
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A role for ataxia telangiectasia mutated in  
insulin-independent stimulation of glucose transport 
 

ABSTRACT 
Literature reports suggest that ataxia telangiectasia 
mutated (ATM) can activate the AMP-activated 
protein kinase (AMPK), a protein that can 
stimulate glucose transport in skeletal muscle. We 
hypothesized that 5-aminoimidazole-4-carboxamide 
ribonucleotide (AICAR), an AMPK activator, 
would increase glucose transport in mouse 
extensor digitorum longus (EDL) muscles in 
an ATM-dependent manner. AICAR-stimulated 
glucose transport was prevented by the ATM 
inhibitor KU-55933 despite normal stimulation 
of AMPK phosphorylation. Consistent with this, 
AICAR caused AMPK phosphorylation but not an 
increase of glucose transport in ATM-deficient 
(ATM-/-) muscles. S231 of TBC1D1 matches 
the sequence motif of ATM substrates, and 
phosphorylation of this site is known to inhibit 
TBC1D1 and lead to increased glucose transport. 
Accordingly, we assessed TBC1D1 phosphorylation 
and found that AICAR-stimulated phosphorylation 
of TBC1D1 at S231 did not occur in ATM-/- 
muscles. However, activation of ATM without 
activation of AMPK was insufficient to increase 
TBC1D1 phosphorylation. The data suggest that 
ATM plays a role in AICAR-stimulated glucose 
transport downstream of AMPK. 
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INTRODUCTION 
The serine-threonine kinase ataxia telangiectasia 
mutated (ATM) appears to play a role in glucose 
homeostasis. For example, recent genome-wide 
association studies have found that genetic 
variations near the ATM gene are related to glycemic 
responses to metformin [1, 2], a commonly-
prescribed drug for blood glucose control. While 
the mechanism for metformin’s effect on blood 
glucose levels is under debate [3-6], it is known 
that metformin acutely stimulates glucose transport 
into skeletal muscle concomitant with activation 
of the AMP-activated protein kinase (AMPK) [7]. 
Activation of AMPK is sufficient to stimulate 
insulin-independent glucose transport into skeletal 
muscle [8, 9]. Intriguingly, ATM dependence has 
been reported for activation of AMPK in response 
to DNA damage or insulin-like growth factor 1 in 
HeLa cells and fibroblasts, exposure of lung 
cancer cells to ionizing radiation, exposure of 
lymphoblasts to H2O2, or treatment of HeLa cells 
and mouse embryonic fibroblasts with the 
adenosine analog AICAR [10-14]. Despite these 
suggestive data on the role of ATM upstream of 
AMPK, the potential role of ATM in AMPK-
dependent stimulation of glucose transport has not 
previously been investigated in skeletal muscle, 
the predominant whole-body storage depot for 
glucose. 
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Accordingly, the purpose of this study was to test 
the hypothesis that glucose uptake stimulated by 
the AMPK activator AICAR would be dependent 
on ATM in skeletal muscle. 
 
MATERIALS AND METHODS 

Materials 
Antibodies against TBC1D1, AMPK, phosphorylated 
AMPKα T172 (P-AMPK), and phosphorylated 
ATM S1981 (P-ATM) were purchased from Cell 
Signaling Technology (Beverly, MA, USA). 
Antibodies against phosphorylated TBC1D1 (P-
TBC1D1) S237 (S231 in mouse) were purchased 
from EMD Millipore Corporation (Billerica, MA, 
USA). Antibodies against tubulin and ATM were 
obtained from Sigma-Aldrich Corporation 
(St. Louis, MO, USA). Horseradish peroxidase-
conjugated secondary antibodies were obtained 
from Pierce Biotechnology (Rockford, IL, USA). 
The ATM inhibitor KU-55933 was a generous gift 
from Dr. Graeme Smith (KuDOS Phramaceuticals, 
Cambridge, UK). The AMPK inhibitor Compound 
C was provided by Merck & Co., Inc. (Rahway, 
NJ, USA). Doxorubicin was purchased from 
Sigma-Aldrich Corporation. Radiolabeled 2-
deoxyglucose and mannitol were purchased from 
American Radiolabeled Chemicals, Inc. (St. Louis, 
MO, USA). 

Collection and processing of animal muscle  
All procedures using live animals were approved 
by the Saint Louis University Institutional Animal 
Care and Use Committee. Transgenic mice 
expressing a truncation mutation of ATM [15] 
were obtained from The Jackson Laboratory (Bar 
Harbor, ME, USA). Mice that were heterozygous 
for the transgene were used to breed wild-type 
(ATM+/+) and ATM-deficient (ATM-/-) mice. 
After weaning, each mouse was anesthetized with 
ketamine/xylazine (55 mg ketamine and 5.5 mg 
xylazine per kg), and a tail sample was obtained 
for genotyping as previously described [15, 16]. 
Mice were anesthetized with sodium pentobarbital 
(50 mg/kg), and extensor digitorum longus (EDL) 
muscles were removed and incubated in vitro as 
described previously [16, 17]. The incubation 
media for the muscle consisted of Krebs Henseleit 
bicarbonate buffer (KHB) containing 8 mM 
glucose and 32 mM mannitol. Vials containing 
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EDL muscles were gassed with 95% O2 : 5% CO2 
and kept gently shaking at 35 ºC.  
Muscles were incubated for one hour to allow 
recovery from dissection. Muscles were then 
transferred into KHB containing 32 mM mannitol 
and 8 mM glucose in the presence of 0.1% 
dimethyl sulfoxide vehicle (DMSO) or 1 µM 
KU-55933, a concentration sufficient to inhibit 
ATM [18, 19] but low enough to avoid inhibition 
of phosphatidylinositol 3-kinase [19]. After 
30 minutes, muscles were incubated in KHB with 
8 mM glucose in the absence or presence of 2 mM 
AICAR for one hour with the continued presence 
of DMSO or KU and 32 mM or 30 mM mannitol 
to keep osmolarity constant across media. At this 
point, some muscles were blotted and clamp-frozen 
with aluminum tongs cooled in liquid nitrogen 
and stored at -80 ºC for later Western blot analysis. 
Other muscles were subjected to 2-deoxyglucose 
(2DG) uptake assays as described below.  
In parallel procedures, EDL muscles from wild-
type or ATM-deficient animals were allowed to 
recover in vitro for one hour, incubated in KHB 
containing mannitol as described above in the 
absence or presence of 2 mM AICAR for one 
hour and then either clamp-frozen or subjected to 
2DG uptake assays as previously reported [16, 17] 
and briefly described below. 

2DG uptake 
Muscles were washed at 30 ºC in glucose-free 
KHB containing 40 mM mannitol in the absence 
or presence of KU-55933 (DMSO vehicle) or, for 
procedures with the ATM-/- mice, in medium 
containing neither KU nor DMSO. Muscles were 
then incubated in KHB containing 4 mM 2DG, 
2 µCi/ml 3H-2DG, 36 mM mannitol, 0.3 µCi/ml 
14C-mannitol, and 0.1% DMSO or 1 µM 
KU-55933 if they had been present in earlier 
incubations. Muscles were clamp-frozen and 
stored at -80 ºC. Muscles were then homogenized 
in Kontes ground glass tubes in ice-cold buffer 
containing protease and phosphatase inhibitors 
(50 mM HEPES, pH 7.4, 2 mM Na3VO4, 150 mM 
NaF,10 µg/ml leupeptin, 10 µg/ml aprotinin, 0.5 
µg/mL pepstatin and 1 mM phenylmethylsulfonyl 
fluoride). Homogenates were centrifuged at 4 ºC 
for 10 minutes at 14,000xg, and supernatant 
protein concentration was analyzed by the 
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bicinchoninic acid (BCA) method (Pierce Protein 
Technologies, Rockland, IL, USA). Supernatant 
aliquots and aliquots of the incubation media were 
mixed with Ultima Gold XR scintillation fluid 
(Perkin Elmer, Boston, MA, USA), and samples 
were assessed by scintillation counting (TriCarb 
3110TR, Perkin Elmer, Boston, MA, USA). The 
disintegrations per minute (DPM) of 14C-mannitol 
were used to measure the extracellular volume, 
and intracellular 2DG was calculated from 3H 
DPM after accounting for 3H DPM in the 
extracellular space. 2DG transport was expressed 
as nmol 2DG/mg protein/10 minutes. 

Western blotting 
Samples were homogenized, centrifuged, assayed 
for protein content as described above, diluted in 
Laemmli sample buffer containing dithiothreitol, 
and boiled for 5 minutes. Samples were then 
analyzed using sodium dodecyl sulfate 
polyacrylamide gel electrophoresis as described 
previously [20]. Samples were run on 4-20% 
Tris-HEPES gels (Pierce) and then transferred 
onto nitrocellulose membranes. After transfer, 
membranes were blocked with 5% non-fat dry 
milk in Tris-buffered saline containing 0.1% Tween. 
Proteins on the nitrocellulose membranes were 
probed with primary and secondary antibodies 
described in the ‘Materials’ section and then 
visualized using enhanced chemiluminescence 
(Western Lightning; PerkinElmer, Waltham, MA, 
USA). Western blots were quantified using TotalLab 
software purchased from TotalLab Nonlinear 
Dynamics (Newcastle on Tyre, UK). For probing 
ATM and P-ATM, samples were run on 3-8% 
Tris-Acetate gels (Invitrogen, Carlsbad, CA, 
USA) alongside HiMark (Invitrogen) molecular 
weight markers.  

Statistics 
Data were analyzed by analysis of variance with 
post hoc least significant difference comparisons. 
A level of P < 0.05 was regarded as significant. 
 
RESULTS 

AICAR-stimulated glucose transport 
ATM’s role in AICAR-stimulated glucose 
transport was assessed in isolated EDL muscles 
by using either ATM-deficient mice or by using 
 

the specific ATM inhibitor, KU-55933. As shown 
in Figure 1A, ATM protein was present in only 
background levels in EDL from ATM-/- mice. As 
shown in Figure 1B, AICAR increased glucose 
transport in muscles from wild-type mice 
(P < 0.05 vs. transport in the absence of AICAR). 
However, AICAR did not stimulate a statistically 
significant increase in glucose transport in 
muscles from ATM-/- mice, and glucose transport 
in muscles exposed to AICAR was only about 
half as much in ATM-deficient muscles compared 
to muscles from wild-type mice (P < 0.05). As 
shown in Figure 1C, AICAR increased glucose 
transport in wild-type muscles in the presence of 
the vehicle (P < 0.05). This increase was abolished 
when muscles were pretreated with the ATM 
inhibitor KU-55933. 

AICAR-stimulated phosphorylation of AMPK 

It has previously been reported that ATM plays a 
role in AICAR-stimulated AMPK phosphorylation 
in HeLa cells and mouse embryonic fibroblasts 
[12]. Thus, we assessed phosphorylation of AMPK 
to determine whether ATM’s role in AICAR-
stimulated glucose transport was through an 
influence on AMPK phosphorylation. As shown 
in Figure 2A, AICAR-stimulated AMPK 
phosphorylation was normal in muscles from 
ATM-/- mice. Likewise, AICAR-stimulated AMPK 
phosphorylation was unaffected by the ATM 
inhibitor KU-55933 (Figure 2B). 

Phosphorylation of TBC1D1 
The Rab GTPase activating protein (GAP) TBC1D1 
is required for stimulation of glucose transport by 
AICAR [21]. Furthermore, phosphorylation of 
mouse TBC1D1 at S231 (corresponding to S237 
of human TBC1D1) in response to AICAR occurs 
concomitant with an increase in glucose transport 
[22-24], and S231 phosphorylation appears to be 
necessary to convey insulin-responsiveness to 
TBC1D1 [25]. Intriguingly, S231 and the 
surrounding amino acids (F-S-Q) match the 
consensus hydrophobic-serine/threonine-glutamine 
(Φ-S/T-Q) motif of ATM targets [26, 27]. Even 
though this site is both an in vitro target of 
AMPK and phosphorylated in response to the 
AMPK activators AICAR and phenformin [28], 
this does not rule out the possibility that another 
kinase could also act on S231. Thus, we 
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Figure 1. ATM-dependence of AICAR-stimulated glucose uptake. (A) EDL muscles from wild-type 
(ATM+/+) and ATM-deficient mice (ATM-/-) were analyzed by Western blot for ATM and tubulin. (B) EDL 
muscles from ATM+/+ and ATM-/- mice were incubated in vitro with or without 2 mM AICAR for one hour 
and then assayed for 2-deoxyglucose (2DG) uptake (n = 5-6/group). (C) EDL muscles from wild-type mice 
were pre-treated with 1 µM KU-55933 (KU) or vehicle (0.1% DMSO) for thirty minutes. They were then 
incubated with or without 2 mM AICAR for one hour and then assayed for 2DG uptake (n = 5-6/group). 
*: greater than corresponding control without AICAR, P < 0.05. †: lower than corresponding control with 
AICAR, P < 0.05. Data represent means ± SE.
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 A 

Figure 2. No influence of ATM on AICAR-stimulated AMPK phosphorylation.  
Muscle homogenates were analyzed by Western blot for P-AMPK and AMPK for  
(A) ATM+/+ and ATM-/- EDL muscles that were incubated with or without 2 mM AICAR 
for one hour (n = 6/group) and (B) wild-type EDL muscles that were pretreated with either  
1 µM KU or DMSO (vehicle) for 30 min and then exposed to 2 mM AICAR for one hour  
(n = 6/group). *: P < 0.05 for an AICAR effect. Data represent means ± SE. 
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DISCUSSION 
The new information provided by this study is 
that AICAR-stimulated glucose uptake in skeletal 
muscle is dependent on ATM. Additionally, this 
role for ATM in AICAR-stimulated glucose uptake 
does not involve an effect at the level of AMPK 
phosphorylation but instead is associated with 
altered phosphorylation of TBC1D1. 
Based on data that the ATM inhibitor KU-55933 
blunted activation of AMPK by metformin in a 
hepatoma cell line, Zhou et al. proposed that 
ATM acts upstream of AMPK [2]. However, two 
independent groups have shown that KU-55933 
prevents AMPK activation by metformin through 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
hypothesized that S231 phosphorylation in 
response to AICAR would be dependent on ATM. 
As shown in Figure 3, AICAR increased 
phosphorylation of TBC1D1 S231 in EDL from 
wild-type mice (P < 0.05). However, there was no 
AICAR-dependent increase in phosphorylation 
of TBC1D1 S231 in EDL from ATM-deficient 
mice. Given this result, we examined whether 
activation of ATM would be sufficient to increase 
TBC1D1 S231 phosphorylation. As shown in 
Figure 4A, 1 µM doxorubicin (DXR), which 
activates ATM in muscle cells [29], caused 
phosphorylation of ATM at S1981, the 
autophosphorylation site of ATM. However, 
phosphorylation of AMPK was unaffected by DXR. 
As shown in Figure 4B, DXR did not increase 
TBC1D1 S231 phosphorylation, while the AMPK 
inhibitor Compound C (20 µM with DMSO vehicle) 
tended to suppress S231 phosphorylation. Thus, the 
data suggest that activation of ATM is not in itself 
sufficient to cause phosphorylation of TBC1D1 S231. 
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Figure 3. Decreased AICAR-stimulated phosphorylation 
of TBC1D1 S237 in muscles from ATM-deficient 
mice. ATM+/+ and ATM-/- EDL muscles were 
incubated in the absence or presence of 2 mM AICAR. 
Muscle lysates were analyzed by Western blot with 
antibodies against phosphorylated TBC1D1 S231 and 
TBC1D1 (n = 3/group). *: P < 0.05, greater than wild-
type muscle in the absence of AICAR. †: lower than 
wild-type muscle exposed to AICAR, P < 0.05. Data 
represent means ± SE. 

Figure 4. The ATM activator doxorubicin does not 
affect TBC1D1 phosphorylation. EDL muscles from 
wild-type mice were incubated in the absence or 
presence of the AMPK inhibitor Compound C (Comp 
C, 20 µM) and then in the absence or presence of 1 µM 
doxorubicin (DXR) before Western blots for A) 
phosphorylation of the ATM autophosphorylation site, 
S1981, and B) phosphorylation of AMPK. Data are 
means with standard errors, n = 3/group. 
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in vivo [33]; hence the precise role of LKB1 
phosphorylation in the activation of AMPK 
remains uncertain. Clearly, there are cell-type 
differences in the role of ATM upstream of 
AMPK, and perhaps these are influenced by 
factors including the expression profile of AMPK 
subunit isoforms or the subcellular localizations 
of ATM, AMPK, and LKB1. 
The current study, as the first to demonstrate a 
role of ATM in insulin-independent glucose 
transport, adds to the growing body of literature 
suggesting a role for ATM in glucoregulation. For 
example, young mice that lack functional ATM 
are hyperglycemic compared to wild-type animals 
during oral glucose tolerance tests [34]. Likewise, 
for mice with an ApoE-/- background, animals 
that have only one allele of ATM that codes for 
functional protein are hyperglycemic during 
intraperitoneal glucose tolerance tests and insulin 
tolerance tests compared to mice with two wild-
type ATM alleles [35]. Finally, skeletal muscles 
from mice lacking ATM and L6 cells expressing 
kinase-dead ATM have blunted insulin-stimulated 
glucose uptake [16, 32]. Quite interestingly, while 
ATM plays a role upstream of Akt in response to 
insulin in some cell lines and in glycolytic skeletal 
muscle [16, 20, 36], the point of influence of 
ATM in insulin signaling leading to glucose 
transport in oxidative muscle is downstream of 
Akt at the Rab GAP AS160/TBC1D4 [16, 20] 
which, like TBC1D1, acts on Rabs 2A, 8A, 8B, 
10, and 14 [37]. Thus, ATM influences both 
insulin-stimulated phosphorylation of AS160 [16, 
20] and AICAR-stimulated phosphorylation of 
TBC1D1 in skeletal muscle. 
 
CONCLUSION 
In summary, this study provides the first evidence 
for a role of ATM in AICAR-stimulated glucose 
uptake by skeletal muscle. Thus, ATM plays 
key roles in both insulin-dependent [16] and 
insulin-independent stimulation of glucose uptake 
in skeletal muscle, suggesting a basis for the 
association of ATM variants with glycemic 
profiles recently reported [2, 7]. 
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