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Abstract

BACKGROUND—Cellular glucose uptake can be enhanced by up-regulating Ras signaling in
either insulin dependent or independent manner. In presence of insulin and intact insulin signaling,
Ras plays a negligible role in glucose uptake. Conversely, when insulin signaling is impaired in
obesity or diabetes, the insulin-independent Ras pathway may be valuable for enhancing glucose
disposal. We previously reported that Ad36, a human adenovirus, enhances cellular glucose uptake
by up-regulating the Ras/Glut4 pathway. Here, we investigated if Ad36-up-regulated Ras via the
insulin-independent pathway, to enhance glucose uptake. Furthermore, uncontrolled up-regulation
of Ras is linked with oncogenic cell transformation, if the tumor suppressor gene p53 is also down
regulated. Hence, we determined if up-regulation of Ras by Ad36 would induce oncogenic cell
transformation. Finally, we determined the relevance of Ad36 to insulin resistance in humans.

METHODS—Insulin receptor (IR) was knocked down with siRNA in 3T3-L1 adipocytes, to
determine if Ad36 increases the Ras/Glut4 pathway and glucose uptake without IR-signaling.
Next, the effects of Ad36 on cell transformation and p53 abundance were determined. Finally,
overweight or obese women were screened for seropositivty to Ad36, as an indicator of natural
Ad36 infection. Associations of Ad36 infection with adiposity and C-Reactive proteins (CRP) —
two key markers of insulin resistance, and with glucose disposal, were determined.
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RESULTS—Unaffected by IR knock-down, Ad36 significantly increased the Ras pathway, Glut4
translocation, and glucose uptake in 3T3-L1 adipocytes. Despite Ras up-regulation, Ad36 did not
transform 3T3-L1 cells. This may be because Ad36 significantly increased p53 protein in 3T3-L1
cells or mice adipose tissue. Ad36 seropositivity was associated with greater adiposity and CRP
levels, yet a significantly higher systemic glucose disposal rate.

CONCLUSIONS—Overall, the study offers Ras/Glut4 pathway as an alternate to enhance
glucose disposal when insulin signaling is impaired, and, importantly, provides Ad36 as a tool to
understand the modulation of that pathway.
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INTRODUCTION

Insulin signaling for glucose disposal could be broadly divided in to ‘proximal’and ‘distal’
signaling. Proximal insulin signaling involves the binding of insulin to its receptor (IR)
followed by the activation of insulin receptor substrates(IRS 1 and IRS 2). The distal insulin
signaling includes the activation of phosphatidyl inositol-3 kinase(P13K) by IRS1 and IRS2,
leading to glucose transporter(Glut4) mediated glucose disposal, via the activation of
AKT2(1). Most currently available anti-diabetic agents are insulin sensitizers or insulin
secretagogues and therefore, require insulin signaling pathway for their action. However,
some studies show that insulin resistant states such as obesity or diabetes are often
associated with a decrease in the binding of insulin to IR, and/or a decrease in insulin-
stimulated activation of IRS(2-4), which may diminish the effectiveness of anti-diabetic
agents dependent on this signaling. Therefore, next generation agents that improve
hyperglycemia without recruiting the proximal insulin signaling may be valuable in treating
type 2 diabetes, the metabolic syndrome as well as type 1 diabetes. Accordingly, efforts are
underway to enhance glucose disposal without recruiting insulin signaling (5, 6)or, by
focusing on the distal insulin signaling pathway (7, 8).

Ad36, a human adenovirus, increases cellular glucose uptake independent of insulin and
improves glycemic control (9-11), and may offer a novel template to induce these effects
without recruiting insulin signaling. In rodent models, experimental infection with Ad36
significantly improves systemic glycemic control in chow fed animals (9, 12)and even
improves high fat (HF) diet induced hyperglycemia and hepatic steatosis, without requiring a
reduction in adiposity (9). In about 1,500 human subjects, natural Ad36 infection predicted
better glycemic control and lower hepatic lipid accumulation, independent of age, sex and
adiposity (9). The congruence of animal and human data underscore the potential clinical
relevance of these findings. Overall, Ad36 exhibits “insulin sparing action”(9), and offers a
template to exogenously modulate glycemic control and hepatic steatosis, without reducing
dietary fat intake or adiposity -a particularly appealing concept, given the challenges of
weight loss or maintenance. Extensive cell signaling studies suggest adipose tissue is likely
to play a key role in Ad36-induced improvements in glycemic control (9, 10).
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Ad36 robustly increases basal glucose uptake, which exceeds even the insulin-stimulated
glucose uptake in the uninfected control cells(10, 11). Like other human adenoviruses, Ad36
down-regulates IR, IRS-1 or IRS-2 activation, yet, Ad36 recruits the distal insulin signaling
pathway (PI3K/AKT) via Ras activation, leading to greater Glut4 abundance and
translocation and glucose disposal (9-11, 13).

Ras is an important GTP binding protein of cell survival, proliferation and growth (14, 15),
which has long been recognized to induce PI3K/AKT pathway (16), adipocyte
differentiation (17) or mimic insulin action on glucose transporters(18). Ras-induced glucose
disposal was ignored since it plays a negligible role when insulin signaling is intact (19).
Conversely, it may be very valuable, when insulin signaling is impaired. This was evident in
a mouse model of transgenic overexpression of H-Ras in adipose tissue (20), which showed
better glycemic control and greater insulin-independent glucose uptake by adipocytes. Thus,
Ras may be a valuable target to enhance cellular glucose uptake in obesity or diabetes, -
conditions when the insulin signaling is often impaired, and Ad36 appears to be an
exogenous agent to effectively modulate this target. Therefore, we propose to revisit the role
of Ras in insulin signaling-independent glucose uptake.

Binding of insulin to IR leads to a) the activation of IRS proteins, and b) the activation of
Ras via Shc (21). Both of these key pathways in turn, activate the PI13K pathway (14, 15).
Because Ad36 down-regulates IR and IRS activation (10, 11), we hypothesized that
recruiting the Ras pathway allows Ad36 to activate PI3K pathway and increase glucose
uptake, without IR signaling. We knocked down IR to test if without proximal insulin
signaling, Ad36 can up-regulate the Ras/PI3K pathway and induce glucose uptake.

Conventionally, Ras is considered an oncogene. However, the oncogenic ability of Ras is
expressed only in the absence or deficiency of p53 -a key tumor suppressor gene (22).
Despite Ras-upregulation, Ad36 was not tumorigenic in animal studies lasting up to 7
months. Hence, we hypothesized and tested that Ad36 lacks the cell transformation ability,
and which may be due to the up-regulation of p53.

To determine the human relevance of the findings, and as a proof of concept, association of
natural Ad36 infection with adiposity and indices of glycemic control were determined in
overweight or obese women. Overall, this study determined a novel approach to
exogenously enhance the Ras-mediated glucose uptake independent of insulin receptor
signaling, and assessed its suitability for further developing the concept.

METHODS

Experimental outlines are described below. Details of assays are presented under Techniques
and Assay(T&A) section.

Experiment 1: Glucose uptake in presence of IR knockdown

Basal glucose uptake—3T3-L1 mature adipocytes were transfected with siRNA against
IR, or with non-targeting (NT) siRNA, and 24 h post transfection, the cells were infected
with 5 MOI (multiplicity of infection) Ad36, or Mock-infected to determine basal glucose
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uptake. This generated the following four groups of cells (NT, IR, NT+Ad36, and IR
+Ad36).

Insulin stimulated glucose uptake—Another set of 3T3-L1 mature adipocytes were
transfected as above, with NT(2 groups), or IR siRNA(2 groups). One of the IR siRNA
transfected groups was infected with 5 MOI of Ad36 and all other groups were mock
infected. Two days post transfection all groups were exposed to insulin except one NT
transfected group, prior to determining glucose uptake.

Each set of experiments was repeated at least twice and included at least 6 biological
replicates each time. The representative data are presented.

Parallel experiments were set up to harvest whole cell lysates and cytoplasmic/membrane
fraction proteins for western blot (WB) analyses as described in T&A.

Experiment 2: Cell transformation assay

3T3-L1 pre-adipocytes were infected with 10 MOl Ad36 or Mock infected. Three days post
infection, the two groups were plated for the soft agar assay to determine anchorage-
independent colony formation —an indicator of cell transformation. A549 cells (human lung
cancer cells; ATCC#CCL-185), were used as a positive control.

Experiment 3: p53 abundance

a. Mature 3T3-L1 adipocytes differentiated as described (23), were infected with 5
MOI Ad36 or Mock infected. Protein was extracted 24 h post infection to
determine p53 expression by WB assay.

b. p53 abundance was determined in mice adipose tissue obtained in an earlier
experiment (9). These C57BL/6J mice were on 60% fat diet from wk 8 of their
age, and were infected with Ad36, Ad2 (a human adenovirus used as a control
for infection) or mock infected when 14 wk old. Retroperitoneal or epididymal
adipose tissue obtained at 20 wk post infection (n=3/group), were used to
determine p53 abundance.

Experiment 4: Association of Ad36 infection with glucose disposal in humans

Human baseline serum samples from two studies of non-diabetic overweight and obese
postmenopausal women (N=181)(24, 25) who had a complete set of baseline data were
screened post hoc for the presence of Ad36 neutralizing antibodies. The ‘constant virus-
decreasing serum’ method was employed to determine the presence of neutralizing
antibodies (26). Both studies were approved by the University of Montreal ethics committee
and all subjects gave written, informed consent (24, 25). For these studies, the body fat mass
and fat distribution (visceral and subcutaneous adipose tissue mass) were determined by dual
X-ray absorptiometry and a General Electric High Speed Advantage CT scanner,
respectively. Fasting insulin (radioimmunoassay), glucose (glucose oxidase) and plasma
high sensitivity CRP (hsCRP) were assessed (24). Insulin sensitivity was determined by
measuring the glucose disposal rate during a hyperinsulinemic-euglycemic clamp (24).
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Glucose disposal rates during the clamp were expressed as mg/min/kg fat-free mass or
mg/min/kg body weight.

Techniques & Assays

a. Differentiation of 3T3-L1 cells—Two days post confluence, 3T3-L1 preadipocytes
maintained in Dulbeco’s Minimum Essential Medium (DMEM) containing 10% Fetal
Bovine Serum(FBS) were exposed to 20 ng/mL insulin (Sigma#11882), 115ng/mL
isobutylmethylxanthine(Sigma#15879-1G), and 0.39ng/mL dexamethasone(Sigma#D4902).
Forty-eight hours after the induction, cells were switched to maintenance media of DMEM
containing10% FBS and 5 ng/mL insulin.

b. siRNA Transfection of 3T3-L1 Adipocytes—The siRNA complex was formed in
collagen-coated 48-well plates by adding equal volumes of the stock concentration of
SiIRNA(INSR Dharmacon#L-04378-00-0005, NT Pool#2 #D-001206-14-05) and DMEM
and incubating at room temperature for 5 minutes (27). Next, the transfection reagent
DharmaFECT Duo (Dharmacon#T-2010-2) was added to the complex (at 1.4uL/cm?). The
resuspended adipocytes were seeded at 1.165x10°/well in a total volume of 200pL of
DMEM into the siRNA complex and incubated at 37°C, for 24h. Next, the media were
replaced with DMEM containing 109%FBS and antibiotics. Cells were mock infected or
infected with Ad36 at 5 MOI for 24h before determining the glucose uptake and harvesting
for protein in RIPA (Radio-Immunoprecipitation Assay) buffer and for RNA (TRI Reagent—
Sigma Aldrich#T9424) determinations.

c. Glucose uptake—Glucose uptake was conducted after overnight serum starvation as
described (10, 11). Briefly, cells in 24 well plates were serum starved for 2 hours, and then
washed 2X with PBS before adding 112.5uL KRP(136mM NacCl, 4.7mM KCI, 10mM
NaPO4, 0.9mM CaCl2, 0.9mM MgS0O4) with or without 100nM bovine pancreas
insulin(Sigma Aldrich, #15500) for 15 minutes. Two to three wells were treated with 100nM
cytochalasinB (Sigma Aldrich, #C6762) for subtraction of nonspecific glucose uptake.
12.5uL of 10X isotope solution was then added to each well for a final concentration of 100
nM cold 2-deoxy glucose and 0.5uCi/mL [3H]-2-Deoxyglucose (PerkinElmer
#NEC720A250UC) for 5 minutes. Immediately following the incubation, cells were washed
in ice-cold PBS. 125uL of 0.05% SDS was then added to each well, and after incubating for
30 min at 37°C, 450uL of cell lysate was added to a scintillation vial by combining 4wells
and the remaining 25uL was used for protein determination via BCA(bicinchoninic acid)
assay. The scintillation values were normalized to protein content of each well.

d. Soft agar assay—MEM(Minimum Essential Medium) with 109%FBS and 0.6% agar
was allowed to solidify at room temperature in 6-well plates. Next, 0.5mL of 80,000
cells/mL suspended in MEM 10% FBS, 0.3% agar was added. After the agar set at room
temperature, another 2mL of MEM with 10% FBS, 0.6% agar was added as a top layer.
Cells were re-fed with 0.5mL of 2X MEM with 20% FBS, every seven days. Cells were
fixed at day 7, 14, or 21 with ImL 0.01% crystal violet in 10% formalin overnight at 4°C.
Four 10X images, one per plate quadrant, were counted for viable cells and colonies.
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e. Western Blotting—Cells were lysed in lysis buffer(20mmol/L Tris-HCI(pH 7.4),
50mmol/L NaCl, Immol/L EDTA, 1Immol/L EGTA, 1% Triton X-100, 25mmol/L Naf,
Immol/L NagVOg,, Immol/L Phenyl Methyl Sulfonyl Fluoride, 5ug/mL Leupeptin and
5ug/mL Aprotinin) and lysates clarified by centrifuging at 10,0009 for 5 min at 4°C. The
protein content was determined by a BCA protein assay kit(Pierce Biotechnology). Protein
samples(30pg) were resolved by 7.5% and 15% SDS-PAGE and transferred to
Polyvinylidene Difluoride membrane (0.45um pore size, Immobilon-p, Millipore). The
resolved protein samples were immunoblotted by incubating with primary antibodies
towards Ras (Cell Signaling#3965), pAKT-Ser-473(Cell Signaling#9271), AKT(Cell
Signaling#4691), Glut4 (R&D#MAB1262), p53 (Cell Signaling#2524), GAPDH
(glyceraldehyde phosphate dehydrogenase, Cell Signaling#2118S; Chemicon International
#MAB374), followed by incubation with host specific secondary antibodies.
Immunoreactive bands were quantified by densitometric analysis using the AlphaEaseFC
analyzer software.

f. Quantitative Real-Time gPCR—RNA from experimental cells was harvested with Tri-
Reagent (MRC#TR118) and isolated using a combination of the Tri-Reagent and RNEasy
Qiagen Kit (#74104) as per the manufacturer’s instructions. One pg of total RNA was
reverse transcribed to cDNA using a cDNA Archive kit (ABI#4368813). Thirty ng of cDNA
was loaded per well in duplicate for detection of IR using primer probe set
INSR(Mm01211881_g1) from Applied Biosystems. Gene expression was normalized to
GAPDH(Applied BiosystemsID# Mm99999915 g1). Stability of GAPDH across all
treatment groups was confirmed by comparing its expression to 18s mRNA expression from
respective groups (data not shown). Tagman Universal PCR Mix was used according to
manufacturer’s instructions(Applied Biosystems#4304437). cDNA was amplified on the
ABI prism 7900HT using the standard curve method.

g. Cytoplasm-Membrane fractionation—For detection of Glut4 translocation
cytoplasmic and membrane fractions from adipocytes and murine adipose tissue were
isolated using a compartmental protein isolation kit (Millipore, Temecula, CA) as per
manufacturer’s instructions. The protein concentration of the cytoplasmic and membrane
protein fractions were estimated by BCA quantification method and Glut4 abundance was
determined by WB assay.

Statistical analysis

All data are expressed as Mean+SD. All assays were performed with a minimum of three
biological replicates. For all metabolic assays, 8-12 biological replicates were used, and
normalized to protein content. Hypotheses were tested by comparing group means using a
one-tailed Students T-test.

Human data—An independent t-test was performed to compare Ad36 positive and Ad36
negative individuals. Log transformed values were used for analyses as indicated in Table 2.
Indices of glycemic control were adjusted for BMI. Statistical significance was considered at
p<0.05.
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RESULTS

Experiment 1

IR siRNA knocked down IR expression by 85%, compared to the groups with NT siRNA
(Figure 1A). Compared to the mock infected group (NT), Ad36 infected group (NT+Ad36)
had about 3-fold greater basal glucose uptake(Figure 1B, p=0.0002). Ad36 continued to
increase basal glucose uptake despite IR KD (Figure 1B, IR vs IR+Ad36, p<0.0001). As
expected, insulin significantly increased glucose uptake (Figure 1C, No Ins+NT vs Ins+NT,
p=0.01), which was abolished by IR KD (Figure 1C, Ins+NT vs Ins+IR, p=0.01). However,
addition of Ad36 increased insulin stimulated glucose uptake by about 3-fold despite the IR
KD (Figure 1C, Ins+IR vs Ins+IR+Ad36, p=0.004). Thus, Ad36 robustly increases basal and
insulin stimulated glucose uptake and IR KD had no effect on it.

Ad36 up-regulates Glut4 in a Ras-mediated, PI3K dependent manner(10, 11). In accordance,
Ad36 significantly up-regulated the Ras/PI3K pathway, as indicated by greater abundance of
Ras, AKT phosphorylation and Glut 4 abundance and translocation (Figure 2 A-D).
Predictably, insulin stimulation increased Ras abundance in the mock infected group(Figure
2A; NT vs Ins+NT p=0.0002)and the IR KD significantly reduced Ras abundance in the
mock infected group(INS+ NT vs INS+IR), whereas, the addition of Ad36 rescued IR-
induced KD of Ras (INS+IR vs INS+IR+Ad36)(p=0.0002 for both comparisons). This
indicated that insulin, but not Ad36, requires IR signaling to increase Ras abundance.

In mock infected groups, insulin stimulation increased AKT-phosphorylation (p-AKT) and
Glut4 abundance which requires IR signaling, as indicated by a reduction in p-AKT and
Glut4 abundance and translocation in IR KD groups (Figure 2 B-D). In contrast, Ad36
enhanced p-AKT and Glut4 abundance, despite IR KD. Thus, the up-regulation of Ras, p-
AKT or Glut4 abundance, and glucose uptake is insulin signaling dependent in mock
infected groups, which Ad36 achieves without insulin stimulation or IR signaling(Figure 2
A-D).

Experiment 2

As expected, A549 cells — a lung cancer cell line, formed colonies in soft agar (Figure 3),
with 11.3+9.1 (% mean + SD) percent of viable cells forming colonies 7 days post-plating.
About 10% of viable A549 cells continued to form colonies at later time points. Whereas,
Ad36 infected 3T3-L1 cells did not form any colonies even up to 21 days post-plating (Table
1), indicating a non-transforming effect of Ad36 on these cells.

Experiment 3

p53 protein abundance was increased approximately 4 fold in 3T3L1 adipocytes infected
with Ad36 (p<0.001; Figure 4A). Similarly, compared to the mock infected group, adipose
tissue p53 abundance was increased (p<0.05) in HF-fed mice infected with Ad36, but in the
Ad2 infected group (Figure 4B). The up-regulation in p53 may contribute to the lack of
tumorigenic outcome in despite Ras up-regulation by Ad36.
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Experiment 4

Ten of 181 subjects (5.5%) were naturally infected with Ad36 as indicated by the presence
of neutralizing antibodies. Despite similar age, the seropositive subjects had significantly
greater BMI (Table 2). Not the total fat %, but its distribution was different between two
groups. Seropositive subjects had significantly greater peripheral and subcutaneous fat mass
(determined by DXA or CT-Scan, respectively), without statistically significant differences
in central visceral adipose tissue area. Interestingly, the seropositive subjects had
significantly greater CRP levels, indicative of greater sub-clinical inflammation (p=0.003).
Considering that CRP levels>10mg/L are indicative of acute inflammation (28), only those
with CRP<10 mg/dL were analyzed (N=164 seronegatives, 6 seropositives). CRP levels for
all subjects were also higher for Ad36 seropositive subjects (4.8+2.7 vs 3.1+2.1 mg/L), at
p=0.07. CRP levels are positively associated with adiposity (29) and insulin resistance(30).
Thus, the greater BMI and CRP levels of seropositive subjects indicated insulin resistance.
Yet, Ad36 seropositivity was associated with greater glucose disposal rate (Table 2). Fasting
insulin or glucose levels did not differ significantly between the groups.

DISCUSSION

Human adenoviruses

Adenoviruses are non-enveloped DNA viruses. In humans adenoviruses commonly cause
acute upper respiratory tract infections, enteritis or conjunctivitis (31) and may also persist
asymptomatically(32). Ad36 is serologically different compared to other 50 human
adenoviruses (33, 34). About 17% of the adults in the US show natural Ad36 infection, as
indicated by the presence of neutralizing antibodies to Ad36(35). Experimental infection of
Ad36 increases adiposity in several animal models, yet improves metabolic profile —
including a relative hypolipidemia, lower inflammatory cytokine response and better
glycemic control (9, 12, 36-40). Interestingly, natural Ad36 infection in humans is also
associated with significantly better glycemic control (9, 12). These data suggested that Ad36
may be capable of improving glycemic control in humans, and could be used as a tool to
understand the signaling pathways to eventually improve glycemic control in humans.

Insulin signaling-independent effect

The potential of Ad36 to enhance glucose uptake independent of insulin offers a valuable
opportunity. Interestingly, similar to the effect of other human adenoviruses(13), Ad36
decreases tyrosine phosphorylation of IR, IRS1 and IRS2 associated PI3K activities(9-11).
Yet, Ad36 robustly increases cellular basal glucose disposal(10, 11), which is not further
enhanced by insulin. These observations suggested that the proximal insulin signaling may
not contribute to Ad36-induced up-regulation of glucose uptake. By effectively knocking
down the IR receptor, this study confirms that Ad36 promotes glucose uptake, even when the
proximal insulin signaling is impaired. It appears that although Ad36 as well as other human
adenoviruses impair IR signaling(13), the somewhat distinct potential of Ad36 to increase
glucose disposal is due to its ability to up-regulate distal insulin signaling via the PI3K
pathway(10, 11).
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Besides the IR/IRS pathway, another approach to up-regulate the PI3K pathway and the
distal insulin signaling is via Ras(14, 15). In fact, Ad36 requires Ras to up-regulate the
PI3K-Glut 4 pathway(10, 11). Ras however, could also be up-regulated by insulin via the IR
signaling(14, 15). This is also evident in Figure 2A, which shows increase in Ras abundance
by insulin, but, not when IR is knocked down. Thus, an unanswered question was if Ad36
up-regulates Ras via IR signaling, or independent of it. This study confirms that Ad36 does
not require IR signaling for the up-regulation of Ras or the entire downstream PI3K/Glut4
pathway (Figure 2). Therefore, when insulin signaling is impaired/absent, Ras may offer an
alternate approach to enhance glucose disposal, and Ad36 offers a tool to exogenously
induce this pathway. Considering the known ability of Ras to increase glucose uptake
independent of insulin signaling, exploiting its potentially valuable role in impaired insulin
signaling should be revisited.

Ras and cell transformation

Uncontrolled activation of Ras pathway may have undesirable consequences such as
oncogenic cell transformation(41). In addition, the up-regulation of PI3K or IRS1 is also
associated with cancer(42, 43). Therefore, careful attention should be paid to agents that up-
regulate these pathways. Fortunately, just the up-regulation of these pathways is not
necessarily oncogenic. For instance, activation of Ras or PI3K cannot be tumorogenic
without focal adhesion kinase(44), a component of integrin signaling. Transgenic
overexpression of Ras(20) was also not oncogenic. None of our animal experiments(over 10
experiments that lasted up to 7 months post infection) showed tumor formation in Ad36
group(9, 12, 36-38). Nonetheless, due to the robust activation of Ras and PI3K, cell
transforming effect of Ras activation by Ad36 was determined. No cell transformation was
observed in Ad36 infected cells.

Furthermore, tumorigenesis is complex, but broadly described as a process that requires the
activation of oncogenes and down-regulation of tumor suppressor genes(45). Proto-
oncogene Ras is incapable of transforming primary fibroblasts alone, particularly, in
presence of intact p53 tumor suppressor protein(22). Deficiency of p53 tumor suppressor
gene increases susceptibility to tumor formation(46), whereas the restoration of p53
regresses tumors(47). Ad36 strongly up-regulates p53 which perhaps effectively counters
any transformational influences of Ras(48). Also, adiponectin, an insulin sensitizing
adipocytokine that is strongly up-regulated by Ad36 in the adipose tissue of mice used in
Experiment 3(9) and in fat cells(10), is reported to exert its anti-carcinogenic effect via the
up-regulation of p53(49). Therefore, the up-regulation of p53 by Ad36 seems to indicate an
anti-tumorogenic instead of a tumorigenic profile. Studies to knock down p53 in presence of
Ad36, are required to confirm the role of p53 in blocking cell transformation.

In summary, the up-regulation of Ras by Ad36 is not tumorigenic in animal models we
studied, and the adipose tissue and adipocytes do not exhibit a tumorigenic profile in
association with Ras up-regulation. While additional and careful studies are needed, these
observations collectively support the non-oncogenity of Ras overexpression observed in
mice(20).
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Ras and glucose disposal

Thus, oncogenic transformation is not an inevitable outcome of Ras up-regulation. Ras plays
an important role in cell physiology. The role of Ras in glucose disposal generated
considerable interest in the 1990’s, but, perhaps due to the emergence of the
Thiazolidinediones(TZD) class of anti-diabetic drugs, the interest in Ras as a potential anti-
diabetic drug target seems to have faded. Now, with the use of at least some TZDs likely to
eclipse due to recently reported adverse effects(50), we would like draw attention to revisit
Ras signaling for innovatively enhancing the glucose disposal. Ad36 appears to provide an
ideal tool to study this signaling. Ad36 bypasses the proximal insulin signaling —the usual
inducer of Ras, yet recruits Ras to increase glucose uptake, and increases p53 -which likely
blocks any undesirable effects of Ras up-regulation.

Ad36 and glucose disposal in humans

Association of Ad36 with better glycemic control in humans is previously reported (9). In
addition, the human data here suggest that Ad36 infection improves glucose disposal even in
a population with two key markers associated with insulin resistance - greater BMI and CRP
levels. Peripheral (vs visceral) adiposity is associated with insulin sensitivity (51), which
agrees well with greater subcutaneous adiposity observed in Ad36 infected subjects.
Moreover, the findings are also consistent with animal data, which show greater adiposity
and markers of inflammation, yet better glycemic control in response to Ad36 infection (9,
12, 39). While these data reveal an association between Ad36 infection and glucose disposal,
body fat distribution and CRP levels and serve as an important proof of concept, the
preliminary nature of this cross sectional study of limited sample size should be noted.
Longer term follow up data in a larger sample of men and women of different races and
geographical locations is required to further test these assertions.

Further research is required to identify and characterize the candidate Ad36 protein that
enhances glucose disposal and to carefully determine the precise host signaling it modulates.
While, the safety of the induction of Ras pathway should be carefully studied further, these
data raise the possibility of reconsidering Ras as a target when insulin signaling is impaired
or absent. In particular, the study a) offers Ras/PI3K pathway as an alternate to bypass the
proximal insulin signaling for enhancing glucose disposal, and b) provides Ad36 as a tool to
exogenously modulate the Ras/PI3K pathway independent of IR signaling or insulin
resistance. Collectively, the findings may offer a template to develop novel agents for the
treatment of hyperglycemia associated with obesity, and type 1 or type 2 diabetes.
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A. Insulin Receptor Knockdown
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Figure 1. Ad36 increases glucose uptake independent of IR signaling
(A) IR knock down by siRNA was determined by qRT-PCR (bar graph) and western blotting

(top panel). 2-deoxy glucose uptake under basal (B) and insulin stimulated (C) conditions 2d
post transfection was determined in 3T3-L1 cells. NT: cells transfected with non-targeting
SiRNA. IR: Cells transfected with IR siRNA. NT+Ad36: Cells transfected with non-
targeting siRNA and infected with Ad36. IR+36: Cells transfected with IR siRNA and
infected with Ad36. No Ins+NT: cells transfected with non-targeting siRNA, no insulin. Ins
+ NT: cells transfected with non-targeting sSiRNA+insulin; Ins+IR: Cells transfected with IR
siRNA + insulin; Ins+IR+Ad36: Cells transfected with IR siRNA and infected with Ad36 +
insulin.
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Figure 2. Ad36 up-regulates Ras/PI13K/Glut4 pathway independent of IR signaling
Abundance of Ras, p-AKT, and Glut4 proteins was determined by Western blot analyses.

The same blots were stripped and re-probed with anti-GAPDH antibody to normalize for
protein loading. After densitometry, integrated density value (IDV) for each protein band
was determined and normalized levels of Ras and Glut4 were calculated by dividing the IDV
of a protein band by the IDV of the GAPDH. The cytoplasmic and membrane fractions in
D&E were first normalized to their respective housekeeping genes and then a ratio of
membrane to cytoplasm calculated which is expressed on the y-axis.
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Anchorage-independent colony formation — cell transformation assay

Mock

Ad36

Figure 3. Anchorage-independent colony formation-cell transformation assay
Cell formation determined by anchorage-independent colony formation in 3T3-L1 pre-

adipocytes mock infected or infected with Ad36. A549, human lung cancer cells were used
as positive control. Inset shows colony formation in the positive control cells which are
absent in Ad36 or mock infected cells.

2
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A. p53 expression in 3T3L1 adipocytes
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B. p53 expression in adipose tissue from HF fed mice
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Figure 4. Ad36 up-regulates p53 protein abundance
Cellular p53 expression was determined in adipose tissue and 3T3L1 adipocytes by Western

blot analysis.p53 levels were detected by immunoblot analysis utilizing mouse monoclonal
anti-p53 antibody. The same blot was stripped and re-probed with anti-GAPDH antibody to
normalize for protein loading. After densitometry, integrated density value (IDV) for each
protein band was determined and normalized levels of p53 calculated by dividing the IDV of
a protein band by the IDV of the GAPDH within the same sample. *P<0.05 and
**p=0.001compared to respective Mock groups.
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Table 1

Percent of viable cells that formed colonies. (% = SD).

Day 7 Day 14 | Day 21

A549 cells 11.3+9.1 | 9.2#2.1 | 9.9+8.6
3T3-L1 cells / Ad36infected 0 0 0
3T3-L1 cells/ Mock infected 0 0 0
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Table 2

Comparison of seropositive and seronegative women.

Variables Ad36 negative  Ad36 positive p
n=171 n=10
Age (years) 573147 56.4+3.0 0.539
BMI (kg/m?) 329+4.4 36.3+4.4 0.017
Fat-free mass (kg) 45.6 £ 6.6 47.4+4.4 0.445
Fat mass (%) 46.4+ 4.5 48.6 3.1 0.152
Peripheral fat mass (kg) 19.7+48 23.0+5.1 0.039
Central fat mass (kg) 19.1+5.1 20.7+34 0.312
Visceral adipose tissue (cm?) 189.6 +54.7 2044 +625 0434
Subcutaneous adipose tissue (cm?) 4815+116.6 570.0+108.4 0.028
hs-CRP (mg/L)% ” 36+36 7.8+52 0.003
Fasting glucose (mmol/L) * 5205 52#05 0836
Fasting insulin (uU/ml) *# 153+ 6.6 157+6.1  0.668
Glucose disposal rate (mg/min/kg BW) * 61+17 6.7£25 0.044
11.5%£3.2 13.0+4.7 0.068

Glucose disposal rate (mg/min/kg FFM) *

*
Adjusted for BMI.
#
Log transformed values were used for analyses.

N
subjects with CRP<10mg/L.
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