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Phosphatidylinositol 3-kinase (PI3K) plays a central role
in insulin signaling, glucose metabolism, cell growth, cell
development, and apoptosis. A heterozygous missense
mutation (R649W) in the p85a regulatory subunit gene
of PIBK (PIK3R1) has been identified in patients with
SHORT (Short stature, Hyperextensibility/Hernia, Ocular
depression, Rieger anomaly, and Teething delay) syndrome,
a disorder characterized by postnatal growth retardation,
insulin resistance, and partial lipodystrophy. Knock-in mice
with the same heterozygous mutation mirror the human
phenotype. In this study, we show that Pik3r1 R649W
knock-in mice fed a high-fat diet (HFD) have reduced
weight gain and adipose accumulation. This is accom-
panied by reduced expression of several genes involved
in lipid metabolism. Interestingly, despite the lower level
of adiposity, the HFD knock-in mice are more hypergly-
cemic and more insulin-resistant than HFD-fed control
mice. Likewise, when crossed with genetically obese
ob/ob mice, the ob/ob mice carrying the heterozygous
R649W mutation were protected from obesity and he-
patic steatosis but developed a severe diabetic state. To-
gether, our data demonstrate a central role of PI3K in
development of obesity and fatty liver disease, separat-
ing these effects from the role of PI3K in insulin resis-
tance and the resultant hyperglycemia.

Insulin resistance is a central feature of type 2 diabetes,
obesity, and metabolic syndrome. Phosphatidylinositol

3-kinase (PI3K) is a critical mediator of insulin’s metabolic
action. Activation of class 1A PI3Ks by insulin or other
growth factors leads to the generation of phosphatidyl-
inositol 3,4,5-triphosphate (PIP3) (1), which in turn acti-
vates Akt and other downstream kinases regulating
cellular processes, including cellular growth, survival, and
metabolism. Defects in activation of PI3K are present in
virtually all insulin-resistant states (1). Although obesity is
a major driver of insulin resistance, PI3K is also required
for normal adipogenesis (2-7). Thus, this enzyme is at
a critical juncture—required for the development of obesity
and defective in insulin resistance.

PI3Ks are heterodimeric enzymes formed by a regula-
tory subunit and a catalytic subunit (8,9). Three different
genes give rise to the p85 regulatory subunit: PIK3R1, which
encodes p85a and its splice isoforms p55a and pS50c;
PIK3R2, which encodes p858; and PIK3R3, which encodes
p55y. The catalytic subunits also arise from three genes:
PIK3CA, PIK3CB, and PIK3CD, encoding p110«, p110pB, and
p1108, respectively. Despite PI3K’s critical role in mediating
insulin action, mice with heterozygous deletion of p85a or
loss of p85B paradoxically have improved PI3K activity
and increased insulin sensitivity (10-12), partly due to
an improved balance between the p85-p110 dimer and
monomeric p85 in competing for binding to phosphory-
lated insulin receptor substrate (IRS) 1 and IRS-2 (13).
However, total deletion of all products of the p85a gene
or homozygous deletion of pl10a or pl1l0B leads to
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embryonic/perinatal lethality due to loss of PI3K activity
(14-16). By contrast, activating mutations in PIK3R1 or
PIK3CA can cause uncontrolled cellular growth and trigger
cancer development (17).

Missense mutations in PIK3R1 can also lead to a re-
duction in the ability of insulin and other growth factors
to activate PI3K (18-20). These mutations are found in
patients with SHORT syndrome, an autosomal dominant
disorder characterized by Short stature, Hyperextensibility
of joints and/or hernia, Ocular depression, Rieger anomaly,
and Teething delay (21). These patients also have partial
lipodystrophy with a selective reduction in subcutaneous
fat in the face, flank, and buttocks, as well as systemic
insulin resistance (22). The most common of these muta-
tions, Arg649Trp (R649W), changes the FLVR motif in the
C-terminal Src homology 2 domain (cSH2) (23). This region
is essential for binding of PI3K to tyrosine-phosphorylated
proteins, such as IRS-1 and many growth factor receptors,
and activation of the PI3K pathway (8,18,24). Other mutations
in SHORT syndrome patients include missense mutations
(Glu489Lys, Arg631Gln), deletions (lle539del), truncations
(Tyr657*), and frame-shift insertions (Asn636Thrfs*18,
Asp643Aspfs*8, Arg649Profs*5) (19,20,25). These muta-
tions all cluster in or near the ¢SH2 domain region. We
recently created knock-in (KI) animals heterozygous for the
R649W mutation (24). Similar to affected patients, these
mice exhibit a reduction in body weight and length, ocular
abnormalities, partial lipodystrophy, and insulin resistance
(24,26). Mice with the heterozygous R649W mutation also
show reduction in adipose fat mass due largely to a reduc-
tion in adipocyte size.

Despite the critical role of PI3K in insulin action, the
role of PI3K regulatory subunits in development of obesity
and its associated insulin resistance are unclear. Although
heterozygous p85a knock-out animals fed a high-fat diet
(HFD) gain a normal amount of weight, homozygous p85a
knock-out animals gain more weight on an HFD than
control animals (27,28). Insulin sensitivity in both of
these HFD models is preserved, despite the differences in
weight gain, somehow bypassing the obesity-associated
reductions in phosphotyrosine activation of downstream
signaling. Moreover, pharmacologic inhibition of PI3K has
been shown to reduce body weight in obese mice and
monkeys due to reduced adiposity (7).

In this study, we have assessed the role of PI3K in
body fat accumulation/distribution and insulin resistance
by studying the effects of diet- and genetically induced
obesity on mice carrying the heterozygous Pik3r1 R649W
mutant, thus mimicking humans with this defect. We find
that despite being protected from obesity, these mice de-
velop severe diabetes, thereby separating the role of PI3K
in adipose development from the occurrence of insulin
resistance.

RESEARCH DESIGN AND METHODS

All animal studies followed guidelines by the Joslin Diabe-
tes Center Institutional Animal Care and Use Committee
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and were in accordance with the guidelines of the Na-
tional Institutes of Health.

Animals and Diets

All mice were housed at 20-22°C with a 12-h light/12-h
dark cycle and given ad libitum access to water and
food. Pik3r1 R649W KI mice were generated as described
previously (24). These mice were on a pure C57/Bl6 back-
ground and were maintained by breeding male Pik3rl
R649W heterozygous KI mice with female C57/BI6NCrl.
The standard chow diet (CD) contained 22% fat by calories
(Mouse Diet 9F; PharmaServ). For the HFD experiments,
mice were fed a diet containing 60% of calories from
fat (D12492; Research Diets) for 8 weeks, beginning at 6
weeks of age. To induce genetic obesity, Pik3r1 R649W het-
erozygous KI male mice were crossed with heterozygous
female B6.V-LepOB/j mice (ob/—, JAX stock no. 000632) to
generate heterozygous R649W Pik3r1:0b/— mice, which
were used to breed the four study groups: wild type (WT),
ob/ob, KI, and ob/ob-KI. We used littermates in the control
groups for all studies.

Tissue and Serum Analyses

Tissues were stored frozen at —80°C or fixed in formalin.
Adiposoft Image Analysis Software was used to quantify
the adipocyte area. For protein measurement, tissues were
lysed in radioimmunoprecipitation assay buffer (EMD
Millipore) supplemented with protease and phosphatase
inhibitor cocktails (BioTools), and protein concentra-
tions were determined using the bicinchoninic acid assay
(Thermo Fisher Scientific). Comparable amounts of pro-
tein were subjected to SDS-PAGE and transferred to
polyvinylidene difluoride membrane (EMD Millipore).
Immunoblotting was performed using the indicated anti-
bodies: phosphorylated insulin receptor (p-IR)/IGF-I receptor
(#3024), p-AKT (#4060), AKT (#4691) from Cell Signaling
Technologies, and IR (sc-711) and actin (sc-1616) from
Santa Cruz Biotechnology. RNA was prepared from tissues
using QIAzol (QIAGEN). ¢cDNA was synthesized using
the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems), and quantitative PCR was performed using
iQ SYBR Green Supermix (Bio-Rad), a ¢cDNA template,
and gene-specific primers (Supplementary Table 1) on a
CFX384 thermocydler (Bio-Rad). Expression of the TATA-
box binding protein (Thp) gene was used for normaliza-
tion. Tissue sections were stained with hematoxylin and eosin.
Serum insulin, adiponectin, and leptin were assessed by
ELISA according to the manufacturer’s instructions (Chrystal
Chem). Liver triglycerides were measured by Infinity Trigly-
cerides Liquid Stable Reagent (Pointe Scientific).

Physiologic and Metabolic Assessments

Food intake, energy expenditure, and metabolism were
assessed using the Comprehensive Lab Animal Monitor-
ing System (CLAMS). Body composition was assessed
by DEXA. Blood glucose was measured using the INFINITY
Blood Glucose Monitoring System (USDiagnostics). For glucose
tolerance testing, mice were fasted overnight (16 h), injected
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intraperitoneally with glucose at 2 g/kg body weight, and
blood glucose was measured at indicated time points. Insu-
lin tolerance tests were performed by intraperitoneal ad-
ministration of insulin (1.5 units/kg body weight) to mice in
the random fed state, followed by measurements of blood
glucose at indicated time points.

Statistical Analyses

Results are presented as mean = SEM and were analyzed
by unpaired Student t tests or ANOVA, as indicated. A
P value of <0.05 was considered significant.

RESULTS

The Pik3r1 R649W Mutation Disrupts Weight

Gain Induced by HFD

To elucidate the effect of the p85a R649W mutation on
the development of obesity and adipose tissue metabolism,
we challenged Pik3r1 R649W-KI and WT control litter-
mates with the HFD (60% of total calories) or CD for
8 weeks, starting at 6 weeks of age. Before starting the diet,
KI mice had ~15% lower body weight than WT controls,
consistent with our previous findings (24) (Fig. 1A).
Although KI and WT mice started at different weights,
both gained the same amount of weight on the CD during
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the 8-week period. This was despite a significantly greater
food intake and elevated respiratory exchange ratio during
the light cycle in the mutant mice (measured at 8th week
on the diet) (Fig. 1B and C). VO, and VCO, were elevated in
both the light and dark cycle (Fig. 1D and E), with a similar
trend at 4 weeks (Supplementary Fig. 1A-D). KI mice fed
the HFD gained significantly less weight than the controls,
ending at a weight difference of 26.1 = 0.8 g vs. 34.2 *
2.3 g (Fig. 1A), despite a trend to greater food intake in
the KI mice fed the HFD (Fig. 1B). KI mice, however,
showed no difference in water intake (Supplementary Fig. 1E)
or activity level (Supplementary Fig. 1F).

The WT and KI mice both had a significant increase in
adipose mass when fed the HFD compared with their
respective CD controls. After the 8-week diet challenge,
inguinal white fat (WAT) in mice fed the HFD versus CD
was 0.75 * 0.16 g vs. 0.20 = 0.03 g in WT mice, re-
spectively, and was 0.65 = 0.05 g vs. 0.13 = 0.01 g in KI
mice, respectively (Fig. 24). Epididymal fat depots (eWAT)
in WT mice increased even more on the HFD, and again,
this was reduced in the KI mice (Fig. 2B). Brown adipose
tissue (BAT) mass was the same for both genotypes and
showed a trend to increase after 8 weeks of the HFD,
somewhat more in WT animals than in KI animals (Fig. 2C).
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Figure 1—Pik3r1 R649W mice are resistant to HFD-induced obesity. A: Body weight of WT and Pik3r7 R649W Kl mice measured over
8 weeks of CD or HFD, shown as mean + SEM of 12-14 animals per group. *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.0005, one-way
ANOVA. Data from CLAMS of mice in week 8 of diet shows daily food intake normalized to body weight (BW) (B), and respiratory exchange
ratio (RER) (C), VO, (D), and VCO,, (E) in light and dark cycle, shown as the average of two 24-h cycles. **P < 0.01, **P < 0.001, #P < 0.0005,
t tests.
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Figure 2—Pik3r1 R649W mice have reduced adipose tissue mass gain by HFD. Weight of IWAT (A), eWAT (B), and BAT (C) after 8 weeks on
the CD or HFD. D: Representative DEXA images after the end of the 8-week diet period. E: Hematoxylin and eosin staining of formalin-fixed
sections from representative inguinal and epididymal tissue and average adipocyte area (n = 4). Results are shown as mean = SEM. *P <
0.05, ™*P < 0.01, *™P < 0.001, #P < 0.0005, one-way ANOVA. Gray diagonal bars: WT chow mice; gray bars: WT HFD mice; red diagonal

bars: KI chow mice; red bars: KI HFD mice.

Fat mass, expressed as the percentage of body weight,
paralleled adipose mass (Supplementary Fig. 3A-C), but
no differences were observed in lean mass (Fig. 2D and
Supplementary Fig. 24). The increase in fat mass on
the HFD was associated with an approximate twofold in-
crease in adipocyte size in iWAT and eWAT of both geno-
types (Fig. 2E). Serum leptin levels increased ~40-fold on
the HFD in both genotypes, paralleling the increased fat
mass (Fig. 34), with no change in adiponectin levels (Fig. 3B).

In control mice, the HFD increased mRNA levels of
lipid metabolism regulators, such as fatty acid synthase
(Fas) and hormone-sensitive lipase (Hsl), in iWAT (Fig. 3C,
top panel). This increase was significantly reduced in the KI
mice with lower fat mass. Consistent with less iWAT in
these KI mice after the HFD, the mice had lower mRNA
levels of regulators of lipid metabolism, such as ATP citrate
lyase (Acl), Fas, and Hsl, compared with WT on HFD. By

contrast, in eWAT, the HFD-fed WT and KI mice both
showed a trend to lower expression of Fas, adipose triglyc-
eride lipase (Atgl), and Hsl compared with their CD counter-
parts (Fig. 3C, bottom). mRNA levels of genes involved in
adipogenesis, including CCAAT/EBPa (C/EBPa), peroxi-
some proliferator-activated receptor (PPAR)-y (PPARY),
and adipocyte protein-2 (ap2), were only mildly affected
by the HFD (Fig. 3D). Although the HFD slightly in-
creased these mRNAs in iWAT of WT mice, they did not
increase in KI animals fed the HED. Similarly, in the eWAT
of KI animals fed the HFD, mRNA expression of adipo-
genesis regulators C/EBPa and PPAR7y was lower than in
WT mice fed the HFD.

Consistent with the lower fat mass, KI mice showed
a trend of reduced inflammation in adipose tissue as
measured by mRNA levels of macrophage markers F4/80
and CD68. In WT mice, the HFD increased F4/80 and CD68
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Figure 3—mRNA levels of regulators of lipid metabolism are unaffected by the HFD in Pik3r1 R649W mice. Serum levels of leptin (A) and
adiponectin (B) in WT and Kl animals fed the CD or HFD (n = 4-8 animals per group). Results are shown as mean *= SEM. #P < 0.0005, one-
way ANOVA. mRNA levels of genes involved in lipid metabolism (C), adipocyte development (D), and inflammation (E) in the inguinal fat pad
(top panels) and epididymal fat pad (bottom panels) after 8 weeks of the CD or HFD. mRNA results are mean = SEM (n = 5-6 animals per

group). *P < 0.05, P < 0.01 by t tests, compared with controls.

mRNA expression in eWAT by ~4.5- to 5-fold compared
with their CD controls, whereas these markers in KI mice
were increased by only ~2- to 2.5-fold (Fig. 3E, bottom).
Even though the HFD caused some expansion of iWAT
in KI mice, no changes were noted in inflammation when
fed the HFD (Fig. 3E, top).

HFD Exacerbates Insulin Resistance in Pik3r1

R649W Mice

As expected, after 8 weeks of the HFD, WT and Pik3r1
R649W KI animals both had significant ~1.5-fold increases
in fed blood glucose levels, with lesser effects in the fasted
state (Fig. 4A). More striking were changes in insulin levels.
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Figure 4—HFD exacerbates insulin resistance and glucose metabolism in diabetic Pik3r1 R649W mice. Blood glucose (A) and serum insulin
(B) levels after 8 weeks of diet in the fed state and after a 16-h fast. HOMA-insulin resistance (IR) index calculated from fasting insulin
and glucose levels (C), and glucose tolerance (D) and insulin tolerance (E) tests after 8 weeks on the CD or HFD. Results shown as mean = SEM.
*P < 0.05, P < 0.01, compared with controls, t tests (n = 6-8 animals per group). F: Immunoblot analysis of insulin signaling capacity (antibodies
against p-IR, IR, p-Akt, Akt, and actin) in liver tissue after 10 min of insulin (5 units) or vehicle administration.

KI mice fed the CD already had 10-fold higher fed insulin
levels than WT animals. After 8 weeks of the HFD, fed
insulin levels in both WT and KI mice increased by 16- and
4-fold, respectively, such that KI mice had 2-fold higher
insulin levels than WT mice. Fasting insulin levels showed
a comparable trend (Fig. 4B). These changes paralleled
changes in insulin resistance as assessed by the HOMA of
insulin resistance (Fig. 4C). This was also associated with
elevated glucose levels during an intraperitoneal glucose
tolerance test and a marked blunting of response during an
intraperitoneal insulin tolerance test in HFD-fed mice
(8 weeks of diet) (Fig. 4D and E). Differences in insulin

resistance also paralleled changes in insulin signaling in vivo.
Thus, there was a dear reduction in p-IR and p-AKT in the
liver of KI mice 10 min after an exogenous insulin injection
(Fig. 4F). After 8 weeks of the HFD, control and KI mice both
showed a modest decrease in both p-IR and p-AKT.

HFD Increased Liver B-Oxidation and Inflammation
in Pik3r1 R649W Mice

Obesity and lipodystrophy are both often accompanied
by fatty liver, whereas patients with SHORT syndrome
have partial lipodystrophy, but fatty liver has not been
described. After 8 weeks of the HFD, however, WT and KI
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mice both developed fatty liver, with increases in hepatic
triglycerides content of 1.6- and 2.4-fold, respectively
(Fig. 5A). Liver weight did not change (Supplementary
Fig. 2B), but histologic evaluation revealed lipid accumu-
lation in liver in both groups fed the HFD, with some-
what more lipid in WT compared with KI mice (Fig. 5B).
Markers of de novo lipogenesis (Acl, Accl, Fas, and Scdl)
were mostly unchanged between the groups (Fig. 5C). Ex-
pression of several regulators of fatty acid oxidation, in-
cluding PPAR« (Ppara), estrogen-related receptor-a (Errar),
and PPARYy coactivator 1-a (Pgcler), showed a downward
trend in both genotypes after the HFD. In general, the KI CD
animals also had lower levels of mRNA expression for these
genes than WT animals (Fig. 5D). Expression of genes of
B-oxidation, such as carnitine palmitoyltransferase I (Cpt1),
malonyl-CoA decarboxylase (Mcd), hydroxyacyl-CoA dehy-
drogenase (Hadha), and acyl-CoA dehydrogenase (Acad),
however, were 2- to 2.5-fold higher in HFD-fed KI mice
compared with controls, although this did not reach
statistical significance (Fig. 5E). There were no changes in
expression of gluconeogenic enzymes (Gapdh, aldolase B
[AldoB], enolase 1 [Enoll], glucose 6-phosphatase [G6P]
or Pepck) between KI and WT mice fed either the CD or
HFED (Fig. 5F). Interestingly, liver inflammation, as mea-
sured by CD68 expression, was lower in KI animals than
WT animals, but increased threefold after the HFD.
The same trend was observed for F4/80 mRNA expression
(Fig. 5G).

The Pik3r1 R649W Mutation Prevents Weight Gain

but Not Hyperglycemia in ob/ob Mice

To determine whether the lower fat accumulation in
heterozygous Pik3r1 R649W KI mice was restricted to
diet-induced obesity, we crossed KI mice with ob/ob
mice, which lack a functional leptin gene and results in
extreme hyperphagia and obesity (29,30). Remarkably, the
presence of the heterozygous R649W mutation completely
blocked the increase in weight gain of 0b/ob mice (Fig. 6A).
At 8 weeks of age, KI mice were severely hyperglycemic,
with blood glucose levels ~400 mg/dL, twofold higher
than WT littermates (Fig. 6B) and slightly higher than
ob/ob control (~350 mg/dL). Despite a lower body weight,
the ob/ob-KI mice had much higher blood glucose levels,
with values >600 mg/dL even after a 1-h fast, during
which blood glucose of ob/ob control animals dropped to
levels close to WT animals. In line with elevated glucose
levels, ob/ob mice had fivefold higher serum insulin levels
than WT mice. However, insulin levels of ob/ob-KI mice were
not changed compared with the already hyperinsulinemic KI
control littermates (Fig. 6C).

Surprisingly, regardless of the similar body weights of
lean Pik3r1 KI mice and ob/ob mice carrying the KI allele,
the ob/ob-KI mice had larger fat depots than the lean
Pik3r1 KI mice (Fig. 6D and E). At 8 weeks of age, the
iWAT of ob/ob mice was eightfold heavier than in WT
mice. At the same time, 0b/0b-KI mice also had threefold
larger iWAT depots than KI control littermates (Fig. 6D).
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Similarly, the weight of eWAT was sevenfold higher in
ob/ob control mice compared with WT control mice and
threefold higher in 0b/ob-KI compared with KI controls
(Fig. 6E). BAT mass in ob/ob-KI mice was also increased
fourfold compared with KI controls (Fig. 6F). Fat mass
presented as percentage of total body weigh reflected
similar differences (Supplementary Fig. 3D-F). Most
of the differences in iWAT were due to differences in cell
size. Thus, ob/ob and ob/ob-KI mice had 2.5-fold larger
adipocytes in iWAT compared with their respective con-
trols. In eWAT however, ob/ob mice had twofold larger
adipocytes than their controls, whereas adipocytes in ob/
0b-KI mice remained unchanged (Fig. 6G).

In this cohort of KI mice, there was a reduction in
expression of genes of lipid metabolism in KI control
mice compared with WT control mice. This was especially
dramatic in iWAT, where KI mice had 75% lower levels
of Acl, Fas, and stearoyl-CoA desaturase 1 (Scd1) compared
with WT control (Fig. 74, top). This reduction was not
observed in the HFD-induced obesity cohorts. Whether
this is due to different ages of the mice, the leptin de-
ficiency, or slight differences in genetic background is
not fully understood. Lower mRNA levels of Acl and Fas
were also observed in 0b/ob-KI mice. For Atgl and Hsl, all
groups showed a slight decrease compared with WT controls.
Similar trends were present in the epididymal fat (Fig. 74,
bottom); however, Fas was significantly lower in this depot
in 0b/ob-KI mice than in KI mice. In iWAT, expression of
adipogenesis markers PPARy and ap2 were significantly
lower in the nonobese KI mice and 0b/0b-KI mice compared
with their respective controls (Fig. 7B). The ob/ob mice and
WT control mice, however, had a similar expression profile
for genes involved in adipogenesis, and the gene expression
in ob/ob-KI mice remained low. Consistent with increased fat
mass, F4/80 and CD68 gene expression was increased in
the fat depots of ob/ob mice, indicating increased adi-
pose inflammation. The expression of these markers was
slightly, but not significantly, elevated in the 0b/0b-KI mice
(Fig. 70).

The R649W Mutation Reduces Lipid Accumulation

in Livers of ob/ob Mice

At 8 weeks of age, ob/ob mice had marked hepatomegaly,
with a 2.5-fold increase in liver weight (Fig. 84), accompa-
nied by a 3-fold increase in hepatic triglycerides (Fig. 8B).
By comparison livers of ob/ob-KI animals were not in-
creased and showed no increase in triglyceride content (Fig.
8C). Expression of enzymes of de novo lipogenesis (Acl, Accl,
Fas, and Scd1) were elevated in ob/ob mice compared with
WT control mice, but did not increase, and in some cases,
such as Fas and Scd1, were significantly lower in the ob/ob-
KI mice compared with their respective controls (Fig.
8D). Gene expression of Pgcla, Ppara, and Erra showed
an upward trend in ob/ob animals compared with WT
animals. KI animals, both control and with leptin deficiency,
had a 2.5-fold increase in Erra: expression compared with the
lean WT controls, with levels close to ob/ob mice (Fig. 8E).
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Expression of B-oxidation genes Hadha and Acad was also
significantly lower in 0b/ob-KI mice compared with their
nonobese KI controls, whereas expression of Cptl and
Mcd was significantly increased (Fig. 8F). The ob/ob-KI
mice showed lower expression of Enoll and AldoB than
ob/ob mice but had higher Pepck expression (Fig. 8G).
There were no significant changes in liver inflammation
(Fig. 8H).

DISCUSSION

Obesity-related insulin resistance and its metabolic con-
sequences, such as type 2 diabetes and fatty liver disease,
are increasing worldwide. Understanding the mechanisms
that link obesity and insulin resistance to its complications
is therefore of great importance. Interestingly, the loss
of adipose tissue (i.e., lipodystrophy), is also associated with
many of the metabolic disturbances of obesity. Although
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SHORT syndrome is a rare disease, understanding the
partial lipodystrophy of SHORT syndrome provides a
unique opportunity to explore the role of PI3K in adipose
biology, insulin resistance, and metabolic syndrome. In
recent work, we have shown that mice with a heterozygous
KI of the Pik3rl R649W mutation, the most common
mutation in SHORT syndrome, have shorter body length
and reduced fat mass, despite normal food consumption
(24). These mice also have systemic insulin resistance, with
the most dramatic effects in fat and liver.

In the current study, we show that these mice gain
significantly less weight than their WT littermates when

challenged with an HFD, despite having higher food in-
take. The R649W mutation also completely blocks weight
gain in ob/ob mice. KI mice appear to not have alterations
in leptin action (24), and no differences were observed in
food intake or physical activity in the mice fed the CD or
HED. Rather, the higher energy expenditure that is ob-
served in HFD-fed KI mice compared with CD-fed mice
appears to be one mechanism involved in their resis-
tance to adiposity. In both diet-induced and genetically
induced weight gain, the weight differences are largely due
to lower accumulation of white fat in both the subcutaneous
and perigonadal depots. This reduced mass occurs despite
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0005 compared with controls, t tests.

an increase in adipocyte size similar to that in control mice
in most depots, possibly as a consequence of the severe
diabetic state and reduced insulin action. That the activation
of PI3K and its downstream signaling by insulin and insulin-
like growth factors is important in adipogenesis and adipose
tissue development has been well documented (2-4). In-
deed, pharmacologic inhibition of PI3K has been shown
to block differentiation of preadipocytes to adipocytes by
suppressing transcription of PPARy and C/EBPa, as well by
blocking the phosphorylation of FoxO1 (3,31,32). Despite

the defect in p85a and the associated resistance to insulin
and other growth factors in KI mice, we have previously
shown that the KI mice present with normal numbers of
adipocyte progenitor cells and that these preadipocytes are
able to differentiate normally in vitro (24).

Although KI mice gain less weight on the HFD or after
crossing onto the ob/ob background than controls, KI mice
develop more marked hyperglycemia and hyperinsuline-
mia with these challenges, particularly the ob/ob-KI
mice. We have previously shown that the R649W Pik3r1
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KI animals have lost first-phase insulin secretion (24).
Inhibition and knockout of PI3K is also associated with
reduced insulin secretion (33). This reduction in B-cell
function coupled with the more severe insulin resistance
in the HFD or ob/ob-KI mice leads to the more severe
hyperglycemia.

HFD-fed WT mice and KI mice fed the CD or HFD were
insulin resistant as measured by insulin tolerant tests. At
the insulin doses used, we were not able show any differ-
ence between HFD-fed WT and either group of KI animals.
HOMA-insulin resistance values were, however, significantly
increased in HFD-fed KI mice. Because the KI mice have
some increase in fat mass when challenged with the HFD
and the ob mutation, it appears that even with severe insulin
resistance and reduced activation of the PI3K pathway, there
is adequate activity of this pathway to allow excessive tri-
glyceride storage. It is also possible that the lack of weight
gain in ob/ob-KI mice is caused by loss of glucose in the
urine due to their severe diabetes.

Previous studies have shown that Pik3r1 expression
plays a critical role in mediating adipose tissue differen-
tiation and insulin sensitivity. Whole-body heterozygous
Pik3r1-knock-out animals, with decreased expression of
p85a in all tissues, are insulin sensitive, are protected from
obesity, and have reduced accumulation of macrophages in
adipose tissue (27). Heterozygous Pik3r1 R649W KI mice
are, by contrast, insulin resistant, but also show lower
adipose tissue inflammation. This could reflect the lower
adipose tissue or some defect in immune cells created by
the R649W mutation.

PI3Ks are important regulators in the immune system.
Deletion of p85a causes impaired B cell development and
proliferation in mice (34), whereas deletion of the p1108
subunit of PI3K impairs B cell development and activation
and function of B and T cells (35). Thus, the presence of the
R649W mutation in the whole body could explain the low
inflammation seen both in the HFD mice and in genetically
induced obesity. In both obesity and lipodystrophy, excess
energy accumulates as lipids at ectopic sites such as the
liver, pancreas, and skeletal muscle. This contributes to the
associated insulin resistance and type 2 diabetes.

Strikingly, patients with SHORT syndrome with various
mutations in Pik3r1 and mice heterozygous for the Pik3r1
R649W mutation do not develop fatty livers, even with the
presence of lipodystrophy (23). Likewise, severe insulin
resistance develops in patients and mice with mutations in
the IR, but patients with these mutations do not develop
fatty liver (36,37). By contrast, patients with mutations in
AKT2, the kinase downstream of PI3K, have dyslipidemia
and fatty livers in addition to severe insulin resistance
(38). We now find that the Pik3r1 R649W mutation has
different effects on fatty liver, depending on the mecha-
nism of obesity. After HFD feeding, WT and KI animals
both show increased liver triglyceride levels, proving that
the Pik3r1 R649W mutation does not completely protect
from lipid accumulation at ectopic sites, although the
defect is mild. Likewise, even when bred onto the ob/ob
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background, which normally has markedly elevated liver
triglycerides and increased liver weight, the R649W KI
mutation protects from fatty liver, perhaps due to reduced
expression of several genes involved in lipid metabolism.
Other possibilities include accumulation of lipids at other
sites or differences in fatty oxidation. In this regard, HFD-
fed KI mice exhibit elevated liver B-oxidation, a finding
which does not occur in HFD-fed control mice or in 0b/ob-KI
mice. Steatosis develops when the rate of fatty acid uptake
and synthesis is greater than the rate of fatty acid oxidation
and secretion. Although studies in humans with nonalco-
holic fatty liver disease (NAFLD) have yielded mixed results
(39), there is evidence of increased rates of fatty acid
oxidation in NAFLD (40,41). Insulin resistance also results
in increased lipolysis in adipose tissue, increased concen-
tration of fatty acids in the serum, and subsequently increased
uptake by the liver. In an effort to compensate for increased
fat deposits, liver mitochondria can increase the rate of fatty
acid oxidation. Our data showing an increase in (3-oxidation
and an increase in liver triglycerides in KI mice after the HED
suggest changes in liver similar to NAFLD.

In summary, PI3K has divergent and critical roles in
glucose and adipose tissue metabolism and plays an impor-
tant role in development and function of adipose tissue.
Loss of activity through the PI3K pathway due to a hetero-
zygous dominant-negative PIK3R1 R649W mutation causes
lipodystrophy and, in particular, loss of subcutaneous fat
in humans and mice. Mice carrying this mutation are also
protected from weight gain both by dietary excess and
genetic leptin deficiency. Furthermore, despite their lip-
odystrophy, humans and mice with the R649W muta-
tion are largely free from fatty liver. Heterozygous Pik3r1
knock-out animals (with p50a and p55a splice variants
present) are also protected from obesity but, in contrast
to the KI mice, remain insulin sensitive (28). Despite the
suppressed weight gain both by diet-induced obesity and
genetic obesity, glucose metabolism and diabetes signifi-
cantly worsen in mice heterozygous for the Pik3r1 R649W
mutation. This mutation therefore demonstrates a novel
and divergent role of PI3K in glucose and adipose tissue
metabolism.
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