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A small-molecule AdipoR agonist for
type 2 diabetes and short life in obesity

Miki Okada-Iwabu®®%*, Toshimasa Yamauchi®?**, Masato Iwabu>?#, Teruki Honma®*, Ken-ichi Hamagami®, Koichi Matsuda’,
Mamiko Yamaguchi', Hiroaki Tanabe®, Tomomi Kimura-Someya®, Mikako Shirouzu*, Hitomi Ogata®, Kumpei Tokuyama®,
Kohjiro Ueki', Tetsuo Nagano®, Akiko Tanaka*®, Shigeyuki Yokoyama*’ & Takashi Kadowakit**

Adiponectin secreted from adipocytes binds to adiponectin receptors AdipoR1 and AdipoR2, and exerts antidiabetic
effects via activation of AMPK and PPAR-a pathways, respectively. Levels of adiponectin in plasma are reduced in
obesity, which causes insulin resistance and type 2 diabetes. Thus, orally active small molecules that bind to and
activate AdipoR1 and AdipoR2 could ameliorate obesity-related diseases such as type 2 diabetes. Here we report the
identification of orally active synthetic small-molecule AdipoR agonists. One of these compounds, AdipoR agonist
(AdipoRon), bound to both AdipoR1 and AdipoR2 in vitro. AdipoRon showed very similar effects to adiponectin in
muscle and liver, such as activation of AMPK and PPAR-a pathways, and ameliorated insulin resistance and glucose
intolerance in mice fed a high-fat diet, which was completely obliterated in AdipoR1 and AdipoR2 double-knockout
mice. Moreover, AdipoRon ameliorated diabetes of genetically obese rodent model db/db mice, and prolonged the
shortened lifespan of db/db mice on a high-fat diet. Thus, orally active AdipoR agonists such as AdipoRon are a
promising therapeutic approach for the treatment of obesity-related diseases such as type 2 diabetes.

The number of overweight individuals worldwide has grown markedly,
leading to an escalation of obesity-related health problems associated
with increased morbidity and mortality. Insulin resistance is a common
feature of obesity and predisposes the affected individuals to a variety
of pathologies, including type 2 diabetes and cardiovascular diseases.
Although considerable progress has been made in understanding the
molecular mechanisms underlying insulin resistance and type 2 dia-
betes, their satisfactory treatment modalities remain limited'*.

Adiponectin (Adipoq)®® is an antidiabetic and antiatherogenic
adipokine. Plasma adiponectin levels are decreased in obesity, insulin
resistance and type 2 diabetes’. Replenishment of adiponectin has
been shown to ameliorate insulin resistance and glucose intolerance
in mice'®'2 This insulin sensitizing effect of adiponectin seems to be
mediated, at least in part, by an increase in fatty-acid oxidation via
activation of AMP-activated protein kinase (AMPK)"*~** and also via
peroxisome proliferator-activated receptor (PPAR)-o'*"7.

We previously reported the expression cloning of complementary
DNA encoding adiponectin receptors 1 and 2 (Adiporl and Adipor2)*®.
AdipoR1 and AdipoR2 are predicted to contain seven-transmembrane
domains'®, but to be structurally and functionally distinct from G-protein-
coupled receptors'®. AdipoR1 and AdipoR2 serve as the major receptors
for adiponectin in vivo, with AdipoR1 activating the AMPK pathways
and AdipoR2 activating the PPAR-o. pathways™.

In skeletal muscle®, AdipoR1 is predominantly expressed and acti-
vates AMPK?*? and PPAR-y coactivator (PGC)-1a (ref. 23) as well as
Ca®* signalling pathways, which have also been shown to be activated
by exercise®*?*. Exercise has been reported to have beneficial effects on
obesity-related diseases such as type 2 diabetes, and could contribute
to healthy longevity. Liver expresses AdipoR1 and AdipoR2, both of
which have roles in the regulation of glucose and lipid metabolism,

inflammation, and oxidative stress in vivo™. Here we report the dis-
covery of an orally active synthetic small molecule that binds to and
activates both AdipoR1 and AdipoR2, ameliorates insulin resistance
and type 2 diabetes, and prolongs the shortened lifespan of db/db mice.

Identification of small-molecule agonists of AdipoR

To identify orally active compounds that could bind to and activate
AdipoR, we screened a number of small molecules in the chemical
library at Open Innovation Center for Drug Discovery, The University
of Tokyo”. We performed functional assays to determine the ability
of small molecules to activate AMPK (Extended Data Table 1 and
Extended Data Fig. 1) and to ascertain the dependency of small mole-
cules on AdipoR in C2C12 myotubes by testing the effects of suppres-
sion of AdipoR expression by specific short interfering RNA (siRNA)
on phosphorylation of AMPK stimulated with each compound (Extended
Data Table 2 and Extended Data Fig. 2). We named one of these hits
AdipoR agonist (AdipoRon; Fig. 1a). We also used compounds 112254
and 165073 in some of the experiments as another hit and a non-hit,
respectively (Extended Data Tables 1 and 2 and Extended Data Figs 1
and 2).

The treatment of C2C12 myotubes with AdipoRon caused an increase
in the phosphorylation of Thr 172 in the o-subunit of AMPK (¢tAMPK)*.
AdipoRon at concentrations of 5-50 uM increased AMPK phosphor-
ylation in a dose-dependent manner to almost the same extent as did
adiponectin (Fig. 1b, ¢) without mitochondrial complex I inhibition
(Extended Data Fig. 3a). Suppression of AdipoR1 by specific siRNA
(Extended Data Fig. 3b, c) greatly reduced the increase in AMPK phos-
phorylation induced by AdipoRon (Fig. 1¢), indicating that AdipoRon
increased AMPK phosphorylation via AdipoR1. Compound number
112254 (another hit) also significantly increased phosphorylation of

Department of Diabetes and Metabolic Diseases, Graduate School of Medicine, The University of Tokyo, Tokyo 113-0033, Japan. 2Department of Integrated Molecular Science on Metabolic Diseases, 22nd
Century Medical and Research Center, The University of Tokyo, Tokyo 113-0033, Japan. *Department of Molecular Medicinal Sciences on Metabolic Regulation, 22nd Century Medical and Research Center,
The University of Tokyo, Tokyo 113-0033, Japan. 4RIKEN Systems and Structural Biology Center, Tsurumi, Yokohama 230-0045, Japan. 5Graduate School of Comprehensive Human Sciences, University of
Tsukuba, Tsukuba 305-8577, Japan. ®0pen Innovation Center for Drug Discovery, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 7Graduate School of Science, The University of
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Figure 1| Small-molecule AdipoR agonist AdipoRon binds to both
AdipoR1 and AdipoR2, and increases AMPK activation, PGC-1a
expression and mitochondrial biogenesis in C2C12 myotubes. a, Chemical
structure of AdipoRon. b-i, I, m, Phosphorylation and amount of AMPK
(b-f,1, m), Ppargcla mRNA levels (g, h), and mitochondrial content as assessed
by mitochondrial DNA copy number (i), in C2C12 myotubes after myogenic
differentiation (b-i), in skeletal muscle (1) or in liver (m) from wild-type (WT)
or Adipor1™'~ Adipor2™'~ double-knockout mice, treated with indicated
concentrations of AdipoRon (b, d-i) or adiponectin (d, 15 pgml™;

€50 pgml Y i, 10 pg mi™"), for 5 min (b, d-f), 1.5h (g, h) and 48 h (i), with or

AMPK via AdipoR1, albeit less potently, and compound 165073 (a
non-hit) failed to increase phosphorylation of AMPK (Fig. 1c).

In the presence or absence of the submaximal concentration of
adiponectin (15 ugml ™), AdipoRon increased AMPK phosphoryla-
tion in a dose-dependent manner (Fig. 1d), whereas AdipoRon did
not increase nor decrease AMPK phosphorylation in the presence
of the maximal concentration of adiponectin (50 pgml™") (Fig. le).
These data suggested that AdipoRon replenished AMPK phosphor-
ylation stimulated by adiponectin.

EGTA partially suppressed the AdipoRon-induced increase in AMPK
phosphorylation in C2C12 myotubes (Fig. 1f), indicating that extracell-
ular free Ca®" is required for full AMPK phosphorylation stimulated
with AdipoRon, like adiponectin®. Moreover, AdipoRon increased
PGC-1o. (Ppargcla) expression (Fig. 1g, h) and mitochondrial DNA
content (Fig. 1i) in a dose-dependent manner. Furthermore, EGTA
effectively and almost completely abolished increased Ppargcla expres-
sion stimulated with AdipoRon in C2C12 myotubes (Fig. 1h), consist-
ent with the report that mcreased PGC-1o. expression mediated by
adiponectin is dependent on Ca®" signalling®'.

By using surface plasmon resonance, AdipoRon bound to both AdipoR1
and AdipoR2 (dissociation constant (Ky) of 1.8 and 3.1 uM; Ryax of
14.6 and 8.6 resonance units (RU), respectively) in a saturable manner
(Fig. 1j, k). We also performed radioactive binding and Scatchard
analysis and verified the specific binding of AdipoRon to AdipoR1
and AdipoR2 (Extended Data Fig. 4).

Intravenous injection of AdipoRon (50 mgkg ™~ body weight) signi-
ficantly induced phosphorylation of AMPK in skeletal muscle and liver
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of wild-type mice but not Adiporl '~ Adipor2™'~ double-knockout
mice (Fig. 11, m), indicating that AdipoRon could activate AMPK in
skeletal muscle and liver via AdipoR1 and AdipoR2.

AdipoRon ameliorates diabetes via AdipoR
To clarify whether orally administered small-molecule AdipoR ago-
nist AdipoRon would exhibit a pharmacokinetic profile suitable for
in vivo evaluation in the mouse, we measured plasma concentrations
of AdipoRon in C57BL/6 wild-type mice after oral administration of
50 mgkg ™! of AdipoRon, and found that the maximal concentration
(Cinax) of AdipoRon was 11.8 puM (Fig. 2a and Extended Data Fig. 5a).
To test the therapeutic potential of a small-molecule AdipoR ago-
nist to treat insulin resistance and diabetes, the effects of orally admi-
nistered AdipoRon were examined in high- fat diet-induced obese mice.
Oral administration of AdipoRon (50 mg kg~ ' body weight) for 10 days
did not significantly affect body weight (Fig. 2b) nor food intake
(Fig. 2¢) in mice on a high-fat diet, but it did significantly reduce fasting
plasma glucose and insulin levels as well as glucose and insulin res-
ponses during oral glucose tolerance tests in wild-type mice treated
with AdipoRon (Fig. 2d and Extended Data Fig. 5b, ¢). The decrease in
glucose levels in the face of reduced plasma insulin levels indicates
improved insulin sensitivity (Fl% 2d, f and Extended Data Fig. 5d, e).
Notably, treatment of Adiporl ™'~ Adipor2~'~ double-knockout mice
with AdipoRon failed to ameliorate high-fat-diet-induced hypergly-
caemia and hyperinsulinaemia (Fig. 2e, f and Extended Data Fig. 5{-1).
The glucose-lowering effect of exogenous insulin was also greater
in AdipoRon-treated wild-type mice than in vehicle-treated control

Limited. All rights reserved
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Figure 2 | AdipoRon improved
insulin resistance, glucose
intolerance and dyslipidaemia via
AdipoR. a-g, Plasma AdipoRon
concentrations (a), body weight
(b), food intake (c), plasma glucose
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insulin resistance index (f) during
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(d, e) or during insulin tolerance test
(ITT) (0.5U insulin per kg body
weight) (g) in wild-type (WT) and
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knockout mice, treated with or
without AdipoRon (50 mg per kg
body weight). h, i, Glucose infusion
rate (GIR), endogenous glucose
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wild-type mice (Fig. 2g, left, and Extended Data Fig. 5j, k), which was
not observed in Adiporl™’~ Adipor2™/~ double-knockout mice
(Fig. 2g, right, and Extended Data Fig. 51, m).

We examined whether a similar chemical analogue of AdipoRon
that could activate AMPK via AdipoR would have an antidiabetic
effect. Consistent with this, we observed that another similar chemical
analogue of AdipoRon, compound 112254 (Extended Data Fig. 6a),
could activate AMPK (Fig. 1¢c) and at the same time ameliorate both
glucose intolerance and insulin resistance (Extended Data Fig. 6¢-f).
Conversely, we observed that another compound, 165073 (Extended
Data Fig. 6b), could not activate AMPK (Fig. 1c), ameliorate glucose
intolerance, nor ameliorate insulin resistance (Extended Data Fig. 6g—j).

We performed hyperinsulinaemic euglycaemic clamps in mice ona
high-fat diet after 10 days of treatment. The glucose infusion rate was
significantly increased (Fig. 2h, left), the endogenous glucose produc-
tion was significantly suppressed (Fig. 2h, middle), and the glucose
disposal rate was significantly increased (Fig. 2h, right) in AdipoRon-
treated wild-type mice. None of these parameters was improved on
AdipoRon treatment in Adipor] ™'~ Adipor2™'~ double-knockout
mice (Fig. 21).

We next examined the effects of AdipoRon on lipid metabolism.
Treatment with AdipoRon for 10 days reduced plasma concentrations
of triglycerides and free fatty acid (FFA) in wild-type mice fed a
high-fat diet (Fig. 2;', k), an effect that was not observed in
Adipor1~'~ Adipor2~’~ double-knockout mice (Fig. 2j, k).

Vehicle AdipoRon

Vehicle AdipoRon *P < 0.05 and **P < 0.01 compared

to control or as indicated. NS, not
significant.

AdipoRon activates AdipoR1-AMPK-PGC-1lo pathways

In skeletal muscle of wild-type mice, AdipoRon increased the expres-
sion of genes involved in mitochondrial biogenesis such as Ppargcla
and oestrogen-related receptor-o (Esrra)®, mitochondrial DNA rep-
lication/translation such as mitochondrial transcription factor A
(Tfam), and oxidative phosphorylation such as cytochrome ¢ oxidase
subunit IT (m#-Co2) (Fig. 3a). AdipoRon also increased mitochondrial
DNA content in the skeletal muscle of wild-type mice (Fig. 3b). These
effects were completely obliterated in Adipor] '~ Adipor2~'~ double-
knockout mice (Fig. 3a, b).

AdipoRon increased the levels of oxidative, high endurance type I
fibre®® marker troponin I (slow) (Tn#il) in the skeletal muscle of wild-
type mice (Fig. 3a) but not in Adipor1 ™'~ Adipor2™'~ double-knockout
mice (Fig. 3a). We challenged mice fed a high-fat diet with involuntary
physical exercise by treadmill running and then assessed muscle endur-
ance. AdipoRon significantly increased exercise endurance in wild-
type mice, but not in Adiporl ™'~ Adipor2™'~ double-knockout mice
(Fig. 3c) fed a high-fat diet.

We next examined the expression of metabolic genes and found
that AdipoRon significantly increased the expression of genes involved
in fatty-acid oxidation such as medium-chain acyl-CoA dehydrogen-
ase (Acadm) (Fig. 3a), which was associated with decreased triglyceride
content® (Extended Data Fig. 7a), in the skeletal muscle of wild-type
mice but not of Adiporl ™'~ Adipor2~'~ double-knockout mice fed a
high-fat diet.
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Figure 3 | AdipoRon increased mitochondria biogenesis in muscle, reduced
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inflammation in liver and WAT. a-h, Ppargcla, Esrra, Tfam, mt-Co2, Tnnil,
Acadm and Sod2 mRNA levels (a), mitochondrial content as assessed by
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AdipoRon significantly increased the expression levels for oxidative
stress-detoxifying genes such as manganese superoxide dismutase (Sod2)
(Fig. 3a), and decreased oxidative stress markers® such as thiobarbi-
turic acid reactive substance (TBARS) (Extended Data Fig. 7b), in the
skeletal muscle of wild-type mice but not of Adiporl ™'~ Adipor2™"~
double-knockout mice fed a high-fat diet.

AdipoRon also activates AdipoR2-PPAR-a pathways

We examined whether AdipoRon could activate AdipoR1 and AdipoR2
pathways in the liver. The activation of AdipoR1-AMPK pathway in
the liver has been reported to reduce the expression of genes involved
in hepatic gluconeogenesis such as Ppargcla, phosphoenolpyruvate
carboxykinase 1 (Pck1)*** and glucose-6-phosphatase (G6pc). As pre-
dicted by these earlier studies, we found that AdipoRon significantly
decreased the expression of Ppargcla, Pckl and G6pcin the liver of wild-
type (Fig. 3d) but not of Adiporl™'~ Adipor2™'~ double-knockout
mice (Fig. 3d) fed a high-fat diet.

Activation of AdipoR2 can increase PPAR-o levels and activate
PPAR-u pathways, leading to increased fatty-acid oxidation and reduc-
tion of oxidative stress®. AdipoRon increased the expression levels of
the gene encoding PPAR-o. itself (Ppara) and its target genes's, includ-
ing genes involved in fatty-acid combustion such as acyl-CoA oxidase
(AcoxI), genes involved in energy dissipation such as uncoupling protein
2 (Ucp2), and genes encoding oxidative stress detoxifying enzymes
such as catalase (Caf) in the liver of wild-type (Fig. 3d) but not of
Adiporl == AdiporZ—’ ~ double-knockout mice (Fig. 3d) fed a high-
fat diet. AdipoRon significantly reduced triglyceride content (Fig. 3¢)
and oxidative stress®, as measured by TBARS (Fig. 3f), in the liver of
wild-type mice but not of Adiporl™'~ Adipor2™'~ double-knockout
mice (Fig. 3e, f) fed a high-fat diet.

Notably, orally administered AdipoRon reduced the expression levels
of the genes encoding pro-inflammatory cytokines such as TNF-o
(Tnf)** and MCP-1 (Ccl2) in the liver of wild-type mice (Fig. 3d) but
not of Adiporl™'~ Adipor2~'~ double-knockout mice (Fig. 3d) fed a
high-fat diet.

AdipoRon decreases inflammation

AdipoRon reduced the expression levels of genes encoding pro-
inflammatory cytokines®~” such as Tnf, IL-6 (II6) and Ccl2 in the white
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(d), tissue triglyceride content (e), TBARS (f) in liver and Tnf, 116, Ccl2, Emr1,
Itgax and Mrcl mRNA levels (g) and TBARS (h) in WAT, from wild-type and
Adiporl1 ™~ Adipor2™'~ double-knockout (DKO) mice treated with or without
AdipoRon (50 mg per kg body weight). All values are presented as

mean * s.e.m. a, b, d-h, n = 10 each; ¢, n = 5 each; *P < 0.05 and **P < 0.01
compared to control or as indicated. NS, not significant.

adipose tissue (WAT) of wild-type mice but not of Adiporl ~'~ Adipor2™'~
double-knockout mice fed a high-fat diet (Fig. 3g). Notably, AdipoRon
reduced TBARS (Fig. 3h) and reduced levels of macrophage markers
such as F4/80 (Emr1), and especially the levels of markers for classically
activated M1 macrophages such as CD11c (Itgax)**—but not the levels
of markers for the alternatively activated M2 macrophages such as
CD206 (Mrcl)—in the WAT of wild-type mice fed a high-fat diet (Fig. 35),
whereas these changes were not observed in Adiporl ™'~ Adipor2™"~
double-knockout mice (Fig. 3g, h).

AdipoRon ameliorates diabetes in db/db mice

We next studied the effects of AdipoRon (50 mgkg ™" body weight) in
a genetically obese rodent model (Lepr '~ (also known as db/db)
mice); db/db mice fed a normal chow diet exhibit decreased plasma
adiponectin concentrations®°. As was expected”®, intraperitoneal
injection of adiponectin into db/db mice reduced plasma glucose
levels (Fig. 4a, left and right panels). Interestingly, orally administered
AdipoRon also significantly reduced plasma glucose levels as quickly
and potently as did intraperitoneal adiponectin injection in db/db
mice (Fig. 4a, middle and right panels).

Without affecting body weight, food intake, liver weight and WAT
weight (Fig. 4b—e), orally administered AdipoRon for 2 weeks signifi-
cantly ameliorated glucose intolerance, insulin resistance and dysli-
pidaemia in db/db mice fed a normal chow diet (Fig, 4f-i).

In the skeletal muscle of db/db mice fed a normal chow diet,
AdipoRon significantly increased the expression levels of genes involved
in mitochondrial biogenesis functions and DNA content (Fig. 5a, b),
and also Acadm and Sod2 (Fig. 5a), which were associated with decreased
triglyceride content and TBARS (Fig. 5c¢, d), respectively. In the liver,
AdipoRon significantly decreased the expression of Ppargcla, Pckl
and Gépc (Fig. 5e), increased the expression of Ppara and its target
genes (Fig. 5e). Therefore, Adipron significantly reduced triglyceride
content (Fig. 5f), oxidative stress (Fig. 5g) and reduced the expression
levels of genes encoding pro-inflammatory cytokines (Fig. 5e). In the
WAT, AdipoRon reduced the expression levels of genes encoding
pro-inflammatory cytokines and macrophage markers, especially the
levels of markers for classically activated M1 macrophages, but not the
levels of markers for the alternatively activated M2 macrophages
(Fig. 5h).
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AdipoRon prolonged the shortened lifespan

Notably, Adiporl ™'~ Adipor2™'~ double-knockout mice showed a
shortened lifespan as compared with wild-type mice under both normal
chow diet and high-fat diet conditions (Fig. 6a, b). Because a high-fat
diet has been reported to shorten lifespan®, we examined whether
orally administered AdipoR agonists could prolong the shortened life-
span on a high-fat diet. Lifespan of db/db mice on a high-fat diet was
markedly shortened as compared with that on a normal chow diet.
Surprisingly, AdipoRon significantly rescued the shortened lifespan of
db/db mice on a high-fat diet (Fig. 6c).

The decreased effects of adiponectin in obesity have been reported
to have causal roles in the development of obesity-related diseases
such as diabetes* and cardiovascular diseases*!. There are two strat-
egies to reverse reduced adiponectin effects. Oneis to increase the levels
of adiponectin itself, such as through the injection of adiponectin.
However, there are many difficulties associated with adiponectin injec-
tion, such as very high plasma concentrations of adiponectin and high-
molecular-weight adiponectin multimers as highest activity form*.

An alternative strategy is to activate adiponectin receptors. Both
AdipoR1 and AdipoR2 have roles in the regulation of glucose and lipid
metabolism, inflammation, and oxidative stress in vivo®. Therefore,
the development of orally active small-molecule agonists for both
AdipoR1 and AdipoR2 has long been sought. Here, we have identified
and characterized an orally active synthetic small molecule that binds
to and activates AdipoR1 and AdipoR2. So far, the top four hits
obtained through the screening campaign have common structural
motifs (Extended Data Fig. 8) (see additional results and discussion
in Supplementary Information).

Vehicle AdipoRon

PCAWE RESEARCH

Figure 4 | AdipoRon ameliorated
insulin resistance, diabetes and
dyslipidaemia in db/db mice.

a, Plasma glucose levels after
intraperitoneal injection of
adiponectin (30 pg per 10 g body
weight) (left) or after oral

& & administration of AdipoRon (50 mg
‘?‘&QOQ & per kg body weight) (middle). The
area under the curve (AUC) of left
e 5 s and middle panels is shown on the
1 1

right. b-i, Body weight (b), food
intake (c), liver weight (d), WAT
weight (e), plasma glucose (£, left,
g), plasma insulin (f, middle) and
insulin resistance index (f, right)
o during oral glucose tolerance test
Vehicle  AdipoRon (OGTT) (1.0 g glucose per kg body
weight) (f) or during insulin
tolerance test (ITT) (0.75 U insulin
per kg body weight) (g), plasma
triglyceride (h) and free fatty acid
(FFA) (i) in db/db mice under
normal chow conditions, treated
with or without AdipoRon (50 mg
per kg body weight). All values are
presented as mean = s.e.m.
a,n = 6-7; b-i, n = 10 each from 2-3
independent experiments, *P < 0.05
and **P < 0.01 compared to control
or as indicated. NS, not significant.

Vehicle AdipoRon

Vehicle AdipoRon

One of these small molecules, AdipoRon, binds to both AdipoR1
and AdipoR2 in vitro (Kg 1.8 and 3.1 uM; Ry 14.6 and 8.6RU,
respectively), activates AMPK, and increases PGC-10. levels and mito-
chondrial DNA content in myotubes (Fig. 1). When AdipoRon was
administered orally to mice (50 mg per kg body weight), it was confirmed
that the concentrations of AdipoRon in plasma (Cpay of 11.8 pM)
reached levels greater than the Ky values (AdipoR1, 1.8 uM; AdipoR2,
3.1uM) (Fig. 2a). After the concentration reached the maximum as
shown in Fig. 2a, the effect reached the maximum (Extended Data
Fig. 5n), and the effect lasted for at least 8h. Orally administered
AdipoRon ameliorated insulin resistance, glucose intolerance and dys-
lipidaemia in mice fed a high-fat diet (Fig. 2d-k). Notably, these beneficial
effects were completely obliterated in Adiporl ™'~ Adipor2™'~ double-
knockout mice (Fig. 2d-k) but partially preserved in Adipor! '~ or
Adipor2™'™ single-knockout mice (Extended Data Fig. 7c-g), indi-
cating that AdipoRon works through both AdipoR1 and AdipoR2
in vivo.

Adiponectin ameliorated insulin resistance and glucose intolerance
via multiple mechanisms including activation of AMPK, decreased
oxidative stress, decreased tissue triglyceride content and suppression
of inflammation***. AdipoRon exerted multiple effects very similar
to those of adiponectin described above in vivo, and ameliorated insu-
lin resistance and glucose intolerance via AdipoR1 and AdipoR2 in
obese diabetic mice on a high-fat diet (Fig. 3).

In this study, we show that in skeletal muscle of obese diabetic mice
such as wild-type mice on a high-fat diet (Fig. 3) and db/db mice
(Figs 4 and 5), AdipoR1 and AdipoR2 agonists such as AdipoRon
increase mitochondrial biogenesis, which was associated with increased
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Figure 5| AdipoRon increased mitochondria biogenesis in muscle, reduced
tissue triglyceride content and oxidative stress in muscle and liver, and
decreased inflammation in liver and WAT of db/db mice. a-h, Ppargcla,
Esrra, Tfam, mt-Co2, Tnnil, Acadm and Sod2 mRNA levels (a), and
mitochondrial content as assessed by mitochondrial DNA copy number

(b), tissue triglyceride content (c) and TBARS (d) in skeletal muscle, Ppargcla,
Pck1, Gépe, Ppara, Acoxl, Ucep2, Cat, Tnf and Ccl2 mRNA levels (e), tissue
triglyceride content (f) and TBARS (g) in liver, and Tnf, 1l6, Ccl2, Emrl, Iigax
and Mrcl mRNA levels (h) in WAT from db/db mice on a normal chow diet,
treated with or without AdipoRon (50 mg per kg body weight). All values are
presented as mean * s.e.m. n = 10, *P < 0.05 and **P < 0.01 compared to
control or as indicated. NS, not significant.

exercise endurance, and at the same time increase expression levels of
genes involved in fatty-acid combustion, oxidative phosphorylation
and reduction of oxidative stress (Figs 3, 5 and 6d). In liver, AdipoRon
suppresses the expression of genes involved in gluconeogenesis, increases
expression of PPAR-o. target genes involved in fatty-acid combustion,
and reduces oxidative stress (Figs 3, 5 and 6d). In WAT, AdipoRon
reduces oxidative stress and pro-inflammatory cytokines, and the
accumulation of M1 macrophages (Figs 3, 5 and 6d). Importantly,
these effects resulted in reduced tissue triglyceride content in liver
and muscle, and oxidative stress in liver, muscle and WAT, and decreased
inflammation in liver and WAT (Figs 3-5 and 6d). These alterations
collectively result in increased insulin sensitivity and glucose tolerance
(Fig. 6d).

Therefore, we could expect AdipoRon to exert most, if not all, of the
effects exerted by adiponectin, such as increased insulin sensitivity
and glucose tolerance, as well as suppression of cardiovascular diseases
and cancer, as previously reported'”*"**. Indeed, AdipoRon did pro-
long the shortened lifespan of obese diabetic mice (Fig. 6a-d).

Taken together, our findings show that the orally active small-
molecule AdipoR agonist AdipoRon shifts the physiology of mice
fed excess calorie towards that of mice fed a standard diet, modulates
known longevity pathways, and improves health and prolongs life-
span. This study provides evidence that an orally available synthetic
small-molecule AdipoR agonist at doses achievable in vivo can safely
reduce many of the unhealthy and undesirable consequences of excess
calorie intake and sedentary lifestyle, with an overall improvement in
health and even lifespan, much like calorie restriction and exercise.
Because virtually all current therapeutic modalities of type 2 diabetes
require stringent adherence to diet and exercise and are associated with
adverse effects such as hypoglycaemia and weight gain, AdipoRon
provides a novel pre-emptive medicine and treatment modality. Orally
active AdipoR agonists are a promising novel therapeutic approach for
treating obesity-related disorders such as type 2 diabetes.
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Figure 6 | AdipoRon increased insulin sensitivity and glucose tolerance,
and at the same time contributed to longevity of obese diabetic mice.

a—c, Kaplan-Meier survival curves for wild-type, Adipor1~™'~, Adipor2™'~ and
Adipor1™"~ Adipor2™'™ knockout mice on a normal chow diet (a) (1 = 50, 32,
29 and 35, respectively) or high-fat diet (b) (n = 47,33, 35 and 31, respectively),
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or for db/db mice treated with or without AdipoRon (30 mg per kg body weight)
on a normal chow or high-fat diet (1 = 20 each) (c). P values were derived from
log-rank calculations. d, Scheme illustrating the mechanisms by which
AdipoR1 and AdipoR2 agonist increases insulin sensitivity and glucose
tolerance, and at the same time lifespan. (See also main text.)
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METHODS SUMMARY

Mice. Mice were 6-10 weeks of age at the time of the experiment. The animal
care and use procedures were approved by the Animal Care Committee of the
University of Tokyo (see additional Methods in Supplementary Information).
Studies with C2C12 cells. Induction of myogenic differentiation was carried out
according to a method described previously®. By day 5, the cells had differen-
tiated into multinucleated contracting myotubes. C2C12 myotubes were used
after myogenic differentiation in all experiments.

Survival. The wild-type, Adipor1™'~, Adipor2~'~, Adipor1™'~ Adipor2™'~ knock-
out mice and the db/db mice were maintained with food and water ad libitum. In
these experiments, we used standard chow diet (CE-2, CLEA Japan Inc.) or high-
fat diet 32 (CLEA Japan Inc.)?. For the experiment shown in Fig. 6a, b, wild-type
(n=150), Adipor] ™'~ (n=32), Adipor2™"~ (n = 29) and Adiporl™'~ Adipor2™"~
(n = 35) knockout mice fed a normal chow diet were used. For the experiment
shown in Fig. 6b, wild-type (n = 47), Adiporl I (n=133), AdiporZ_/_ (n=35)
and Adiporl ™'~ Adipor2™'~ (n = 31) knockout mice on a high-fat diet were used.
For the experiment shown in Fig. 6¢, the db/db mice were randomly divided into
three groups: a normal chow group (normal chow, n = 20), high-fat group (high
fat, n=20) and high-fat plus AdipoRon group (high fat + AdipoRon, n = 20),
which were treated with AdipoRon at a daily dose of 30 mg kg ™! body weight. The
survival rate was recorded daily. Survival curves were plotted using the Kaplan-
Meier method.

Statistical analysis. Results are expressed as mean * s.e.m. Differences between
two groups were assessed using unpaired two-tailed #-tests. Data involving more
than two groups were assessed by analysis of variance (ANOVA).

Online Content Any additional Methods, Extended Data display items and
Source Data are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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progenitors express bnl>GFP. As progenitors
continue along the DT, DT larval cells activate
bnl>GFP expression one segment at a time
from anterior to posterior, matching progenitor
movement.

This dynamic bn/ expression along the migra-
tion path is required for progenitor outgrowth. Knock-
down of bn! expression by RNA interference (RNAi)
in larval tracheal cells blocked migration and
resulted in diminished or absent PAT (Fig. 3, B
and C; fig. S7, A to C; and movie S2). Mosaic
expression of bnl RNAi in small patches along the
path (23) also arrested migration, so long as the
patch encompassed the full DT circumference (Fig.
3D; fig. S7, D and E; and movies S3 and S4). Thus,
Bnl is required all along the migration path, and the
signal does not cross even short gaps.

Ectopic bnl expression in GFP-labeled clones
of larval tracheal cells induced by dfi-FLP (23)
redirected progenitor migration. Depending on
the location of the clones, ectopic bnl caused in-
correct exit from the niche, premature entry onto
the DT, or wrong turns on the DT (Fig. 4, B to D).
Dual clones induced bifurcation with groups of
progenitors moving toward each ectopic b/ source
(Fig. 4E). Clones in Tr3 and posterior metameres
caused progenitors in these regions to leave the
niche, even though they do not normally do so
(Fig. 4, G and H, and fig. S8, D and E). When
there was a large clone, progenitors migrated
throughout the clone (Fig. 4F), implying that pro-
genitors do not require a gradient and will spread
to cover an entire region of cells expressing
bnl at equivalent levels. When bnl-expressing
clones failed to induce migration, the clones
appeared to be too far from the progenitors or
there was competition from another clone close
by (fig. S8, A and B). Ectopic bnl expression
within the progenitor cluster arrested migration
(fig. S8C).

The results show that the embryonic tracheal
inducer Bnl FGF guides tracheal progenitors out
of the niche and into the posterior during tracheal
metamorphosis. The source of Bnl is the larval
tracheal branches destined for destruction, which
serve both as the source of the chemoattractant
and as the substratum for progenitor migration.
Several days earlier in embryos, these larval tra-
cheal branches were themselves induced by Bnl
provided by neighboring tissues. But after em-
bryonic development, most tracheal cells, including
those in the decaying larval branches, down-
regulate b/ FGFR expression (fig. S2A) and thus
do not respond to (or sequester) the Bnl signal
they later express. One of the most notable as-
pects of this larval Bnl is its exquisitely specific
pattern in decaying larval branches, which pres-
ages progenitor outgrowth. It is unclear how Bnl
expression is controlled, though it does not ap-
pear to require signals from migrating progenitors
because the bl reporter expression front progressed
normally when progenitor outgrowth was stalled by
a tracheal break (fig. S6C). Perhaps expression of
Bnl involves gradients in the tracheal system or
spatial patterning cues established during embry-

www.sciencemag.org SCIENCE VOL 343

onic development in conjunction with temporal
signals mediated by molting hormones.

Because the signal guiding progenitor migra-
tion is provided by tracheae destined for destruc-
tion, progenitors become positioned along the
larval branches they replace (Fig. 41). Perhaps
during tissue repair and homeostasis, recruitment
of adult stem or progenitor cells from the niche is
similarly guided by signals from decaying tissue,
thereby ensuring that new tissue is directed to the
appropriate sites.
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Mutational Analysis Reveals the
Origin and Therapy-Driven Evolution
of Recurrent Glioma

Brett E. Johnson,** Tali Mazor,* Chibo Hong,* Michael Barnes,? Koki Aihara,>*
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Tumor recurrence is a leading cause of cancer mortality. Therapies for recurrent disease may fail, at least
in part, because the genomic alterations driving the growth of recurrences are distinct from those in
the initial tumor. To explore this hypothesis, we sequenced the exomes of 23 initial low-grade gliomas
and recurrent tumors resected from the same patients. In 43% of cases, at least half of the mutations
in the initial tumor were undetected at recurrence, including driver mutations in 7P53, ATRX, SMARCA4,
and BRAF; this suggests that recurrent tumors are often seeded by cells derived from the initial tumor at a
very early stage of their evolution. Notably, tumors from 6 of 10 patients treated with the chemotherapeutic
drug temozolomide (TMZ) followed an alternative evolutionary path to high-grade glioma. At recurrence,
these tumors were hypermutated and harbored driver mutations in the RB (retinoblastoma) and Akt-mTOR
(mammalian target of rapamycin) pathways that bore the signature of TMZ-induced mutagenesis.

he genetic landscape of tumors is contin-

I ually evolving, which can be an impedi-
ment to the clinical management of cancer
patients with recurrent disease (/, 2). In contrast

to the clonal evolution of hematological malig-
nancies (3, 4) and solid tumor metastases (5-7),

the local regrowth of solid tumors after surgery
occurs under a unique set of evolutionary pres-
sures, which are further affected by adjuvant ther-
apies. Through the acquisition of new mutations,
residual tumor cells can progress to a more ag-
gressive state. Grade II astrocytic gliomas are
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particularly troublesome from this perspective. Al-
though surgery is the standard of care, these inva-
sive brain tumors typically recur (8). Many remain
grade 1I at recurrence, while others progress to a
higher histological grade with a poor prognosis
(9). The incidence and timing of malignant pro-
gression are variable and unpredictable (8).

We undertook genome sequence analysis of
initial and recurrent human gliomas to address
two questions: (i) What is the extent to which mu-
tations in initial tumors differ from their subsequent
recurrent tumors? (i) How does chemotherapy
with temozolomide (TMZ), a drug commonly used
in the treatment of glioma, affect the mutational
profile of recurrent tumors? We sequenced the
exomes of 23 grade II gliomas at initial diagnosis
and their recurrences resected from the same pa-
tients up to 11 years later (table S1). We selected
initial tumors of predominantly astrocytic histology
that capture the full spectrum of glioma progres-
sion (histological grade II to IV at recurrence) and
adjuvant treatment history. Tumor and matched nor-
mal DNA were sequenced to an average 125-fold
coverage, enabling the sensitive detection of mutations
down to a 10% variant frequency, small insertions
and deletions, and DNA copy number alterations
(CNAs) (Fig. 1A and tables S2 and S3) (10).

We identified an average of 33 somatic cod-
ing mutations in each initial tumor, of which an
average of 54% were also detected at recurrence
(shared mutations) (Fig. 1A). The shared muta-
tions included those in IDH1, TP53, and ATRX in
most but not all cases (fig. S1) (/7-13). All other
somatic mutations were identified only in the
initial tamor or only in the recurrent tumor from a
given patient (private mutations) and thus pre-
sumably arose later in tumor evolution. For ex-
ample, mutations in SMARCA4 were private to
the initial or recurrent tumor in six of seven pa-
tients and therefore may confer a selective advan-
tage in the context of preexisting early driver
events (14, 15). Overall, the initial and recurrent
gliomas displayed a broad spectrum of genetic
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relatedness (fig. S2 and table S4). At one end of
this spectrum were four patients whose tumors
showed a pattern of linear clonal evolution; we
infer that the recurrent tumors in these patients
were seeded by cells bearing >75% of the mu-
tations detected in the initial tumors (as in patient
27, Fig. 1B). At the other end of the spectrum,
tumors from three patients showed branched clonal
evolution; we infer that the recurrent tumors in
these patients were seeded by cells derived from
the initial tumor at an early stage of its evolution,
as the recurrent tumors shared <25% of mutations
detected in the initial tumors. Patient 17 was an
extreme example of branched clonal evolution,
as the initial and recurrent tumors shared only the
IDHI R132H (Arg"** — His) mutation (Fig. 1C).
This further implicates IDHI mutations as an ini-
tiating event in low-grade gliomagenesis (/2).
Indeed, IDH1 mutation was the only shared mu-
tation in every patient—an observation that
supports the current interest in IDH1 as a therapeutic
target (/6). Paired tumors from the remaining 16
patients formed a continuum between linear and
branched clonal evolution. Together, these data
illustrate the extent to which genetically similar
low-grade gliomas diverge after surgical resection,
and suggest that recurrences may emerge from
early stages in the evolution of the initial tumor.

Many solid tumors, including glioblastoma
(GBM), display intratumoral heterogeneity (17, 18).
For example, geographically distinct parts of the
tumor may have different mutations. Intratumoral
heterogeneity could be a confounding factor in
estimates of genetic divergence when only one
relatively small fraction of a tumor is sampled. To
explore the extent of intratumoral heterogeneity
in our cases, we first analyzed the BRAF VO600OE
(Val®® — Glu) mutation that was subclonal in
the initial tumor of patient 18 and undetectable in
the recurrent tumor by either exome sequencing
or droplet digital polymerase chain reaction (PCR)
(Fig. 1D and fig. S3) (10). BRAF V600E was
present in three of six additional samples from
geographically distinct regions of the initial tu-
mor, whereas seven additional samples of the re-
currence all lacked this mutation. These results
suggest that the BRAF-mutant clone did not ex-
pand, despite the proliferative advantage typically
conferred by this mutation. Such a finding con-
trasts sharply with the selection and outgrowth of
subclonal drivers during the evolution of chronic
lymphocytic leukemias (3).

Beyond the actionable BRAF mutation, we
sequenced the exomes of additional, geographi-
cally distinct samples from three cases to further
determine the extent to which apparently private
mutations might be misclassified because of in-
tratumoral heterogeneity. In patient 17, for whom
all mutations except /DHI were private, intra-
tumoral heterogeneity was observed in the initial
and recurrent tumor. From the mutational pro-
files, however, we inferred that three samples of
the initial tumor and four samples of the recur-
rence all derived from a common tumor cell of
origin that possessed only an /DH] R132H mu-

tation (Fig. 2A and table S5). Moreover, the
recurrent tumor contained driver mutations in
TP53 and ATRX distinct from those observed in
the initial tumor. We found no evidence of these
new TP53 or ATRX mutations in the initial tumor
at allele frequencies of ~0.1% (figs. S3 and S4),
implying convergent phenotypic evolution (5)
via a strong ongoing selection for loss of these
genes. The initial and recurrent tumors likely did
not arise independently, as they also shared three
somatic noncoding mutations (fig. S5). Thus, the
initial and recurrent tumors were only distantly
related and, despite the local and relatively rapid
recurrence (fig. S6), exonic mutations other than
IDH]I R132H were only transiently present dur-
ing the course of this patient’s disease. Finally,
we sequenced the exomes of additional distinct
samples of the initial and recurrent tumors from
patients 26 and 27, broadening our assessment of
the impact of intratumoral heterogeneity on the
reported genetic divergence. We found that only
a small minority of private mutations were ac-
tually shared events (7%, table S3) (/0). Intra-
tumoral heterogeneity therefore could not explain
the majority of the genetic divergence between
the initial and recurrent tumors in our cohort,
including the driver mutations in initial tumors
that were undetected in their recurrence.

To investigate whether sequential recurrences
from a single patient could each be traced to the
same evolutionary stage of the initial tumor, we
sequenced the exomes of the second and third
recurrent tumors from patient 04 and constructed
a disease phylogeny by clonal ordering (Fig. 2B,
fig. 87, and table S5) (5, 79). The initial tumor
and three sequential local recurrences were clonally
related, as indicated by the shared phylogenetic
branch containing early driver mutations in /DHI
and 7P53. We infer that the tumor cells seeding the
second recurrence branched off fiom the initial
tumor at a slightly earlier evolutionary stage than
the cells seeding the first recurrence. In contrast, the
third recurrent tumor was a direct outgrowth of the
second recurrence. These results show that branched
and linear patterns of clonal evolution occurred at
differing times in the same patient and are there-
fore not intrinsic properties of the tumor.

Beyond maximal, safe, surgical resection, there
is currently no standard of care for patients with
low-grade glioma; options include surveillance,
adjuvant radiation alone, TMZ alone, or radiation
and TMZ. TMZ is an alkylating agent that in-
duces apoptosis in glioma cells and is sometimes
used to defer or delay the use of radiation. How-
ever, there is currently no information on whether
treatment of grade II astrocytomas with TMZ
confers longer overall survival (8). Because TMZ
is also mutagenic (20), we sought to determine
how adjuvant chemotherapy with TMZ affects
the mutational profile of recurrent tumors by
comparing the initial low-grade gliomas to their
recurrence after treatment. Although the initial
tumors and most of the recurrent tumors in our
cohort had 0.2 to 4.5 mutations per megabase
(Mb) (21, 22), 6 of the 10 patients treated with
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Fig. 1. Genetic landscapes of
low-grade gliomas and their
patient-matched recurrences.
(A) Total number of mutations
private to or shared between the
initial and first recurrent glioma
of 23 patients. (B to D) Shared
and private somatic mutations in
paired initial and recurrent tu-
mors (x and y axes, respectively)
as a function of the estimated
fraction of tumor cells carrying the
mutant allele. Mutations present
in all the cells in both tumors -
are represented by a single point
whose radius is scaled by the log
count of such mutations. Shared
and private CNAs are indicated
(red and blue are gains and losses,
respectively; white is copy-neutral).
In (), clonal 7P53 and ATRX mu-
tations in the initial tumor were
not identified in the recurrent
tumor, but different clonal muta-
tions in these two genes were ac-
quired. (D) Inset shows the DNA
sequence encompassing BRAF
V600E in the normal tissue and
in 15 geographically distinct sam-
ples of the initial and recurrent
tumors.

Fig. 2. Temporal and
spatial patterns of clo-
nal evolution in the tu-
mors of two glioma
patients. (A and B) A
timeline of treatment his-
tories for patient 17 (A)
and patient 04 (B) (top, in-
tervals labeled in months).
Vertical bars correspond
to the time of tumor re-
section and are labeled
with the tumor diagnosis
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TMZ had recurrent tumors that were hypermu-
tated; that is, they harbored 31.9 to 90.9 muta-
tions per Mb (table S6). Overall, 97% of these
were C>T/G>A transitions predominantly occur-
ring at CpC and CpT dinucleotides, which is a
signature of TMZ-induced mutagenesis distinct
from nonhypermutated tumors (fig. S8) (20, 22, 23).
We classified C>T/G>A transitions in each hy-
permutated tumor as TMZ-associated if they
were undetected in the matched initial tumor,
which was resected before TMZ treatment (Fig.
3A). Although it is difficult to definitively at-
tribute any single mutation to TMZ exposure,
comparing the C>T/G>A mutation rates in each
tumor pair suggested that >98.7% are due to
TMZ-induced mutagenesis (/0). To determine
whether intratumoral beterogeneity in initial tu-
mors resulted in the misclassification of some
mutations as TMZ-associated, we sequenced the
exomes of three additional geographically distinct
samples of the untreated initial tumor from patient
18. For mutations classified as TMZ-associated,
sequencing reads with the mutation were rare in
the additional exomes and were found at rates no
higher than expected by chance (1.7 £ 0.08%; P=
0.5, Wilcoxon rank-sum test) (10), further suggest-
ing that they are induced by TMZ.

Resistance to TMZ develops in part through
the acquisition of mutations that inactivate the DNA

mismatch repair (MMR) pathway. MMR pathway
dysfunction and continued TMZ exposure can in
tum result in hypermutation (22-25). Indeed, we
found that hypermutated tumors acquired somatic
mutations in MMR genes that were not detected in
their initial tumors, as well as aberrant DNA meth-
ylation of O%-methylguanine-DNA methyltransferase
(MGMT) (fig. S3, fig. S9, and table S1).

The introduction of thousands of de novo
mutations may drive the evolution of TMZ-
resistant glioma cells to higher states of malig-
nant potential (/, 23). Indeed, all six recurrent
tumors that showed evidence of TMZ-induced
hypermutation underwent malignant progression
to GBM, a high-grade tumor with a worse prog-
nosis (8, 9). To investigate this hypothesis and to
identify TMZ-associated mutations that may drive
the outgrowth of GBM from low-grade glioma,
we focused on the RB and Akt-mTOR signaling
pathways, which are associated with high-grade
gliomas (Fig. 3B) (22, 26-28). In each hypermutated
recurrence, TMZ-associated mutations affected
genes coding for essential signaling molecules
in these two pathways. For example, in the RB
pathway we identified a TMZ-associated RB1
¢.2520+1G>A splice-site mutation found previ-
ously in the germ line of patients with hereditary
retinoblastoma (29, 30). Transcriptome sequenc-
ing confirmed that this mutation triggered aber-

Fig. 3. Recurrent tumors A
from patients treated
with TMZ harbor genet-
ic alterations in the RB
and Akt-mTOR signaling
pathways. (A) Numbers
of TMZ-associated muta-
tions and other mutations
identified in the six pa-
tients with hypermutated
recurrent tumors. (B) So-
matic mutations and CNAs
acquired upon recurrence
in key genes of pathways
associated with GBM. (C)
Expression level of RB1 at
each exon and exon-exon c
junction in the initial and

recurrent tumor of patient

01 showing aberrant splic-

ing of the RB1 transcript in

the recurrent tumor harbor-

ing the RB1 c.2520+1G>A

splice-site mutation. The p
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analysis shows significant
enrichment of genes down-

regulated by RBI and up-regulated by E2F in the recurrent tumors of
patients 01 (blue) and 10 (green), coincident with the acquisition of TMZ-
associated mutations in the RB pathway. (E) Hematoxylin and eosin (H&E)—
stained tumor sample from the first recurrent tumor of patient 01. A dotted
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rant splicing, premature termination, and loss of
the RB1 C-terminal domain necessary for growth
suppression (Fig. 3C) (37). Recurrent tumors from
patients 05 and 10 each had a TMZ-associated
CDKN2A Pro*** — Leu mutation, which prevents
p16™K4A protein encoded by this gene from in-
hibiting CDK4 or inducing cell cycle arrest (32).
The same mutation has been reported in other
tumor types (33) and in the germ line of patients
with familial melanoma (34). Gene set enrich-
ment analysis further confirmed the deregulation
of RB1-mediated cell cycle control upon tumor
recurrence (Fig. 3D), which suggests that TMZ-
associated mutations compromise the function of
the RB tumor suppressor pathway.

We also investigated TMZ-associated muta-
tions that may activate the Akt-mTOR signaling
pathway. We identified a TMZ-associated muta-
tion (PIK3CA Glu*? — Lys) in the recurrent
tumor of patient 18 that drives Akt hyperactiva-
tion and induces mTOR-dependent oncogenic
transformation (35). Similarly, the TMZ-treated
second recurrence of patient 24 had TMZ-associated
mutations in PTEN (Ala'?' — Thrand Gly'® —
Arg) atresidues critical to its phosphatase activity
(36) that are recurrently mutated in GBM (33).
Finally, we validated in vitro that a TMZ-associated
MTOR S2215F (Ser”"> — Phe) mutation in the
recurrent tumor of patient 01 was constitutively

AKT2
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line separates the two morphologically distinct regions. Immunchistochem-
istry (IHC) for phospho-RPS6, phospho-4E-BP1, and Ki-67 shows differential
activation of mTORC1 targets and proliferation rates in the two adjacent
regions. Scale bars, 100 pm.
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