducible mouse model of E4orf1
expression in adipocytes in which we express the protein exclusively in
the mature adipocyte.

2. MATERIALS AND METHODS
2.1. Animals

All animal experimental protocols were approved by the Institutional
Animal Care and Use Committee of University of Texas Southwestern
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Medical Center at Dallas. To generate a doxycycline (Dox)-inducible
mouse model of E4orf1 overexpression, E4orf1 cDNA was amplified
and engineered into pENTR vector (Invitrogen) and verified by
sequencing from both ends (Genewiz). To facilitate cloning, we
engineered Gateway components (Invitrogen) into pTRE vector
(Clontech). A rabbit B-globin 3’UTR was included to stabilize the
transcript and enhance the translation. This pTRE-Gateway-3'UTR
vector was used for one-step cloning of E4orf1 into pTRE construct by
recombination. The expression of E4orf1 is controlled by 7 tandem
repeats of tetracycline responsive elements in front of a minimum
CMV promoter. The pTRE-E4orf1 DNA was linearized by Xmn |, Ale |,
Cla | and Ahd | digestion. A 5.2-kb fragment was purified by Elutip-D
and injected into embryos of pure C57/Bl6 background by the
transgenic core facility at UTSW. Transgene-positive TRE-E4orf1
offspring were genotyped using PCR with the primer set: 5’-GGCA-
TACTAACCCAGTCCGATG  and  5’-AATCACTCTCTCCAGCAGCAGG.
Adiponectin-rtTA mice were generated as previously described [24].
All overexpression experiments were performed in a pure C57/BI6
background. All experiments were conducted using littermate-
controlled male WT mice and male E4orfl transgenic mice. Mice
were fed a standard chow diet (number 5058, LabDiet, St. Louis,
MQ), a Dox-chow diet (600 mg/kg Dox; BioServ, Frenchtown, NJ) or a
Dox-HFD (600 mg/kg Dox; BioServ). All experiments were initiated at
approximately 6—12-weeks of age.

2.2. Systemic tests

For the OGTT, mice were fasted for 3 h prior to administration of
glucose (2.5 g/kg body-weight by gastric gavage). At the indicated
time-points, venous blood samples were collected in heparin-coated
capillary tubes from the tail-vein. Glucose levels were measured us-
ing an oxidase-peroxidase assay (Sigma—Aldrich). Mice did not have
access to food throughout the experiment. For TG clearance, mice
were fasted (~ 14—16 h), then gavaged 20% Intra-lipid (15 ul/g body-
weight; Fresenius Kabi Clyton, L.P., Clayton, NC). Blood was collected
at timed intervals then assayed for TG levels (Infinity; Thermo Fisher
Scientific) and FFA levels (NEFA-HR(2); Wako Pure Chemical Industries,
Tokyo, Japan). Insulin and adiponectin levels were measured using
commercial ELISA kits (Millipore Linco Research, St. Charles, MO).
Glycerol and glucose levels were determined using a free glycerol
reagent and an oxidase-peroxidase assay, respectively (Sigma—
Aldrich).

2.3. Quantitative real-time PCR, RNA deep sequencing and lllumina
microarray

Subcutaneous white adipose tissues were excised from mice and
immediately snap-frozen in liquid nitrogen. Total RNA was isolated
following tissue homogenization in Trizol (Invitrogen, Carslbad, CA)
utilizing a TissueLyser (MagNA Lyser, Roche), then isolated using an
RNeasy RNA extraction kit (Qiagen). The quality and quantity of the RNA
was determined by absorbance at 260/280 nm cDNA was prepared by
reverse transcribing 1 ug of RNA with an iScript cDNA Synthesis Kit
(BioRad, Hercules CA). Results were calculated using the threshold
cycle method [25], with B-actin utilized for normalization. For RNA
deep sequencing, total SWAT RNA (10 ng) was submitted for tran-
scriptome sequencing (RNA-Seq). For lllumina microarray, total cCDNA
was synthesized from BAT and spotted onto a mouse lllumina Bea-
dArray platform (lllumina, Inc.). Fold-changes and significance were
calculated based on three independent replicates. Key gene lists and
cluster analyses of the data sets were performed using Ingenuity
software (Ingenuity Systems Inc.).
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2.4. Immunoblotting

For analysis of cytoplasmic fractions, frozen tissues were homog-
enized using a TissueLyser (MagNA Lyser, Roche) in TNET buffer
(50 mM Tris—HCI [pH 7.6], 150 mM NaCl, 5 mM EDTA, phosphatase
inhibitors [Sigma Aldrich] and protease inhibitors [Roche]), followed
by low centrifugation and removal of any adipose-layer present. For
nuclear extractions, frozen tissues were homogenized in RIPA buffer
(25 mM Tris—HCI [pH 7.6], 150 mM NaCl, 1% sodium deoxycholate
and 0.1% SDS). For nuclear isolations, a Nuclear Extraction Kit was
utilized (Active Motif, Carlsbad, CA). Following addition of Triton X-
100 to a final concentration of 1%, protein concentrations were
determined using a bicinchoninic acid assay (BCA) kit (Pierce).
Proteins were resolved on either a 4—12% bis-Tris get (Invitrogen)
or a 10—20% Tricine gel (Invitrogen) then transferred to a poly-
vinylidene difluoride membrane (Millipore) or a nitrocellulose
membrane (Protran, Whatman GmbH, Germany), respectively. An
anti-rabbit polyclonal antibody for E4orf1 was utilized (1:1,000, as
previously described [20]). Phospho-Akt (Ser473) and total-Akt (Cell
Signaling Technology, Inc., Boston, MA) were used (1:1,000) for
insulin signaling studies. Phospho-tyrosine (Tyr) (insulin receptor
[IR] and insulin receptor substrate [IRS]) (1:1,000, Cell Signaling
Technology, Inc., Boston, MA), in addition to phospho-ERK and total-
ERK (1:1,000, Cell Signaling Technology, Inc., Boston, MA) were
also utilized for insulin signaling studies. Control primary antibodies
utilized were B-actin and histone-H3 (1:1,000, Cell Signaling
Technology, Inc., Boston, MA). Primary antibodies were detected
using secondary IgGs labeled with infrared dyes emitting at 700 and
800 nm (1:5,000; Li-Cor Bioscience, Lincoln, NB) then visualized on
a Li-Cor Odyssey infrared scanner (Li-Cor Bioscience). The scanned
data were analyzed using Odyssey Version 2.1 software (Li-Cor
Bioscience).

2.5. Histology and immunohistochemical (IHC) staining

The relevant fat-pads or liver tissues were excised and fixed in 10%
PBS-buffered formalin for 24 h. Following paraffin embedding and
sectioning (5 pm), tissues were stained with H&E or a Masson’s Tri-
chrome stain. For IHC, paraffin-embedded sections were stained using
monoclonal anti-Mac2 antibodies (1:250; CEDARLANE Laboratories
USA Inc., Burlington, NC).

2.6. Hepatic triglyceride content

Frozen liver tissues were utilized for lipid extraction and measurement
by the UT Southwestern Medical Center Metabolic Core Facility. Briefly,
~100—150 mg frozen liver chunks were homogenized. Lipids were
then extracted using the Folch procedure [26] and the chloroform
phase was adjusted to equal volume, and triplicates of the samples in
combination with standards, were dried down by the addition of 10 mi
of 2:1 chloroform-Triton X-100 mix.

2.7. lsolation and differentiation of primary adipose stromal
vascular fraction (SVF) cells

The isolation of SVF and cellular differentiation protocol was adapted
from previous procedures [27]. In brief, BAT depots were dissected
from 8 to 12-week old mice, washed, minced and then digested for
two hours at 37 °C in digestion buffer (100 mM HEPES [pH 7.4],
120 mM NaCl, 50 mM KCI, 5 mM glucose, 1 mM CaCl,, 1.5% BSA
and 1 mg/ml collagenase D [Roche]). Digested BAT was then filtered
through a cell strainer (100 pwm) and the flow-through then centri-
fuged for 5 min at 600 x g. The pelleted SVF cells were re-
suspended in SVF culture media (DMEM/F12, Invitrogen) supple-
mented with Glutamax, Pen/Strep, Gentamicin and 10% FBS, then
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filtered through a cell strainer (40 pum). Following centrifugation
(5 min at 600 x g) cells were re-suspended in SVF culture media and
seeded onto collagen-coated 6-cm tissue culture plates. Upon
confluence, cells were treated with SVF medium containing dexa-
methasone (1 mM), insulin (5 pg/ml), isobutylmethylxanthine
(0.5 mM) and rosiglitazone (RSG) (1 mM) to induce adipocyte dif-
ferentiation. Then forty-eight hours post induction cells were main-
tained in SVF medium supplemented with insulin (5 pg/ml) and RSG
(1 mM). Following seven days of differentiation, adipocytes were
treated for two days with Dox-containing media (10 pg/ml) prior to
harvest.

2.8. Statistics

All results are provided as means =+ standard errors of the mean. All
statistical analysis was performed using GraphPad Prism (San Diego,
CA). Differences between the two groups over time (as indicated in the
relevant figure legends) were determined by a two-way analysis of
variance (ANOVA) for repeated measures. For comparison between two
independent groups, a Student’s t-test was utilized. Significance was
accepted at a P value of <0.05.

3. RESULTS

3.1. Inducible, titratable and highly specific overexpression of
E4orf1 in adipose tissue

To induce E4orf1 specifically in adipose tissue (AT), we generated a
mouse in which the expression of E4orf1 is driven by a tetracycline-
inducible promoter element (a fef-responsive element, or TRE). We
refer to this mouse as the TRE-E4orf1 mouse. For this promoter
element to be operational, the presence of the ‘Tet-on’ transcription
factor rtTA is required. We provide this factor in an adipocyte-
specific manner through a mouse that harbors the rtTA compo-
nent under the control of the adiponectin promoter [24]. Upon
crossing TRE-E4orf1 mice with adiponectin-rtTA mice, followed by
administration of doxycycline (Dox) to the resulting pups (the
“Edorf1-Tg mice”), we achieve induction of E4orfl expression
specifically within adipose tissues. Our in vivo system of E4orf1
overexpression is inducible, highly specific and titratable; with the
latter achieved through alterations in Dox concentrations. Initial
observations revealed that following one-week of Dox-chow
(600 mg/kg Dox) feeding, we efficiently induce E4orf1 protein in
transgenic subcutaneous white adipose tissue (SWAT), gonadal WAT
(gWAT), mesenteric WAT (mWAT) and brown adipose tissue (BAT);
with the highest degree of E4orfl induction evident in BAT
(Figure 1A). No induction of E4orf1 protein is observed in the liver,
therefore highlighting the specificity of E4orfl protein over-
expression exclusively to adipose tissues.

Following confirmation of E4orfl protein induction, we addressed
whether overexpression of the human adenovirus 36 (Ad36E4orf1) in
murine AT alters food-intake. Figure 1B highlights that no significant
differences in food-intake are evident between control wild-type (WT)
mice and E4orf1-Tg mice following two weeks of Dox-chow (600 mg/
kg) feeding. Subsequent analyses assessing systemic parameters
under baseline, metabolically unchallenged conditions revealed that
E4orf1-Tg mice exhibit significantly higher levels of triglycerides
(TAGs), free fatty acids (FFAs) and glycerol, both in the fed-state and
under fasted (24 h) conditions (Figure 1C). This suggests that some
degree of enhanced basal and fasting-induced lipolysis is present in
E4orf1-Tg mice. Interestingly, despite in vitro studies documenting that
E4orf1 overexpression enhances adiponectin secretion from human
differentiated adipocytes [28], here we observed a marked reduction in
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Figure 1: Adipose-tissue-specific induction of E4orf1 promotes fasting-induced lipolysis and lowering of adiponectin levels. (A) Representative Western blots showing E4orf1
protein expression levels (top panel) and B-actin (bottom panel) in subcutaneous white adipose tissue (SWAT), gonadal WAT (gWAT) and brown adipose tissue (BAT) derived from
wild-type (WT) mice versus adipose tissue-specific E4orf1 transgenic (E4orf1-Tg) mice fed doxycycline (Dox)-chow (600 mg/kg Dox) for one-week. (B) Food-intake (g/day/body-
weight gain [g]) of WT mice versus E4orf1-Tg mice following two-weeks of Dox-chow (600 mg/kg) feeding, (m = 5 per group). (C) Ad libitum and 24 h fasted circulating tri-
glycerides (TAG), free fatty acid (FFA), glycerol and adiponectin levels in male C57/BI6 WT mice versus E4orf1-Tg mice post two-weeks Dox-chow (600 mg/kg) feeding, (n = 5 per

group). (Student’s ttest, *P < 0.05; **P < 0.01; **P < 0.001).

systemic adiponectin levels in E4orf1-Tg mice under ad libitum feeding
(Figure 1C), reflecting a differential response between in vitro cultured
and in vivo systems.

3.2. AT-specific E4orf1-Tg mice exhibit reduced body-weight gain
during a metabolic challenge, potential insulin-sparing
characteristics, inflamed and fibrotic WAT with minimal hepatic
steatosis

To apply a metabolic challenge, we fed E4orf1-Tg mice Dox high-fat
diet (Dox-HFD) (600 mg/kg) and monitored body-weights. Figure 2A
shows that E4orf1-Tg mice exhibit significantly lower body-weight gain
during Dox-HFD feeding. Following six weeks Dox-HFD feeding, we
performed an oral glucose tolerance test (OGTT) and observed no
marked differences in glucose tolerance between WT mice and E4orf1-
Tg mice (Figure 2B), although baseline acute fasting (3 h) glucose
levels were significantly lower in E4orf1-Tg mice compared to WT
littermates (Figure 2B), suggesting possible protection from HFD-
induced fasting hyperglycemia. Interestingly, E4orf1-Tg mice exhibit
a profoundly lower transient insulin spike in response to the glucose

656 MOLECULAR METABOLISM 4 (2015) 653—664

load during the OGTT, in comparison to WT mice. Insulin levels were
significantly lower both at baseline and throughout the duration of the
OGTT (Figure 2B). We ruled out any pancreatic 3-cell defects in E4orf1-
Tg mice, given their normal capacity to clear a glucose bolus from
circulation. In vitro studies have documented that E4orf1 enhances
cellular glucose uptake in the absence of insulin, either by bypassing
the insulin receptor or by sustaining activation of downstream insulin
signaling components in the face of an insulin receptor knockdown
[20—22], suggesting potential unique ‘insulin sparing’ actions of
E4orf1-mediated signaling. Here, given that Edorf1-Tg mice clear
exogenous glucose efficiently while not harboring any B-cell defects,
yet exhibit severely lower insulin levels in doing so, our data suggest
that E4orf1-Tg mice may have a lower requirement for insulin. They
effectively preserve whole-body glucose clearance capacity and the
distal branch of the insulin signaling cascade, with a lower requirement
for insulin. We further assessed lipid clearance efficacy and observed
that E4orf1-Tg mice exhibit impaired triglyceride (TG) clearance, evi-
denced by significantly higher systemic TG levels following an oral lipid
gavage (Figure 2C). This suggests that E4orf1-Tg mice harbor an

© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: E4orf1-Tg mice exhibit lower body-weight gain, systemic insulin-sparing effects, inflamed and fibrotic WAT with minimal hepatic steatosis. (A) Body-weight gain (g) of
male C57/BI6 WT mice versus E4orf1-Tg mice during Dox-HFD (600 mg/kg) feeding, (m = 7 per group). (B) Glucose levels (left) and insulin levels (right) during an oral glucose
tolerance test (OGTT) (2.5 g/kg body-weight glucose; single gavage) on male WT mice versus E4orf1-Tg mice, (7 = 7 per group). (C) Triglyceride clearance test on WT mice versus
E4orf1-Tg mice post eight-weeks Dox-HFD feeding. Mice were gavaged (20 ul/g body-weight 20% Intra-lipid) following an overnight (14—16 h fast), (m = 7 per group). (D) Ad
libitum and 24 h fasted systemic glucose, TG and adiponectin levels in WT mice versus E4orf1-Tg mice post eight-weeks Dox-HFD (600 mg/kg) feeding, (n = 7 per group). (E)
Representative images of H&E staining of SWAT (top left) and gWAT (middle left) tissues from WT versus E4orf1-Tg mice post eight-weeks Dox-HFD feeding. Representative images
of perilipin immunohistochemical (IHC) staining of SWAT (bottom left) derived from WT versus E4orf1-Tg mice. Mac2 IHC staining (top right) and Trichrome staining (middle right) of
SWAT, in addition to H&E staining of liver tissues (bottom right) from WT mice versus E4orf1-Tg mice post eight-weeks Dox-HFD feeding. Scale bar: 32 pum. (F) Fat-pad (SWAT and
gWAT) and liver tissue weights (mg) normalized to body-weight (g), in WT mice versus E4orf1-Tg mice post eight-weeks Dox-HFD feeding, (n = 7 per group). (G) Hepatic TG
content (mg/g) in livers derived from WT mice versus E4orf1-Tg mice post eight-weeks Dox-HFD feeding, (m = 7 per group). (Student’s ttest, *P < 0.05; **P < 0.01;
***P < 0.001).

unfavorable systemic lipid profile. We subsequently measured various
systemic parameters under ad libitum and fasted (24 h) conditions.
While E4orf1-Tg mice weigh markedly less than their WT counterparts,
no differences in the fasting-induced body-weight changes were

apparent following a 24 h fast (data not shown). Secondly, E4orf1-Tg
mice exhibit significantly lower fasting blood glucose levels
(Figure 2D). Such fasting-induced hypoglycemia is consistent with
in vitro studies demonstrating that E4orf1 confers anti-hyperglycemic
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expression (~ 60 kDa) in SWAT, BAT, gWAT and liver tissues from WT versus E4orf1-Tg mice prior to and post insulin injection (0, 5 and 15 min time-points) that were fed Dox-
chow (600 mg/kg) for two-weeks. Mice were fasted overnight (~14—16 h) prior to insulin injection (1 U/kg body-weight insulin i.p). (B) Western blots of p-Akt (upper panels) and
total-Akt (~60 kDa) (lower panels) in SWAT and liver tissues derived from WT mice versus E4orf1-Tg mice post Dox-chow (600 mg/kg) feeding. Bar graphs show p-Akt levels
normalized to total-Akt levels in SWAT (left) and liver (right). (C) Western blots of the phospho-tyrosine (p-Tyr) insulin receptor B-subunit (Ins-Rec) (~ 97 kDa) and p-Tyr insulin
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mice post eight-weeks Dox-HFD feeding. Scale bar: 32 pum. (G) Real-time gPCR data showing the fold-changes (in comparison to WT) in gene expression levels of key components
of the insulin signaling pathway (/ns-Rec, Irs-1/2, PI3K [p85/p110], Glut4 and Akt-1/2/3) in SWAT derived from WT mice versus E4orf1-Tg mice that underwent three-weeks of Dox-
HFD (600 mg/kg) feeding. Mice were fasted for 3—4 h prior to tissue harvest (n = 9/group). (H) Real-time gPCR confirmation of the top significantly up-regulated genes (identified
by RNA-Seq analyses) in E4orf1-Tg SWAT, when compared with WT sWAT, (n = 9 per group). (I) Real-time qPCR of the most significantly down-regulated genes (identified by RNA-
Seq analyses) in E4orf1-Tg sSWAT, when compared with WT sWAT, (n = 9 per group). (Student’s ttest, *P < 0.05; **P < 0.01; **P < 0.001).
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actions by improving cellular glucose disposal [20,23]. Here, such
actions of E4orf1 appear to be more effective under fasted conditions.
In line with the impaired TG clearance capacity, we observed markedly
higher circulating TG levels and FFA levels in E4orf1-Tg mice, when
compared with WT mice (Figure 2D), implicating some degree of
fasting-induced lipolysis present in metabolically challenged E4orf1-Tg
mice. Similar to Dox-chow fed conditions, both in the Dox-HFD-fed-
state and during fasting, E4orf1-Tg mice exhibit lower systemic adi-
ponectin levels in comparison to their WT littermates (Figure 2D). Given
that it has been established that circulating adiponectin levels are
lower in states of obesity and T2DM [29—31], the reduction in adi-
ponectin in E4orf1-Tg mice that exhibit a leaner phenotype in com-
parison to their WT counterparts suggests impaired production of
adiponectin from WAT and further implicates that E4orf1 induction may
promote WAT dysfunction and metabolically ‘unhealthy’ WAT
expansion.

In light of the fact that we do not see measurable differences in food-
intake, yet there is a significant difference in body-weight gain, we
wanted to examine whether the differences were large enough to be
picked up in a metabolic cage study. We therefore selected an early
stage Dox-HFD paradigm and measured energy expenditure within
two weeks of gene induction on the HFD. This is at a point when no
significant body-weight differences were apparent. Within the
sensitivity of our measurements, we observed no marked differences
in whole-body energy expenditure (Supplementary Figure 1). More
specifically, no significant differences were observed in oxygen-
consumption, carbon-dioxide production or respiratory exchange
rate (RER) between WT and E4orf1-Tg mice (Supplementary
Figure 1). However, and somewhat surprisingly, transgenic mice
did appear to exhibit markedly lower total X-beam movements (XT),
X-ambulatory (XA) movements and X-fine movements (XF), reflecting
grooming behavior (Supplementary Figure 1); this lack in movement
and grooming, in addition to the increase in total water consumption
for the duration of the experiment. In particular, while glucose
tolerance appears comparable between genotypes (Figure 2B),
transgenic mice do not utilize/require the same amount of insulin
(Figure 2B) due to the induction of E4orf1 in WAT. Combined with the
unhealthy WAT evident in the transgenic mice, this implicates an
overall metabolically unfavorable phenotype. However, even though
trends were apparent in many of the parameters measured in the
metabolic cages (such as enhanced food-intake, reduced overall
body-weight gain), these measurements failed to give us statistically
meaningful data that could explain the lighter body weight on the
basis of altered expenditure.

Histological analyses of SWAT and gWAT tissues revealed comparable
adipocyte size between WT and E4orf1-Tg H&E stained tissues
(Figure 2E). Importantly, perilipin immunohistochemical (IHC) staining
demonstrated comparable perilipin-positive staining between WT and
E4orf1-Tg sWAT (Figure 2E), indicating that adipocytes in E4orf1-Tg
SWAT are viable and the induction of E4orfl protein is therefore
not toxic. Given the low systemic adiponectin levels in E4orf1-Tg
mice, we hypothesized that the WAT depots in E4orf1-Tg mice
may be dysfunctional. Indeed, Mac2 IHC staining and trichrome
staining revealed enhanced macrophage infiltration and fibrosis,
evident in E4orf1-Tg sSWAT, when compared to WT sWAT (Figure 2E).
Such enhanced inflammatory and fibrotic processes indicate that
E4orf1-Tg mice undergo unhealthy expansion leading to dysfunctional
WAT during metabolic challenge, which further provides some
explanation of their impairment in lipid clearance capacity, as
observed in Figure 2C. Consistent with a reduction in body-weight
gain during Dox-HFD feeding, E4orf1-Tg mice harbor significantly
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smaller sWAT and gWAT fat-pads than their WT counterparts
(Figure 2F). Given the overall unhealthy, inflamed and fibrotic nature
of the Edorf1-Tg sWAT fat-pad (Figure 2E), appropriate diet-induced
SWAT expansion may be severely impaired. This is evident from the
insufficient remodeling of extracellular matrix (ECM) and angiogenic
programs that hinder healthy sWAT expansion. Indeed, by utilizing
RNA deep-sequencing (RNA-Seq) methodology on SWAT derived from
mice that were metabolically challenged with Dox-HFD for two
weeks, we identify that gene expression levels of a key angiogenic
marker vascular endothelial growth factor A (Vegf-A) are significantly
down-regulated in Edorf1-Tg SWAT (Supplementary Table 1).
Furthermore, several components of fibrosis, ECM remodeling and
hypoxia signaling pathways are significantly up-regulated in E4orf1-
Tg SWAT. In particular, transforming growth factor B-receptor 1
[Tgf-Br1], connective tissue growth factor [Ctgf], hypoxia-inducible
factor 1-o0 (Hifla) and several collagens (Col4a3bp, Col12al,
Col14a1) are dysregulated (Supplementary Table 1), collectively
substantiating the unhealthy nature of E4orf1 sWAT. Finally, given the
inability of E4orf1-Tg mice to appropriately expand their SWAT fat-pad
to accommodate surplus dietary lipids, we assessed whether any
hepatic steatosis was evident in these mice. Unexpectedly, H&E
staining revealed markedly less lipid accumulation in E4orf1-Tg liver
tissues (Figure 2E); this was corroborated quantitatively as E4orf1-Tg
mice were shown to have an overall reduction in liver tissue weight
when normalized to body-weight (Figure 2F), in addition to exhibiting
significantly lower hepatic TG levels in comparison to WT mice
(Figure 2G).

3.3. Adipose tissue-specific induction of E4orf1 promotes insulin-
independent up-regulation in p-Akt expression levels

To assess AT insulin signaling in the presence of E4orf1, mice un-
derwent two weeks of Dox-chow feeding (600 mg/kg) and insulin-
stimulated phospho-Akt (p-Akt) levels were examined. Interestingly,
we observed a significant increase in baseline, non-insulin-stimulated
p-Akt expression in E4orf1-Tg sSWAT compared to WT sWAT (Figure 3A),
while total-Akt expression levels remained unchanged (Supplementary
Figure 2). A similar pattern was also observed in E4orf1-Tg BAT, the fat-
depot that achieves the highest level of E4orf1 protein induction. Such
an increase in p-Akt by E4orf1 under baseline conditions suggests that
E4orf1 may activate the insulin-signaling cascade to enhance p-Akt
independently of insulin. Upon insulin-stimulation (5, 10 and 15 min
post insulin injection), conversely, markedly reduced levels of p-Akt
expression are evident in E4orf1-Tg sWAT (Figure 3A). While E4orf1
impairs insulin-mediated effects, it raises the question how E4orf1 has
the ability to trigger the insulin-signaling cascade in the absence of
insulin; this is extremely important, particularly in the context of diabetic
conditions with conventional insulin resistance. Quantitatively, in the
basal un-stimulated state, we further substantiated the significant in-
crease in p-Akt expression in E4orf1-Tg sSWAT, by normalizing to total-
Akt levels (Figure 3B). A marked reduction in p-Akt expression was
further apparent in E4orf1-Tg livers (Figure 3B), suggesting some de-
gree of hepatic insulin resistance as a secondary consequence of the
dysfunctional WAT in E4orf1-Tg mice. Upon examination of other tar-
gets of the insulin-signaling pathway, we observed a marked reduction
in insulin-stimulated p-tyrosine (p-Tyr) (insulin receptor B-subunit and
IRS-1) expression levels in E4orf1-Tg sSWAT and liver tissues
(Figure 3C). Similarly upon Dox-chow feeding, assessing p-ERK, a
downstream target of the Ras-mediated pathway, we noticed it to be
markedly lower in insulin-stimulated E4orf1-Tg sWAT and liver tissues
(Figure 3D). Lower baseline and insulin-stimulated levels of caveolin-1
(Cav-1) p-Tyr 14 were also apparent in sWAT and liver tissues from
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E4orf1-Tg mice (Figure 3E). Finally, we examined glucose transporter
levels in SWAT by immunofluorescence staining, which revealed more
prominent Glut4 staining in E4orf1-Tg SWAT, when compared with WT
SWAT (Figure 3F).

To examine whether E4orf1 induction alters transcriptional events in
SWAT, we performed RNA deep sequencing (RNA-Seq) on sSWAT
derived from WT and E4orf1-Tg mice following two weeks of Dox-HFD
feeding. Transcriptional analyses of key components of the insulin-
signaling pathway revealed a significant down-regulation in the in-
sulin receptor, IRS-1/2, PI3K (p85 and p110 subunits) and Glut4 gene
expression levels in E4orfl-Tg sSWAT compared to WT sWAT
(Figure 3G). In contrast, analyses further revealed that numerous genes
involved in the Ras-ERK-MAPK-mediated signaling cascade are
significantly up-regulated in E4orf1-Tg SWAT, when compared with WT
SWAT (Supplementary Table 2). Key genes markedly up-regulated in
the Ras-ERK-MAPK pathway in E4orf-1Tg SWAT included K-Ras and
several activators and substrates of Ras (Sos7/2, Ras-al, R-Ras2,
Rac1, Rap-1a/1b), in addition to ERK and MAPK genes (Map2ké,
Mapk4k3, Mapk6 [Erk3], Mapk8 [Jnk1]) (Supplementary Table 2).
Further RNA-Seq analyses identified that the top most significantly up-
regulated genes in E4orf1-Tg sWAT are elongation factor 1-o0 2
(Eef1a2), protein phosphatase 1 regulatory subunit 3A (Ppp7r3a),
lipocalin-2 (Lcn2) and the protein MAL2 (Mal2). Subsequent qPCR
analyses confirmed the marked up-regulation of these genes in
E4orf1-Tg SWAT, with EeffaZ2 in particular, significantly up-regulated
more than 100-fold in transgenic SWAT (Figure 3H). In contrast, the
most significantly down-regulated genes in E4orf1-Tg SWAT included
cytochrome P450 2E1 (CypZ2ef), probable leucyl-tRNA synthetase
(Lars2), complement factor D (adipsin) (Cfd), solute carrier family 1
member 5 (neutral amino acid transporter) (Sic1a5), carboxylesterase
1D (Ces1d) and alanine-glyoxylate aminotransferase 2 (Agt2); qPCR
further confirmed the significant down-regulation of these genes in
E4orf1-Tg SWAT (Figure 3l).
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3.4. Insulin stimulates the intracellular re-localization of E4orf1
protein from cytosolic to nuclear compartments

Our initial observations revealed that insulin enhances E4orf1 protein
expression in the nuclear fraction of SWAT following 5 min post insulin
injection (Figure 4A), suggesting a potential insulin-stimulated cyto-
plasmic re-localization of the E4orf1 protein. To explore this phe-
nomenon further, we isolated the stromal vascular fraction from BAT
derived from E4orf1-Tg mice post Dox-chow feeding and differentiated
the cells into mature adipocytes. We then stimulated adipocytes with
insulin and assessed any potential intracellular movement of the
E4orf1 protein. Figure 4B shows a time-dependent effect of insulin to
stimulate a re-localization of the E4orf1 protein, a translocation from
cytoplasmic compartments to the nuclear fractions. Consistent with
our observations, recent studies in a cancer setting, reported that the
E4orf1 protein translocates from cytoplasmic to nucleus compartments
to activate Myc [19].

3.5. E4orf1 induction impairs BAT and promotes whitening

The highest degree of E4orf1 induction is achieved in the BAT depot
(Figure 1A). As such, we wanted to assess whether E4orf1 induction
alters the transcriptional browning signature program in BAT. Inter-
estingly, following two weeks of Dox-HFD feeding, gene markers of
browning (Ucp1, Pgcla, Cidea, Otop1 and Prdm16) were significantly
down-regulated in E4orf1-Tg BAT compared to WT BAT (Figure 5A).
Visually, the BAT depot in E4orf1-Tg mice appeared to have whitened
in color, such that very little true BAT was evident. By utilizing lllumina
microarrays, we identified significantly altered gene clusters in BAT
derived from E4orf1-Tg mice that underwent two weeks of Dox-HFD
feeding. Supplementary Table 3 highlights a significant suppression
in the angiogenic marker Vegf-B in E4orf1-Tg BAT. Conversely, a
significant up-regulation in several markers of fibrosis and ECM
remodeling genes (Tgfbi, Tgf-Gr1, Smad3/4 and many matrix metal-
lopeptidases [MMPs]) was apparent in E4orf1-Tg BAT (Supplementary
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Figure 5: E4orf1 induction promotes whitening of BAT. (A) Real-time gPCR data showing BAT marker gene expression levels (Ucp1, Pgcla, Prdm16, Cidea and Otop1) in BAT
derived from WT mice versus E4orf1-Tg mice following three-weeks of Dox-HFD (600 mg/kg) feeding. (Student’s #test, **P < 0.01; **P < 0.001). (B) Representative images of
BAT derived from WT mice versus E4orf1-Tg mice that underwent H&E staining (top panel), Trichrome staining (second panel), Mac2 IHC (third panel) and Ucp1 IHC (fourth panel).

Scale bar: 32 pm.

Table 3). Similar to SWAT, numerous collagens were also markedly up-
regulated in E4orf1-Tg BAT (Supplementary Table 3), suggesting un-
healthy fibrotic AT. In line with the gene expression data, histological
examination through H&E staining revealed markedly disorganized and
enlarged lipid-laden adipocytes in E4orf1-Tg BAT (Figure 5B). Further,
consistent with the gene expression data (Supplementary Table 3),
trichrome staining revealed enhanced tissue fibrosis in E4orf1-Tg BAT
(Figure 5B). Edorf1-Tg BAT also displayed enhanced Mac2-positive
staining (Figure 5B), indicating inflamed and unhealthy AT, similar to
that observed for E4orf1-Tg sWAT (Figure 2E). However, despite the
gene expression data highlighting a marked reduction in the browning
signature program in E4orf1-Tg BAT (Figure 5A), Ucp1 IHC showed no
striking differences in Ucp1-positive staining between WT BAT and
E4orf1-Tg BAT (Figure 5B). This suggests that even though mRNA
levels are reduced, UCP1 protein levels are maintained, either through
enhance translational efficacy or a prolonged half-life for UCP1 protein.

4. DISCUSSION

By taking advantage of the properties of E4orf1, we generated and
validated an inducible mouse model that allows us to alter the classical
signaling events in the distal branches of the insulin signal trans-
duction pathway in adipose tissue, in an insulin-independent manner.
The phenotypic outcome in vivo of such a perturbation results in the
adipose tissue-specific E4orfl transgenic mouse (the E4orf1-Tg
mouse) exhibiting lower body-weight gain under metabolically chal-
lenging conditions and ‘insulin-sparing’ characteristics during glucose
tolerance tests. Transgenic mice also exhibit reduced circulating adi-
ponectin levels, inflamed and fibrotic WAT; however, the mice are
protected from diet-induced hepatic steatosis. This model, therefore,

defies many expectations regarding adiposity, healthy state of adipose
tissue, adiponectin levels and insulin sensitivity. Ex vivo analyses
revealed that E4orf1 promotes up-regulation of p-Akt expression in
adipose tissues in the absence of insulin. Furthermore, microarray
analyses pinpointed that specifically under metabolic challenge,
enhanced Ras-ERK-MAPK signaling in E4orf1-Tg SWAT could serve as
a potential alternative route to bypass classical insulin signaling
events. Interestingly, insulin negatively regulates E4orf1 protein
expression in SWAT and, moreover, stimulates the intracellular re-
localization of E4orf1 protein from cytosolic to nuclear compart-
ments. Finally under metabolic challenge, E4orf1-Tg mice exhibit
whitening of BAT, as a reduction in transcriptional profile of classical
browning markers, in addition to enlarged lipid-laden hypertrophic
adipocytes was evident. Nevertheless, glucose tolerance remained
normal in these mice. Taken together, Figure 6 highlights the in vivo
action of E4orf1 in adipocytes.

Previous in vitro studies utilizing 3T3-L1 adipocytes described that
E4orf1 increases Glut4 translocation to the plasma membrane and
glucose uptake in an insulin-independent fashion, as insulin signaling
was preserved despite the presence of an insulin receptor knockdown
[20—22]. This suggests that E4orf1-mediated signaling harbors ‘in-
sulin-sparing’ characteristics. Consistent with this, while glucose
tolerance was comparable to wild-type mice, E4orf1-Tg mice lacked
the transient insulin spike typically observed in response to a glucose
bolus. This could indicate that E4orf1-Tg mice do not require the same
amount of insulin to clear exogenous glucose, rather maintain
adequate activation of the insulin signaling cascade through E4orf1-
mediated signaling. Indeed, in the fasting state with low levels of in-
sulin, we observed an E4orf1-induced up-regulation in p-Akt expres-
sion in adipose tissues, further highlighting the insulin-independent
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Figure 6: /n vivo mechanistic action of E4orf1 in the white adipocyte. E4orf1 induction in WAT promotes inflammation, fibrosis, hypoxia and an increase in expression of several
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lipolysis, reduced adiponectin levels, protection from HFD-induced hepatic steatosis, in addition to key “insulin-sparing” effects during glucose tolerance testing.

signaling properties of E4orf1. In parallel, we recently utilized the
adiponectin promoter-driven riTA cassette coupled with a TRE-CRE
transgenic mouse to inducibly eliminate from the mature adipocyte
the floxed protein phosphatase and tensin homolog (PTEN) locus, a
protein that inhibits cellular insulin signaling transduction (Morley, Xia
and Scherer; Nat, Comm., in press). It is interesting to note that in the
case of PTEN elimination in the adipocyte, the loss of PTEN in the
mature adipocyte leads to increased insulin sensitivity in multiple
peripheral tissues, and a greatly improved metabolic phenotype upon
acute and chronic exposure to high fat diets. These observations
highlight the major differences arising from subtle manipulations of the
pathway with one and the same cell. The adipocyte-specific PTEN
knock out has elevated not only baseline levels of p-Akt but also, in
contrast to the model presented here, much higher and longer lasting
amplitudes of p-Akt signaling post exposure to insulin. This triggers
differential responses in the liver, and results in a completely differ-
ential systemic read out with respect to metabolic homeostasis.

Previous studies have described E4orf1 as an obesogenic agent that
induces adiposity by increasing glucose uptake and promoting chronic
inflammation in adipose tissues [32—34]. Here, however, E4orf1-Tg
mice exhibit a marked reduction in body-weight gain during Dox-
HFD feeding. Such a discrepancy between cultured systems and an
in vivo environment suggests that E4orf1 may promote adiposity in an
isolated system. However, the in vivo induction of E4orf1 specifically in
adipose tissues may involve additional components that influence the
adiposity-inducing properties of E4orfl. Consistent with in vitro
studies, we find that E4orf1 increases monocyte chemoattractant
protein-1 (MCP-1) levels in fat-pads, to create a chronic pro-
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inflammatory state [32,35]. Our data also reveal that E4orf1-Tg mice
harbor inflamed and fibrotic adipose tissues, indicating ‘unhealthy’
WAT expansion during the onset of diet-induced obesity. The latter is
further reflected by the fact that E4orf1-Tg mice harbor markedly lower
circulating levels of adiponectin, a typical hallmark of metabolically
unhealthy WAT [30,36,37]. Interestingly, transgenic mice are protected
from Dox-HFD-induced hepatic steatosis, despite exhibiting markedly
lower fat-pads weights. This is in agreement with previous reports
demonstrating that E4orf1 improves hyperglycemia and hepatic
steatosis in HFD-fed mice, in addition to lowering hepatic lipid levels in
seropositive subjects [38]. Given that we observe no marked differ-
ences in food-intake between genotypes, this would suggest an in-
crease in whole-body energy expenditure.

Numerous actions of insulin are mediated through the PI3-kinase/Akt
pathway. More specifically, Akt plays a central role in mediating
several of insulin’s actions on metabolism by regulating the expression
and activity of a wide range of intracellular substrates that play key
roles in a range of biological processes [39—41]. Here, we see that p-
Akt expression is enhanced in E4orf1-Tg SWAT under basal conditions.
However, it is reduced under insulin-stimulated conditions. Consistent
with these observations, E4orf1 enhances translocation of Glut4 and
thus increases glucose uptake in adipocytes through activation of the
Akt and Ras signaling pathways [38,42]. Of note, insulin is required for
WAT to development normally, minimally to allow a build up of lipids
through suppression of lipolysis, a scenario most dramatically visu-
alized in a type 1 diabetic setting. This is in contrast to the chronic
baseline stimulation of Akt by E4orf1 described here, which actually
has a negative impact on WAT development and function.

© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A second essential branch of the insulin signaling pathway is the Ras-
Raf-Sos-MEK-ERK pathway [43]. Son-of-sevenless (Sos) is a guanine
nucleotide exchange factor that activates the GTP-bound form of Ras
(Ras-GTP). Ras-GTP then stimulates downstream effectors, such as the
Ser/Thr kinase Raf, which, in turn, activate MEK1 and 2 to phosphor-
ylate MAP kinases extracellular-signal-regulated kinase 1 (ERK1) and 2
[43]. Here, RNA-Seq gene-clustering analyses identified numerous
genes in the Ras-ERK-MAPK signaling pathway that are up-regulated in
E4orf1-Tg SWAT under metabolic challenge. Key genes included K-Ras
and several activators and substrates of Ras (Sos1/2, Ras-al, R-Ras2,
Rac1, Rap-1a/ 1b), in addition to several ERK and MAPK genes (MapZ2k®,
Mapk4k3, Mapké [Erk3], Mapk8 [JnkT]). Given that stress kinases,
such as ERK and c-Jun N-terminal kinase (JNK) inhibit insulin signaling
by inducing inhibitory serine/threonine phosphorylation of the insulin
receptor and IRS proteins [43,44], the up-regulation of ERK and JNK in
transgenic SWAT suggests a potential inhibition of the proximal insulin
signaling pathway at IRS, with activation of an alternative distal insulin
signaling route via Ras-mediated signaling. Indeed, in the absence of
insulin and insulin receptor signaling, E4orf1 inhibits IRS1/2 phos-
phorylation and enhances Ras activity to activate PKB/Akt in cultured
3T3-L1 adipocytes. This ultimately promotes cellular glucose uptake
[21—23]. As such, E4orf1 has been suggested to enhance cellular
glucose uptake by bypassing proximal insulin signaling. Of note, mul-
tiple signaling pathways can activate Akt and ERK cascades [45]. In
particular, serine phosphorylation of IRS proteins can inhibit recruitment
to PI3K, thus minimizing its activation [46], and can result in degra-
dation of IRS-1 [47] and subsequent inhibition of distal insulin signaling.
Our future studies will have to address whether serine phosphorylation
of IRS proteins is a potential target for E4orf1 mediated effects in
adipocytes.

In summary, we generate and characterize a novel mouse model of
E4orf1 induction specifically in adipose tissue, which harbors ‘insulin-
sparing’ characteristics. This phenomenon arises from activation of a
Ras-ERK-MAPK signaling pathway that enhances insulin-independent
p-Akt expression.
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