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Human cancers often display an avidity for glucose, a
feature that is exploited in clinical staging and response
monitoring by using '®F-fluoro-deoxyglucose (FDG)
positron emission tomography. Determinants of FDG ac-
cumulation include tumor blood flow, glucose transport,
and glycolytic rate, but the underlying molecular mecha-
nisms are incompletely understood. The phosphoinosi-
tide-3 kinase/Akt/mammalian target of rapamycin com-
plex (mTORC) 1 pathway has been implicated in this
process via the hypoxia-inducible factor alpha-dependent
expression of vascular endothelial growth factor and gly-
colytic enzymes. Thus, we predicted that tumors with el-
evated mTORCI1 activity would be accompanied by high
FDG uptake. We tested this hypothesis in eight renal an-
giomyolipomas in which the loss of tuberous sclerosis
complex (TSC) 1/2 function gave rise to constitutive
mTORCI activation. Surprisingly, these tumors displayed
low FDG uptake on positron emission tomography. Ex-
ploring the underlying mechanisms in vitro revealed that
Tsc2 regulates the membrane localization of the glucose
transporter proteins (Glut)1, Glut2, and Glut4, and, there-
fore, glucose uptake. Down-regulation of cytoplasmic
linker protein 170, an mTOR effector, rescued Glut4 traf-
ficking in Tsc2~/~ cells, whereas up-regulation of Akt ac-
tivity in these cells was insufficient to redistribute Glut4 to
the plasma membrane. The effect of mTORC1 on glucose
uptake was confirmed using a liver-specific TscI- deletion
mouse model in which FDG uptake was reduced in the
livers of mutant mice compared with wild-type controls.
Together, these data show that mTORC1 activity is insuf-
ficient for increased glycolysis in tumors and that consti-
tutive mTOR activity negatively regulates glucose trans-
porter trafficking. (4m J Patbol 2008, 172:1748-1756; DOI:
10.2353/ajpath.2008.070958)
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Studies have shown that the biological behavior of many
cancers correlates with their metabolic activities as indi-
cated by the degree of '®F-fluoro-deoxyglucose (FDG)
accumulation on positron emission tomography (PET) im-
aging.! Stemming from the initial observations by War-
burg, it is widely accepted that human tumors use glu-
cose as their preferential energy source and display a
high rate of glycolysis.?2 While a number of mechanisms
may contribute to increased glycolytic metabolism, re-
cent evidence suggests that there is a proliferative ad-
vantage for tumor cells to use glycolysis rather than mi-
tochondrial oxidation as their primary source of ATP.* The
molecular basis of how tumors acquire this phenotype is
not well understood. It has been suggested that as the
tumor grows, relative hypoxia leads to the induction of the
hypoxia-inducible factor (HIF)-family of transcription fac-
tors that promotes glucose metabolism through the ex-
pression of glycolytic enzymes.® However, a number of
oncogenic pathways have been identified to directly in-
fluence HIF1 levels. For example, HIF1 protein expres-
sion is positively regulated by mammalian target of rapa-
mycin (MTOR)-dependent translation of 5'TOP mRNA,
and tumor HIF1 levels have been shown to predict sen-
sitivity to mTOR inhibition by rapamycin.®”

The mTOR pathway plays a major role in nutrient sens-
ing, and one of its key negative regulator is the tuberous
sclerosis complex (TSC)1/2 complex.2° mTORC1 pro-
motes protein synthesis via two effectors, p70/p85-S6
protein kinase (S6K1) and elF4E-binding protein (4E-
BP1), and is sensitive to rapamycin treatment. On growth
factor stimulation, active Akt phosphorylates TSC2 and
reduces the inhibitory function of the TSC1/2 complex on
Rheb GTPase, which in turn stimulates mTORC1. Cellular
energy and oxygen availability also regulate mTORCA1
activity through 5’-AMP-activated protein kinase (AMPK)
and regulated in development and DNA damage re-
sponses (REDD)1-mediated effects on TSC2. Conse-
quently, the loss of TSC1/2 function leads to constitutive
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activation of mTORC1 and results in increased cell
growth that manifests clinically as predominantly benign
tumors found in tuberous sclerosis.’® As expected, these
tumors display up-regulation of HIF1 and vascular endo-
thelial growth factor (VEGF), and consequently, are highly
vascular. The phosphoinositide-3 kinase (PIK3)/Akt/mTOR
pathway is also involved in other hereditary tumor syn-
dromes such as Cowden’s disease and Peutz-Jeghers
syndrome, and more importantly, in many forms of spo-
radic human cancers, thus suggesting a central role of
mTOR in tumorigenesis.™’

Tumor glycolysis has been linked to the Akt/mTOR
pathway. In an experimental leukemia model, Elstrom et
al showed that Akt activation was sufficient to promote
tumor 2-fluoro-2-deoxy-D-glucose (FDG) uptake by in-
creasing the rate of glucose metabolism.'? Furthermore,
the expression of glycolytic enzymes was found to be
under the influence of mTOR, and treatment with rapa-
mycin suppressed the rate of glycolysis.'® Other deter-
minants of FDG avidity include tumor blood flow and
glucose transport. The latter is regulated by a family of
facilitated glucose transporters among which glucose
transporter protein (Glut)4 is best characterized for its
role in insulin responsive glucose import.'* In the un-
stimulated state, Glut4 resides in specialized intracellular
vesicles that are transported to the plasma membrane in
the presence of insulin. Multiple pathways that include
Akt and AMPK play a role in Glut4 trafficking (Figure 1).
Recent evidence suggests that AS160 serves as a
GTPase activating protein for Rab that mediates vesicular
transport, and is a substrate for both Akt and AMPK.'®
Interestingly, activation of Akt by growth factors and in-
duction of AMPK by energy deprivation have been shown
to promote glucose import, even though these two ki-
nases have opposing effects on TSC2 and mTOR. Thus,
the relationship between mTOR and glucose transport
appears to vary according to the input from different
pathways that converge on the TSC1/2 complex.

We previously reported that TSC1/2 regulates post-
Golgi transport of vesicular stomatitis virus glycoprotein
(VSVG) and that cells lacking TSC1/2 mislocalize caveo-
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Figure 1. Model of glucose transport regulation by the Akt/TSC pathway.
Growth factors (eg, insulin) and energy substrate availability (eg, glucose)
regulate TSC1/TSC2 activity through Akt and AMPK, respectively to modulate
mTOR function in promoting HIFla protein synthesis and the activity of
CLIP170 on microtubule plus-end growth. Akt and AMPK further regulate
trafficking of hexose transporters such as Glut4 via the AS160/Rab pathway.
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lin-1."® Further, we found that this transport defect was
due to a disruption of microtubule organization stemming
from mTOR hyperactivity."” mTOR interacts and phos-
phorylates cytoplasmic linker protein (CLIP)170, a micro-
tubule-binding protein that regulates microtubule dynamics.'®
Additionally, we demonstrated that down-regulation of
CLIP170 was sufficient to rescue the aberrant microtu-
bule cytoskeleton and caveolin-1 localization in the
Tsc2~~ cells. To determine the influence of this pathway
on other membrane proteins, we examined the effects of
mTOR on the trafficking of glucose transporters. Here, we
found that cells lacking Tsc2 have reduced membrane
localized Glut1, Glut2, and Glut4 following growth factor
stimulation. The abnormal Glut4 traffic was rescued by
down-regulation of CLIP170, but not reversed by manip-
ulating Akt or AS160 expression. We further show that
glucose uptake was compromised in the presence of
constitutive activation of mTORC1 in vitro and in vivo.
These data provide novel insights into the role of the
TSC/mTOR pathway in glucose transport and show that
mTORC1 is a negative determinant of FDG uptake in PET
imaging.

Materials and Methods
Cells

Tsc2** and Tsc2/~ embryonic fibroblasts were derived
from the Eker rat as described.'® Wild-type RK3E and
3T3L1 cells were obtained from American Type Culture
Collection (Manassas, VA). Cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) or DMEM/F12
supplemented with 5 to 10% fetal bovine serum (FBS).
For adipocyte differentiation, 3T3L1 cells were grown in
DMEM medium containing 20% FBS. Differentiation was
initiated 48 hours after confluence by changing the me-
dium to 10% FBS/DMEM with 115 pg/ml isobutylmethyl-
xanthine, 390 ng/ml dexamethasone, and 10 png/ml insu-
lin. After 4 days in differentiation media, cells were placed
in 10% FBS/DMEM with 10 ug/ml insulin.

Liver-Specific Tsc1 Deletion Mice

The TsciexedMoxed mice were a generous gift of D. Kwiat-
kowski (Harvard, Boston, MA), and the Alb®®* mice were
purchased from the Jackson Laboratory (Bar Harbor, ME).
These animals were crossed to generate Tsc7oxed/fioxed:
Alb®®* mice (hereby known as Tsc7c ™) along with litter-
mate wild-type controls (Tsc7c*/*). Animals were weaned
at 3 weeks of age and genotyped. They were maintained on
regular chow ad libitum with 12-hour day/night cycles in a
modified specific pathogen-free facility. In the in vivo exper-
iments, mice were fasted overnight. On sacrifice, tissues
were analyzed by Western blot analyses as previously de-
scribed.™® All animal studies were approved by the Institu-
tional Animal Care and Use Committee at the University of
Washington.
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Plasmids and RNAi Constructs

Adenoviral construct encoding myr-Akt1 (gift of K. Walsh,
Tufts University, Boston, MA) was prepared as de-
scribed.?® Adenovirus encoding myr-Akt2 was obtained
from Vector Biolabs (Philadelphia, PA). Cy3-labeled
siRNA reagents for Tsc2 and CLIP170 were obtained
from Ambion (Austin, TX). On-TARGET plus siRNA for
Tsc2 and AS160 were from Dharmacon (Chicago, IL).
Briefly, cells were plated in 6-well dishes until ~50%
confluent and then transfected with the target siRNA (100
nmol/L) using either Lipofectamine Plus (Invitrogen,
Carlsbad, CA) or DharmaFECT (Dharmacon) depending
on the cell type. Cells were harvested after 72 hours and
analyzed by Western blot as previously described.'
Cells to be analyzed by immunofluorescence were trans-
ferred to eight-well chamber slides at 48 hours post-
transfection, fixed after 16 hours with paraformaldehyde,
and stained.

Immunofluorescence Confocal Analyses

Cells were seeded onto 2-well chamber slides (Nalge
Nunc International, Rochester, NY) or eight-well chamber
slides (Falcon; Becton Dickinson, Franklin Lakes, NJ)
coated with poly L-lysine and allowed to adhere to the
slide (16 hours) before they were fixed with 4% parafor-
maldehyde or cold (—20°C) methanol. Following PBS
washing and treatment with 0.1% Triton X-100, the cells
were blocked with 10% normal goat serum in PBS for 30
minutes at room temperature and then incubated with the
indicated antibodies diluted in PBS for 1 hour at room
temperature or 4°C overnight. Cells were washed and
then incubated with Alexa 488 or 568-conjugated anti-
rabbit and anti-mouse antibodies as appropriate for 1
hour at room temperature. Cells were washed in PBS,
mounted, counterstained with 4’,6-diamidino-2-phenylin-
dole, and visualized with a Leica SP/NT Spectral Confo-
cal microscope (Leica, Wetzlar, Germany).

Glucose Uptake
In Vitro [°PH]-Deoxyglucose Uptake

Cells were plated onto 60 mm dishes at ~80% conflu-
ence. After culturing in serum free DMEM/F12 medium for
20 hours, the cells were washed three times with glucose
free DMEM and then incubated in glucose-free medium.
The cells were either left untreated or stimulated with 10
mmol/L insulin for various times at 37°C. 2-Deoxy-D-[1-
3H]glucose was added to each dish to a final concentra-
tion of 500 nCi/ml and incubated for 10 minutes. The cells
were washed twice with ice-cold dPBS and solubilized in
1.0 ml 1% SDS. The radioactive content of 500 ul of
sample in a 4.0 ml of Econofluor was determined using a
scintillation counter. The protein concentration was de-
termined using the bicinchoninic acid protein assay
(Pierce, Rockford, IL). Results were expressed as per-
centage change in cpm per mg protein. Non-specific

uptake was measured in the presence of 20 umol/L cy-
tochalasin B and subtracted from each determination to
obtain specific uptake.

Flow Cytometric Analysis

The tracer 6-N-7-nitrobenz-2-oxa-1,3-diazol-4-yl-amino-
6-deoxyglucose (NBDG; Molecular Probes, Eugene, OR)
was used to monitor glucose flux. After 24 hours in serum
free medium, 1 X 10° cells were trypsinized and resus-
pended in incubation buffer (140 mmol/L NaCl, 20 mmol/L
4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid [system-
atic], 5 mmol/L KCI, 2.5 mmol/L MgSO4, and 5.5 mmol/L
glucose pH 7.4) and maintained at 22°C. Flow cytometric
analysis was initiated immediately after the addition of
tracer levels of NBDG and insulin (final concentrations 30
pmol/L and 10 umol/L, respectively). At fixed time inter-
vals, the uptake of the fluorescent probe was recorded as
mean fluorescence intensity during a 600-second period.
Flow cytometric analysis was performed using an Influx
flow cytometer (Cytopeia, Seattle, Washington) equipped
with three lasers at the University of Washington Flow
Cytometry Facility.

In Vivo ["8F]-Fluoro-Deoxyglucose Uptake

Mice were fasted overnight and placed under anes-
thesia using isofluorane. Approximately 2 mCi of '8F-
fluoro-deoxyglucose was injected retro-orbitally and al-
lowed to equilibrate for 40 minutes before mice were
sacrificed by cervical dislocation. Radioactive contents
of the organs were measured in a dose calibrator (Cap-
intec CRC-7, Ramsey, NJ), and the results were ex-
pressed as percentage of injected dose per gram of
tissue, for each organ with respect to whole body uptake,
and corrected for background radioactivity and decay.
For human FDG-PET, an institutional review board-ap-
proved retrospective review was performed on three sub-
jects who had undergone PET imaging as part of their
medical evaluation. Studies were performed using stan-
dard institutional clinical protocols.

Statistics

Comparisons of means were analyzed by Student’s t-test
when comparing two groups, and analysis of variance
when comparing more than two groups.

Results

Effects of Tsc2 on Glut4 Localization

Based on our earlier observations that the TSC1/2 com-
plex regulates intracellular localization of caveolin-1, we
hypothesized that other caveolae-associated proteins
may also be affected by the TSC/mTOR pathway. Among
the hexose transporters, Glut4 and Glut1 have been lo-
calized to lipid raft domains such as caveolae.?"?? We
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Figure 2. Glut4 and Glutl mislocalization in 7sc¢2™/~ fibroblasts. A pair of
isogenic 75¢2~"~ and Tsc2"/* embryonic fibroblast lines were grown in the
absence or presence of FBS, fixed in 4% paraformaldehyde, and processed
for immunofluorescence analyses of Glut4 and Glutl. Right column shows
magnified views of boxed areas. Bar is equivalent to 20 um.

examined their subcellular distribution by indirect immu-
nofluorescence analyses in an isogenic pair of Tsc2™*
and Tsc2™/~ embryonic fibroblasts. In the wild-type cells,
both transporters translocated from the cytosol to the
plasma membrane on stimulation by serum (Figure 2). In
contrast, Glut4 and Glutl were largely absent at the
membrane of Tsc2~~ cells in the presence of serum
(Figure 2). Of note, the levels of Glut1 and Glut4 expres-
sion in the wild-type and mutant cells were essentially
identical (data not shown). These observations suggest
that the membrane translocation of these two transport-
ers may be impaired with the loss of Tsc2.

Next, to demonstrate that the observed difference in
Glut4 localization was due specifically to the effects of
Tsc2, we down-regulated its expression by RNA interfer-
ence in three independent wild-type cell lines and ana-
lyzed Glut4 distribution by immunofluorescence analy-
ses. Figure 3A shows the effects of Tsc2 siRNA in
down-regulating the target protein and the functional
consequences in mTORC1 activation based on in-
creased phospho-S6 expression. The proportion of RK3E
rat kidney epithelial cells with insulin-induced membrane
Glut4 was significantly less in Tsc2 siRNA-treated cells
(5%) as compared with controls (35%) (P < 0.05) (Figure
3A). Similarly, in differentiated 3T3L1 adipocytes, down-
regulation of Tsc2 led to reduced insulin-stimulated Glut4
membrane translocation (Figure 3B). The same trend was
observed in the Tsc2™*/* embryonic fibroblasts following
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Tsc2 siRNA (data not shown). Together, the data suggest
that Glut4 trafficking is under the control of the TSC2
pathway.
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Figure 3. Tsc2 regulates Glut4 membrane localization. A: Effects of Tsc2
SiRNA on Glut4 trafficking. 75c27* rat kidney epithelial, RK3E, cells were
transfected with Cy3-labeled control or Tsc2 siRNA for 72 hours, starved
overnight, and stimulated with insulin or control (dimethyl sulfoxide). Im-
munofluorescence analyses demonstrate Glut4 distribution. Boxed areas are
magnified to highlight the presence or absence of plasma membrane Glut4.
Bar is equivalent to 20 um. Western blot analysis was performed using
antibodies for TSC2 (C20, Santa Cruz, CA), and phospho—S6(255/236) (Cell
Signaling, Danvers, MA). The percentages of cells with plasma membrane
(PM) Glut4 are tabulated in the graph, with at least 100 cells counted in each
category. *P < 0.05. B: Example of Glut4 distribution in insulin-stimulated
differentiated 3T3L1 adipocytes following transfection with Cy3-labeled con-
trol or Tsc2 siRNA.
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CLIP170 but Not Akt/AS 160 Affects Glut4
Localization in the Tsc2 ™/~ Cells

To determine the mechanism behind Glut4 mislocaliza-
tion in the Tsc2™~ cells, we postulated that mTOR activ-
ity plays a role in Glut4 translocation through its influence
on microtubule function that is mediated by CLIP170.
This hypothesis was based on our previous observations
that mTOR and CLIP170 regulate caveolin-1 localization
through microtubules in Tsc2™~ cells.'” Others have
shown that Glut4 traffic is dependent on intact microtu-
bules.?®?* To test this hypothesis, we down-regulated
CLIP170 by siRNA in the Tsc2~/~ and Tsc2*/* cells, and
examined Glut4 localization following serum stimulation.
Figure 4A shows that CLIP170 siRNA significantly in-
creased the proportion of Tsc2™/~ cells with membrane
Glut4 but had little effect in the wild-type cells. As an
alternative hypothesis, reduced Glut4 translocation may
be caused by a known negative feedback of p70S6K on
IRS1, thus leading to reduced Akt activity in the Tsc2 null
state®®2® This, in turn, promotes AS160 GAP activity to
inhibit Rab-mediated Glut4 translocation. We anticipated
that down-regulation of AS160 in the Tsc2-null cells may
promote Glut4 trafficking, but instead treatment of mutant
and wild-type cells with AS160 siRNA led to a significant
suppression of membrane Glut4 (Figure 4A). To further
examine the effects of Akt, we overexpressed constitu-
tively activated forms of Akt1 and Akt2 and assayed for
Glut4 distribution. We found that neither Akt1 nor Akt2
rescued Glut4 translocation in the Tsc2™~ cells (Figure
4B). However, Myr-Akt1 but not Myr-Akt2 suppressed
membrane Glut4 in wild-type cells. This is consistent with
the previously reported differential effects of Akt1 and
Akt2 on Glut4 trafficking.?” Together, our data suggest
that the feedback inhibition of Akt in the Tsc2-null cells
does not account for the mislocalization of Glut4, but
rather supports a role of CLIP170-dependent microtubule
function in Glut4 trafficking.

Insulin-Stimulated Glucose Uptake in
Tsc2™/~ Cells

To determine the functional consequence of Glut4 mislo-
calization in the Tsc2”~ cells, we measured insulin-stim-
ulated glucose uptake in these cells. Serum-starved cells
were stimulated by insulin for various time intervals. 2-
Deoxy-D-[1-H3]-glucose (500 nCi/ml) was added during
the last 10 minutes. Figure 5A shows the relative radio-
activity (as compared with unstimulated controls) at 25
minutes following 10 wmol/L insulin treatment. Wild-type
fibroblasts showed approximately 40% increase in glu-
cose uptake, whereas Tsc2”~ cells had no significant
change over the same time period. To confirm the effects
of Tsc2 on glucose uptake, wild-type RK3E kidney cells
were transfected with control or Tsc2 siRNA, and sub-
jected to insulin-stimulated glucose uptake experiments.
The control cells imported ~80% more glucose over
baseline at 5 and 20 minutes following stimulation. In
contrast, insulin stimulated only a modest change in glu-
cose uptake after down-regulation of Tsc2 (Figure 5B).
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Figure 4. CLIP170 and not Akt regulates Glut4 localization in the Tsc2™”
cells. Az Effects of CLIP170 and AS160 siRNA on Glut4 distribution. Cells were
transfected with control or test siRNA 72 hours before Glut4 immunofluores-
cence analysis. Percentages of cells with plasma membrane Glut4 are tabu-
lated in the graph. *P < 0.05, **P < 0.01. B: Effects of active Myr-Aktl and
Myr-Akt2 on Glut4 distribution. Glut4 immunofluorescence analysis was
performed 6 days following viral transduction. For all of these studies, a
minimum of 50 cells from each category were counted. Arrows indicate
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Figure 5. Reduced insulin-stimulated glucose uptake on loss of Tsc2. A: [*Hl-deoxyglucose uptake in wild-type and mutant fibroblasts was measured following
25 minutes of insulin stimulation. Results are normalized to time 0 minutes. B: RK3E cells were transfected with control or Tsc2 siRNA for 72 hours, stimulated
with insulin for 5 and 20 minutes in the presence of [*H]-deoxyglucose. Uptake levels relative to time 0 are shown. C: NBDG flow cytometric analysis of wild-type
and mutant cells following one minute of insulin stimulation. Results show uptake relative to time 0. *P < 0.05.

Similar results were obtained in the Tsc2*/* fibroblasts
treated with Tsc2 siRNA (data not shown). Using an
independent flow cytometric assay with a fluorescent
derivative of deoxyglucose, NBDG, we confirmed that the
Tsc2~/~ cells imported significantly less glucose com-
pared to Tsc2%* cells within the first minute of insulin
stimulation (Figure 5C). Consistently, our results suggest
that insulin-stimulated glucose uptake in vitro is impaired
in the absence of Tsc2 function.

Glucose Uptake in Tsc1c™ ™ Mice

To analyze the effects of the TSC/mTOR pathway on
glucose uptake in vivo, we examined the hepatic import of
radiolabeled FDG in mice, given that the liver plays an
important role in glucose homeostasis. We used a ge-
netic approach to develop a state of constitutive
mTORCH1 activation in the liver. Since the Tsc7-null state
was embryonic lethal,®® we created mice that were de-
leted for Tsc1 specifically in hepatocytes by breeding
mice homozygous for Tsc1 floxed alleles to those carry-
ing the Cre recombinase gene downstream of the albu-
min promoter. The resultant conditional Tsc7”":Cre™’~ an-
imals (designated as Tsc7c™ ) were viable and fertile
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without gross developmental abnormalities. A detailed
description of the hepatic phenotype of these mice will be
summarized in a separate report (manuscript in prepara-
tion). At 6 weeks of age, the Tsc7c™”~ mice showed loss
of Tsc1 expression and the corresponding up-regulation
of phospho-S6 in the liver but not muscle (Figure 6A).
Other tissues including central nervous system, heart,
lung, and fat also showed comparable Tsc1 expression
in the Tsc1c™~ and Tsc1c /™ animals (data not shown).
Thus, the effects of Tsc7 ablation were specific to the
liver. Of note, the hepatic expression of Tsc2 in the mu-
tant mice was also reduced secondary to increased pro-
tein degradation as previous reported.?® Further, Figure
6B shows that treatment with rapamycin (5 mg/kg) in a
Tsc1c™~ mouse effectively reduced phospho-S6 and
phospho-4E-BP1 (PHAS)I to that of the wild-type litter-
mate control. These data confirm that the loss of hepatic
Tsc1 results in up-regulation of mMTORC1 activity.
Following an overnight fast, control and mutant mice
(n = four per group) were injected intravenously with
approximately 2 mCi of "®F-fluorodeoxyglucose. They re-
mained anesthetized for 40 minutes until sacrifice, at
which time, whole body and organ specific FDG uptake
was quantified. Results were based on the ratio of FDG
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Figure 6. Liver-specific activation of mTORC1 in 75cZ¢™”~ mice. Western blot analyses showing expression of Tscl, Tsc2, and downstream effectors in (A) liver
and muscle tissues from a representative pair of wild-type and mutant mice, and (B) the effects of rapamycin on hepatic mMTORCI activity in a 7scZc~/~ mouse.

Tubulin serves as a loading control.
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Table 1. Organ-Specific FDG Uptake in the Tscic™’~ Mice
Tsclct/** Tscic™#

Organ Mean SD M SD P value
Liver 0.929 0.138 0.772 0.092 0.04
Spleen 1.410 0.259 1.709 0.277 0.09
Kidney 5.910 1.223 6.259 1.002 0.33
Muscle  0.289 0.106 0.261 0.013 0.34
Brain 3.596 1.073 3.740 0.931 0.42

*Tsc1c™'™, Tsc1”:.Cre™'~; #*Tsc1c™~, Tsc1”;Cre™/~.

activity per weight of the organ with respect to whole
body activity and corrected for decay during the exper-
imental period. Table 1 shows the results of FDG uptake
in various organs of the mutant animals compared to the
wild-type controls. FDG uptake in the liver was signifi-
cantly less in the Tsc7-mutant compared to the wild-type
animals, whereas the relative activities in the brain, mus-
cle, spleen and kidneys are similar between the two
groups. Since hepatic glucose transport is mediated pri-
marily by Glut2 rather than Glut1 or Glut43° (Supplemen-
tal Figure S1A at http.//ajp.amjpathol.org), we further ex-
amined if Glut2 localization is under the influence of the
TSC/mTOR pathway. Indeed, immunofluorescence anal-
ysis of Glut2 showed a significant reduction in plasma
membrane localization in the Tsc2—/— cells compared
with the Tsc2+/+ cells similar to the results of Glut1 and
Glut4 (Supplemental Figure S1B at http.//ajp.amjpathol.org).
Together, these observations provide strong support that
the TSC/mTOR pathway has an in vivo effect in regulating
hepatic glucose uptake.

FDG-PET Imaging of Renal Angiomyolipoma

Finally, to determine the relevance of our findings in
humans, we retrospectively reviewed three cases of renal
angiomyolipomas (AMLs) in patients who had undergone
FDG-PET during their medical evaluation. Two patients
were diagnosed with tuberous sclerosis, and one with
sporadic AML. Together, there were eight AMLs cap-
tured by FDG-PET. Patient and tumor characteristics
along with the results of PET are shown in Table 2. In
general, FDG uptake expressed as standard uptake
value of >3 is interpreted as being ‘positive’ or PET-avid.
None of the eight AMLs showed standard uptake value
greater than 2.3. Indeed, all but one had values below 2
with a median standard uptake value of 1.25, suggesting
that these tumors were not FDG-avid. Figure 7A shows
examples of AMLs from cases #2 and #3. Computed
tomography scans illustrate perirenal masses typical of
AMLs, and the corresponding PET scans shows mini-

mum FDG activities in the areas of the tumors. In case #3,
the large lesion in the left kidney was removed surgically
due to symptoms. Western blot analysis of the tumor
showed high levels of phospho-S6 and PHASI along with
a greatly reduced level of TSC2, confirming mTOR acti-
vation secondary to the loss of TSC2 as previously re-
ported in sporadic AML'® (Figure 7B). The relative pau-
city of FDG activities in renal AMLs cannot be explained
on the basis of the tumor size or blood flow since all of the
lesions were larger than 2 cm (median: 2.7 cm), and
AMLs are known to be hypervascular with an associated
risk of spontaneous hemorrhage.®'2 Together, our in
vitro and in vivo data indicate that constitutive activation of
mTORC1 negatively regulates hexose transporter traf-
ficking and glucose uptake. These findings implicate a
novel role of the TSC/mTOR/CLIP170 pathway in glucose
homeostasis.

Discussion

This study provides the first evidence that mTORC1 ac-
tivation secondary to the loss of TSC1/2 function is ac-
companied by a reduction in glucose uptake. The mo-
lecular basis for this phenomenon is attributed to the
effects of mTOR on CLIP170-dependent microtubule-me-
diated protein transport. Specifically, down-regulation of
Tsc2 disrupts growth-factor stimulated glucose trans-
porter membrane translocation. This defect was rescued
when cells were transfected with CLIP170 siRNA, but not
with overexpression of activated Akt1 or Akt2. These
findings support our earlier observations demonstrating
that the TSC/mTOR pathway functions through CLIP170
to regulate microtubule organization and protein traffick-
ing. This is consistent with previous studies showing an
important role of MT in glucose transport.?324

The negative regulation of Glut4 by mTOR is somewhat
surprising given that acute activation of Akt promotes the
translocation of cytosolic Glut4 vesicles toward the
plasma membrane. In response to growth factors, such
as insulin, PI3K activates Akt, which in turn phosphory-
lates AS160 to inhibit its function as a Rab GTPase acti-
vating protein.” This results in increased membrane
Glut4 via Rab-dependent vesicle docking and/or fusion.
However, our data suggest that under conditions of sus-
tained mTOR activation, glucose uptake is limited by the
cytosolic retention of hexose transporters and is indepen-
dent of Akt/AS160 activities. We postulate that in wild-
type cells, growth factors induce a biphasic response in
Glut4 trafficking. The initial activation of Akt stimulates
membrane translocation, but subsequently, sustained

Table 2. FDG-PET of Human Renal Anigomyolipomas
AML
Case Sex Age TSC Number Size (cm) FDG-PET SUV*
1 F 16 Yes 4 2.0,22,23, 31 11,13, 14,23
2 M 57 Yes 3 2.6,28,37 1.1,1.1,13
3 F 36 No 1 6.5 1.2

*SUV, standard uptake value.
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Figure 7. mTOR activation is associated with low FDG-uptake in human AML. A: Paired computerized tomography and PET images of renal AMLs from cases
#3 (top) and #2 (bottom). Arrows indicate masses representing AMLs on computerized tomography, and arrowheads show corresponding areas on FDG-PET.
Background FDG activities are seen within the normal kidneys as it is being secreted in the urine. B: Western blot of renal angiomyolipoma from case #3 showing
expression of TSC1, TSC2, phospho-S6, total S6, PHASI, phospho-Akt, total Akt, and actin.

mTOR activity inhibits Glut4 transport. This may represent
an adaptive cellular response to self-regulate metabolic
supply and demand. Under the pathological setting of
TSC1/2 loss, persistent mTOR activity would lead to an
imbalance between energy supply (ie, glucose uptake)
and energy demand (ie, glycolysis). Our in vivo observa-
tions of reduced FDG uptake in the conditional liver-
specific Tsc7 mutant mice and the renal AMLs in humans
strongly support this model. Results of this study clearly
show that constitutive mTOR activation per se is not
sufficient to promote glucose uptake, and may in fact be
inhibitory.

There are several predictions based on our model.
Firstly, we predict that the Tsc7 or Tsc2-null cells would
be ‘hyper’-sensitive to glucose deprivation due to the
imbalance between supply and demand. Indeed, in vitro
studies showed that these cells undergo apoptosis at a
much higher rate than wild-type cells when glucose is
withdrawn from the media.®® Clinically, this may be a
contributing factor to the ‘benign’ nature of the TSC-
related tumors. As such, glucose restriction may be ex-
ploited as a therapeutic strategy to enhance selective
tumor cell killing. Secondly, we predict that under condi-
tions of mTOR activation, inhibition of mMTOR might lead to
an increase in Glut4 translocation and glucose uptake.
Krebs et al recently reported the effects of rapamycin on
peripheral glucose uptake in healthy human volunteers.3*
In the setting of mTOR stimulation (ie, hyperaminoaci-
demia and prandial-like peripheral hyperinsulinemia),
rapamycin treatment resulted in a significant increase in
glucose uptake without a change in endogenous glucose
production whereas under condition of low peripheral
insulinemia (ie, absence of MTORC1 activation), glucose
uptake was unaltered by rapamycin. This clinical dem-

onstration of the effects of rapamycin on glucose toler-
ance is highly consistent with our model.

However, in renal cell carcinoma, Thomas et al re-
ported that treatment with rapamycin analogues is some-
times associated with reduced FDG uptake on PET im-
aging.” They found that tumors with elevated HIF1A
expression were most likely to respond to mTOR inhibi-
tion. This would imply that mTOR inhibition in tumors
could have an opposite effect on glucose uptake com-
pared to normal tissues. One plausible explanation for
this apparent difference is that the effects of the rapamy-
cin analogues in cancer may predominantly target tumor
angiogenesis by inhibiting the HIF1/VEGF pathway rather
than directly affecting the tumor cells. Indeed, multiple
studies have demonstrated that rapamycin inhibits tumor
formation due to its anti-angiogenic activity that corre-
lated with VEGF production.®*” The mechanism of
VEGF up-regulation was found to be secondary to in-
creased HIF1a 5" TOP-dependent translation down-
stream of mTOR activation.®® As such, the observed
changes in FDG-PET in response to rapamycin ana-
logues may not be reflective of actual glucose transport
of the tumor cells but rather tumor blood supply.

Other corroborating evidence in support of our obser-
vations comes from studies of FDG uptake in the brains of
TSC patients. Multiple reports suggest that cortical tu-
bers, the predominant central nervous system manifes-
tation of TSC, are consistently hypometabolic compared
to respective contralateral region.®®4° Like the AMLs,
these lesions also express high levels of phospho-S6K1
or S6.4"42 Thus, it is worth emphasizing that mTOR hy-
peractivity per se is insufficient to predict high FDG up-
take in vivo. Molecular events besides mTOR are neces-
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sary to account for the frequently observed FDG-avidity
in many human cancers.
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