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The phosphatidylinositol 3-kinase (PI3K)/Akt signaling path-
way is highly conserved throughout evolution and regulates cell
size and survival and cell cycle progression. It regulates the latter
by stimulating procession through G, and the G,/S phase tran-
sition. Entry into S phase requires an abundant supply of purine
nucleotides, but the effect of the PI3K/Akt pathway on purine
synthesis has not been studied. We now show that the PI3K/Akt
cassette regulates both de novo and salvage purine nucleotide
synthesis in insulin-responsive mouse mesenchymal cells. We
found that serum and insulin stimulated de novo purine synthe-
sis in serum-starved cells largely through PI3K/Akt signaling,
and pharmacologic and genetic inhibition of PI3K/Akt reduced
de novo synthesis by 75% in logarithmically growing cells. PI3K/
Akt regulated early steps of de novo synthesis by modulating
phosphoribosylpyrophosphate production by the non-oxidative
pentose phosphate pathway and late steps by modulating activ-
ity of the bifunctional enzyme aminoimidazole-carboxamide
ribonucleotide transformylase IMP cyclohydrolase, an enzyme
not previously known to be regulated. The effects of PI3K/Akt
on purine nucleotide salvage were likely through regulating
phosphoribosylpyrophosphate availability. These studies define
a new mechanism whereby the PI3K/Akt cassette functions as a
master regulator of cellular metabolism and a key player in
oncogenesis.

Insulin and a variety of other growth factors activate the
PI3K>/Akt (protein kinase B) pathway. Activated Akt regulates
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several intracellular processes including protein synthesis, glu-
cose metabolism, and cell cycle progression (1, 2). Frequently
regulation occurs at more than one step. (i) Akt increases pro-
tein synthesis by activating mTOR, which regulates the activi-
ties of S6 kinase-1 and 4E-BP1, two translational regulators (3).
(ii) Akt regulates glucose metabolism by inducing translocation
of glucose transporters to the cell surface, by activating hexoki-
nase, and by inhibiting glycogen synthase kinase-3 (4). (iii) Akt
stimulates the cell cycle by phosphorylating, and thereby inhib-
iting, the cyclin-dependent kinase inhibitors p21<?/%¥AF! and
p27"P! and the FOXO transcription factors and through phos-
phorylation of glycogen synthase kinase-3, which regulates the
G, cyclins, cyclins D and E (2, 5).

The de novo synthesis of purines consists of 10 sequential
steps, starting with phosphoribosylpyrophosphate (PRPP) and
ending with IMP; the latter is converted to AMP or GMP (see
Fig. 1). PRPP amidotransferase catalyzes the first committed
step of the pathway (see Fig. 1, reaction 2) and is subject to
feedback inhibition by purine nucleotides; therefore, it has been
considered a major point of pathway regulation (6). We showed
previously that production of ribose 5-phosphate, the immedi-
ate precursor of PRPP and an end product of the pentose phos-
phate pathway, also contributes to the regulation of purine syn-
thesis (7). Salvage purine nucleotide synthesis involves
hypoxanthine phosphoribosyltransferase, which catalyzes the
conversion of hypoxanthine or guanine to IMP, a PRPP-requir-
ing reaction (see Fig. 1, reaction 6).

Although no previous studies have assessed whether the
PI3K/Akt cassette regulates purine synthesis, several lines of
evidence suggest that this may indeed be the case. First, the
intracellular ATP concentration is decreased in mouse embryo
fibroblasts that lack Aktl and Akt2 (8). Second, treating kerat-
inocytes with epidermal or keratinocyte growth factor, both of
which activate PI3K and Akt, increases expression of several
purine synthetic enzymes (9). Third, the intracellular ATP con-
centration is 3 times higher in Ratla fibroblasts that overex-
press myristoylated, constitutively active Akt compared with
control cells (8, 10). Although the concentrations of ADP and
AMP were not reported, their intracellular concentrations are
considerably less than ATP, and thus the increased ATP likely
arose from increased purine synthesis rather than from
increased ADP and AMP phosphorylation. Finally in the IL-3-

siRNA, small interfering RNA; AOPCP, a,B-methylene adenosine diphos-
phate; ZDP, AICA-riboside diphosphate; ZTP, AICA-riboside triphosphate.
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dependent hematopoietic cell line FL5.12, activity of the oxida-
tive pentose phosphate pathway is higher in cells expressing
myristoylated Akt than in control cells and does not decrease
on removing IL-3 as occurs in control cells (4). Similarly
increased pentose phosphate pathway activity on antigen
receptor cross-linking of B lymphocytes is attenuated by
LY294002, a PI3K inhibitor (11). Thus, it seemed possible that
PI3K/Akt regulate purine synthesis.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against Akt and phospho-Akt were
from Cell Signaling Technology (Danvers, MA), and an anti-
tubulin antibody was from Santa Cruz Biotechnology (Santa
Cruz, CA). An expression vector encoding human Aktl with a
myristoylation signal sequence was from J. R. Woodgett
(Mount Sinai Hospital, Toronto, Canada) and human ATIC
was produced as described previously (12). LY294002,
LY303511, and wortmannin were from Calbiochem; 5-amino-
imidazole-4-carboxamide-1-B-4-ribofuranoside (AICA-ribo-
side) and AICA-riboside monophosphate (AICAR) were from
Sigma-Aldrich; 5-formyltetrahydrofolate was from Schircks
Laboratories (Jona, Switzerland); and AG 50 resin was from
Bio-Rad. LY294002 and LY303511 were dissolved in dimethyl
sulfoxide (DMSO) and when added to cells yielded a final
DMSO concentration of 0.2%; cells not treated with either drug
also received 0.2% DMSO, referred to as vehicle. [**C]Formate,
[8-'*C]adenine, [8-'*C]hypoxanthine, [1-'*C]glucose, and
[6-'*C]glucose were from Moravek (Brea, CA).

Cell Culture and DNA Transfection—C2C12 mouse mesen-
chymal cells were from the American Tissue Culture Collection
(ATCC), and tuberin-deficient mouse embryo fibroblasts were
provided by D. J. Kwiatkowski (13); both cell types were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). Human erythroleu-
kemia (HEL) cells from the ATCC were cultured in RPMI 1640
medium supplemented with 10% FBS. In some experiments,
cells were transfected 48 h prior to use with a cDNA plasmid or
siRNA using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s protocol.

To reduce endogenous Aktl, two siRNAs targeting different
Aktl sequences were used: Aktl siRNA1 was from Dharmacon,
and Aktl siRNA2 had the sequence UGCCCUUCUACAAC-
CAGGA. An siRNA targeting green fluorescent protein was
used as a control.

Measurement of Rates of de Novo Purine Synthesis—Rates of
de novo purine synthesis were measured as described previ-
ously by following ['*C]formate incorporation into all cellular
purine nucleotides, i.e. the soluble purine nucleotide pool as
well as purines incorporated into newly synthesized DNA and
RNA (14). Briefly cells were plated in 12-well culture dishes at
5 X 10° cells/well in DMEM supplemented with 10% FBS.
About 18 h later, the cells were washed with phosphate-buff-
ered saline, placed in 1 ml of fresh DMEM supplemented with
10% dialyzed FBS, and incubated for 2 h with 0.2% DMSO, 20
M LY294002, 20 um LY303511, or 100 nm wortmannin. In
experiments where cells were serum-starved, they were incu-
bated for 14 h in DMEM containing 0.1% FBS; some cells
received either 10% FBS (serum-stimulated) or 10 nM insulin
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for 2 h in the absence or presence of 20 um LY294002. After the
2-h incubation with drugs, [**C]formate (10 u.Ci; specific activ-
ity, 57 mCi/mmol) was added for 2 h, and then the cells were
extracted in situ in 0.4 N perchloric acid. Cell lysates were boiled
for 70 min to release purine bases from DNA, RNA, and purine
nucleotides, and then the samples were cooled on ice and cen-
trifuged for 5 min at 800 X g. The clarified lysates were loaded
onto 0.5 X 5-cm AG 50 columns, which were washed with 0.1 N
HCl to remove unreacted [**C]formate; purine bases were
eluted from the columns in 6 N HCI. Radioactivity in the column
eluates was measured by liquid scintillation counting, and the
data are expressed as ['*C]formate incorporation into purines/
h/10° cells. As shown in supplemental Fig. S1, the assay was
linear with time to at least 3 h. In addition, the assay was linear
with cell number to at least 1 X 10° cells/well, and all subse-
quent assays using radioactive labels were linear with time and
cell number.

To measure [**C]formate incorporation into adenine and
guanine separately, the AG 50 column eluates were dried under
vacuum, resuspended in 50 ul of water, and spotted on cellulose
acetate thin layer chromatography (TLC) plates. The plates
were developed in butanol/acetonitrile/water (65:20:20), spots
corresponding to adenine and guanine were cut out, and radio-
activity was measured by liquid scintillation counting.

In some experiments, de novo purine synthesis was measured
following glycine incorporation into purines (15). Briefly
[**C]glycine (10 uCi; specific activity, 54 mCi/mmol) was
added to cells instead of [**C]formate, 2 h later the cells were
lysed in perchloric acid, and the lysates were boiled as described
above. After cooling the lysates on ice, KHCO; was added to
neutralize the perchloric acid, and insoluble potassium per-
chlorate was removed by centrifugation. The supernatants
were dried, and adenine and guanine in the samples were sep-
arated from unreacted [**C]glycine by TLC as described above.
The data are expressed as ['*Clglycine incorporation into
purines/h/10° cells.

Measurement of PRPP Availability—Incorporation of
[8-'*C]adenine into adenine nucleotides by adenine phospho-
ribosyltransferase requires intracellular PRPP and can be used
to measure cellular PRPP availability (7). Cells were plated as
described for measuring de novo purine synthesis. After a 3-h
incubation with the indicated drugs, [8-'*C]adenine (0.2 uCi;
specific activity, 56 mCi/mmol) was added to the cells, and 30
min later cells were washed with ice-cold phosphate-buffered
saline and lysed in water. The cell lysates were placed on 2 X
2-cm squares of diethylaminoethyl cellulose paper (DE-81,
Whatman), which were washed four times in 1 mm ammonium
formate to remove unincorporated [8-'*C]adenine. Radioactiv-
ity in adenine nucleotides, which remain bound to the cellulose
squares, was measured by liquid scintillation counting.

Measurement of Carbon Flow through the Pentose Phosphate
Pathway—Carbon flow through the non-oxidative branch of
the pentose phosphate pathway was measured by following
[6-**C]glucose incorporation into ATP as described previously
(16). Briefly C2C12 cells were incubated as described for meas-
uring rates of de novo purine synthesis except [6-'*C]glucose
(10 uCi; specific activity, 45 mCi/mmol) replaced the formate
label. The cells were extracted in 0.4 N perchloric acid, the
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extracts were neutralized with KHCO,, and the extracts were
fractionated by high performance liquid chromatography
(HPLC) on a strong anion exchange column eluted with a linear
gradient from 10 mm NH,PO,, pH 4.0 to 480 mm NH,PO,, pH
4.0 over 75 min. Fractions containing ATP were collected, and
radioactivity was quantified by liquid scintillation counting.
Although this method potentially includes carbon flow through
the oxidative branch of the pentose phosphate pathway, it pre-
dominantly measures flow through the non-oxidative branch
because the latter provides the majority of ribose 5-phosphate
used in purine synthesis (16-19).

Carbon flow through the oxidative branch of the pentose
phosphate pathway was measured by following CO, release
from [1-"*C]glucose as described previously (16). Briefly 1 X
10° HEL cells were incubated in 16 X 100-mm glass tubes con-
taining 1 ml of RPMI 1640 medium supplemented with 25 mm
HEPES and 10% dialyzed FBS. The tubes were capped tightly
with a rubber septum that held a plastic center well (Kontes
Glass Co.) containing a fluted piece of Whatman No. 1 filter
paper saturated with 1 N NaOH. After a 2-h equilibration period
with or without 20 uM LY294002 or LY303511, 10 uCi of
[1-'*C]glucose (specific activity, 55 mCi/mmol) was added to
the cells by piercing a Hamilton syringe through the rubber
septum. At the end of the incubation, the center well was trans-
ferred to a scintillation vial, and radioactivity trapped in the
NaOH was measured by liquid scintillation counting. Because
these experiments must be performed in a sealed system, they
were performed on suspension (HEL) cells in capped tubes
rather than on surface-adherent cells.

Measurement of PRPP Synthetase and ATIC Activity—Cells
incubated for 3 h in 0.2% DMSO or 20 uM LY294002 were
extracted by three 10-s bursts of sonication on ice, and the
extracts were centrifuged for 10 min at 10,000 X g. For meas-
uring PRPP synthetase activity, the extract buffer and assay
conditions were as described by Torres et al. (20). For meas-
uring ATIC activity, cells were extracted in 50 mm Tris-HCl,
pH 7.4, 25 mm KCIl, and 5 mMm B-mercaptoethanol. The assay
contained 10-formyltetrahydrofolate synthesized from
5-formyltetrahydrofolate as described by Rabinowitz (21) and
was performed as described by Mueller and Benkovic (22) with
the following changes. (i) 1 mm B-glycerophosphate and 1 mm
sodium pyrophosphate were included to inhibit nonspecific
phosphatases, and 2 mMm «,3-methylene adenosine diphosphate
(AOPCP) was included to inhibit 5’-nucleotidase activity (23).
(ii) The IMP product was separated from the AICAR substrate
(and AOPCP) by HPLC on a C,, reverse phase column eluted
with a linear gradient from 20 mm K,PO,, pH 5.5 to 60% aque-
ous methanol. The assay measures both AICAR transformylase
and IMP cyclohydrolase activity. Protein in the cell extracts was
measured by the method of Bradford (24), and enzyme activi-
ties were measured at two time points.

Measurement of Intracellular Purine Nucleotides—Intracel-
lular purine nucleotides were measured as described previously
(14). Briefly about 10 X 10° C2C12 cells were extracted rapidly
in ice-cold 0.4 N perchloric acid, precipitated macromolecules
were removed by centrifugation, and the lysates were neutral-
ized with KHCO,. Purine nucleotides in the samples were ana-
lyzed by HPLC on a strong anion exchange column using the
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FIGURE 1. Schematic diagram of de novo and salvage purine nucleotide
synthesis with points of regulation by Akt. Glucose (Glu) can be converted
to ribose 5-phosphate (Rib-5-P) via either the oxidative or non-oxidative pen-
tose phosphate pathway (PPP). Under normal conditions, most ribose
5-phosphate used in purine synthesis comes from the non-oxidative path-
way. Ribose 5-phosphate is converted by PRPP synthetase to PRPP (reaction
1), which is converted to phosphoribosylamine (PRA) by PRPP amidotrans-
ferase, the first committed step of the de novo pathway (reaction 2). Glycine
combines with phosphoribosylamine to produce glycinamide ribonucle-
otide (GAR), which is combined with formate to produce FGAR (reaction 3);
the latter is converted to AICAR in five subsequent steps (shown as a dashed
arrow with the first step, reaction 4, inhibited by azaserine). AICAR and for-
mate are converted by the bifunctional enzyme ATIC (reaction 5) to IMP,
which can then be converted to either AMP or GMP. The major routes of AMP
and GMP catabolism differ. AMP is converted to hypoxanthine (Hx) via aden-
osine (Ado) and inosine (/Ino), and GMP is converted to guanine (Gua); in both
cases ribose 1-phosphate (Rib-1-P) is generated. The ribose 1-phosphate
can undergo isomerization to ribose 5-phosphate and then be converted
to PRPP, and hypoxanthine and guanine can be converted to IMP by
hypoxanthine phosphoribosyltransferase (reaction 6). PRPP production
from glucose is shown in green, the de novo purine pathway is shown in
pink, purine nucleotide catabolism and the purine salvage pathway are
shown in yellow, and points of regulation by PI3K/Akt are shown in red.
Glu-6-P, glucose 6-phosphate; 10f-THF, 10-formyltetrahydrofolate.

same system as described for following [6-'*C]glucose incorpo-
ration into ATP.

Measurement of the Early and Late Steps of the de Novo
Purine Synthesis Pathway—Rates of the early steps of the de
novo purine synthesis pathway were measured by following
["*C]formate incorporation into formylglycinamide ribonucle-
otide (FGAR) as described previously (14). Briefly cells were
incubated with a 10 uM concentration of the glutamine analog
azaserine; this azaserine concentration inhibits formylglycina-
midine ribonucleotide synthase (Fig. 1, reaction 4) but has min-
imal effect on other glutamine-requiring processes, such as
protein synthesis (14, 25, 26). After a 45-min incubation with
azaserine, ['*C]formate was added, and 2 h later cells were
washed with ice-cold phosphate-buffered saline and extracted
in acetonitrile/water (50:50). After centrifugation to remove
precipitated proteins, supernatants were spotted on cellulose
acetate TLC plates and developed in a butanol/acetone/water/
acetic acid/ammonium hydroxide (35:35:22.5:15:2.5) system.
The plates were exposed to x-ray film, and FGAR was identified
on the autoradiographs based on its R value in the TLC system
and its presence only in azaserine-treated cells (14, 27). Corre-
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FIGURE 2. Effect of PI3K inhibitors or Akt1 siRNA on de novo purine synthesis. a-c, C2C12 cells were
incubated for 2 h with either 0.2% DMSO (white bars, No add), 20 um LY294002 in DMSO (LY2; black bars), or 20
umLY303511in DMSO (LY3; gray bars); some cells received 100 um folic acid (FA; b, vertical striped bar) or 100 um
5-formyltetrahydrofolate (5-fTHF; ¢, horizontal striped bar). In a, serum-starved cells were incubated for 14 h in
DMEM containing 0.1% FBS and then received either phosphate-buffered saline (Serum-starved), 10% serum
(Serum-stimulated), or 10 nm insulin at the same time as receiving LY294002 or LY303511. After the 2-h incu-
bation with drugs, rates of de novo purine synthesis were measured for 2 h by incubating cells with either 10
wuCiof ["*Clformate (a and b) or 10 uCi of ["*Clglycine (c). Below the bar graph of a is a Western blot for total Akt
and Akt phosphorylated on Ser-473 (pSer473) and Thr-308 (pThr308). Experimental conditions for the blots are
the same as for the corresponding bars: lane 1, control; lane 2, control plus LY294002; lane 3, control plus
LY303511;lane 4, serum-starved; lane 5, serum-starved plus LY294002; lane 6, serum-starved plus serum; lane 7,
serum-starved plus serum and LY294002; lane 8, serum-starved plus insulin; and lane 9, serum-starved plus
insulin and LY294002. d, C2C12 cells were transfected with either a control siRNA directed against green
fluorescent protein (GFP) or one of two different Akt1 siRNAs (Akt1 siRNA1 in the main figure and Akt1 siRNA2
in the inset). In the main figure, cells additionally were transfected with either vector DNA or a myristoylated
(Myr) human Akt1 cDNA resistant to the effects of the Akt1 siRNA. After 48 h, rates of de novo purine synthesis
were measured using ['“Clformate as described in a and b. Below the bar graphs are Western blots for Akt and
tubulin; experimental conditions for the blots are the same as for the corresponding bars. e, Tsc2-deficient
(white bar) and matched (black bar) mouse embryo fibroblasts were incubated with 0.2% DMSO (No add), 20 um
LY294002, or 20 umLY303511 for 2 h, and then rates of purine synthesis were measured as described ina.Ina-c
and e, asterisks indicate p < 0.05 when comparing LY294002-treated cells with non-LY294002-treated cells.
Asterisks in d indicate p < 0.05 when comparing cells transfected with Akt1 siRNAs with cells transfected with
green fluorescent protein siRNA. Data in the bar graphs are the mean = S.E. (error bars) of three independent
experiments performed in duplicate.

sponding areas on the TLC plates were cut out, and radioactiv-
ity in FGAR was measured by liquid scintillation counting.
Rates of the last two steps of the de novo purine synthesis
pathway were measured as described for measuring total de
novo purine synthesis except 10 uMm azaserine and 200 um
AICA-riboside were added to the cells (14, 26). The azaserine
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was present to inhibit the early steps
of the de novo pathway, thereby
making purine synthesis dependent
on the exogenously added
AICA-riboside.

Measurement of Purine Synthesis
by the Salvage Pathway—Purine
synthesis by the salvage pathway
was assessed by measuring
[8-'*C]hypoxanthine incorpora-
tion into purine nucleotides as
described previously (14). The assay
was the same as described for meas-
uring de novo purine synthesis
except the cells were incubated with
10 pCi of [8-'*Clhypoxanthine
(specific activity, 47 mCi/mmol).

Western Blots—Western blots
were performed as described previ-
ously using chemiluminescence
detection (28). Cells were extracted
in situ in hot SDS sample buffer and
applied to 8% polyacrylamide gels.
Resolved proteins were transferred
to polyvinylidene difluoride mem-
branes, which were incubated with
the appropriate primary antibody
and a horseradish peroxidase-
tagged secondary antibody.

Data Presentation and Analysis—
All data presented in bar and line
graphs are the mean * S.E. of at
least three independent experi-
ments performed in duplicate. Sta-
tistical analyses were performed
using Prism 5 software (GraphPad,
Carlsbad, CA). Student’s ¢ test was
used for paired comparisons, and a
one-way analysis of variance with a
Dunnett’s or Bonferroni post-test
analysis was used for multiple com-
parisons with the control group or
comparisons across experimental
conditions, respectively.

RESULTS

Effect of Akt Inhibition on de Novo
Purine Synthesis—To determine
whether the PI3K/Akt cassette reg-
ulates de novo purine synthesis, we
treated C2C12 cells with LY294002
for 2 h and found that the drug

reduced [**C]formate incorporation into purines by >75% over
the ensuing 2 h (Fig. 2a). Rates of purine synthesis were reduced
during the earliest time interval that could be measured, i.e. the
first 30 min after adding the formate label, and remained
reduced for at least 3 h (supplemental Fig. S1; all subsequent
measurements with the formate label were performed at 2 h,
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well within the linear range of the assay). LY303511, which is
structurally similar to LY294002 but does not inhibit PI3K (29),
had no significant effect on purine synthesis (Fig. 2a), whereas
wortmannin, another PI3K inhibitor, also severely reduced
purine synthesis (data not shown). Starving cells for serum for
15 h reduced purine synthesis, and adding back serum or insu-
lin returned purine synthesis rates toward those of control,
non-starved cells; under all three conditions, LY294002 signif-
icantly inhibited rates of purine synthesis (Fig. 2a). We con-
firmed that LY294002 inhibited Akt activation by assessing Akt
phosphorylation on serine 473 and threonine 308 (Fig. 2a).
LY303511 had no effect on Akt phosphorylation, and serum
starvation partially reduced Akt phosphorylation (Fig. 2a). The
marked reduction of purine synthesis in serum-starved cells in
the presence of some residual Akt activity suggests that serum
regulates purine synthesis in part through non-PI3K/Akt
mechanisms; further reduction in purine synthesis by
LY294002 in serum-starved cells is consistent with this hypoth-
esis. However, that LY294002 largely prevented serum and
insulin from restoring purine synthesis in serum-starved cells
indicates that PI3K/Akt signaling is critical to serum and insu-
lin regulation of purine synthesis.

Because formate is incorporated into purines via 10-
formyltetrahydrofolate (Fig. 1, reactions 3 and 5), decreased tet-
rahydrofolate availability would decrease apparent rates of
purine synthesis using a ['*C]formate label. However,
LY294002 reduced purine synthesis to a similar extent in folic
acid-supplemented cells as in non-supplemented cells (Fig. 2b).
Further evidence that LY294002 directly inhibited purine syn-
thesis was that the drug inhibited ["*C]glycine incorporation
into purines to a similar extent as [**C]formate incorporation
(Fig. 2¢). The inactive analog LY303511 had no significant effect
on ["*C]glycine incorporation into purines, and supplementing
cells with 5-formyltetrahydrofolate, which is in rapid equilib-
rium with 10-formyl-tetrahydrofolate, did not attenuate the
effect of LY294002 (Fig. 2¢); the latter experiment confirmed
that LY294002 was not acting by reducing 10-formyltetrahy-
drofolate availability.

To determine whether regulation of purine synthesis by the
PI3K/Akt cassette occurred distal to PI3K, we reduced Aktl
expression in C2C12 cells using an siRNA approach (none of
the commercially available Akt inhibitors significantly reduced
Akt activity over the relatively short time period of our experi-
ments). Two different Aktl siRNAs significantly reduced
purine synthesis, whereas a control siRNA had no effect (Fig.
2d; the control siRNA was targeted to green fluorescent pro-
tein; rates of purine synthesis with this siRNA were similar to
those in untreated cells shown in Fig. 2, a and b). Neither Akt1l
siRNA reduced purine synthesis to the same extent as
LY294002, which is likely related to the siRNAs only partially
reducing Akt protein and Akt activation (Fig. 2d, Western blots;
only Akt protein is shown). Expressing myristoylated human
Aktl in C2C12 cells treated with Aktl siRNA1 returned rates of
purine synthesis to those found in cells transfected with control
siRNA (Fig. 2d; these experiments could not be performed with
Aktl siRNA2 because the latter was directed to a sequence
common to the mouse and human genes). Expressing myristoy-
lated Aktl in otherwise untreated cells increased rates of purine
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synthesis, but the increase did not reach statistical significance.
Because LY294002 more effectively inhibited Akt activation
than Aktl siRNAs, subsequent experiments were performed
with LY294002 using LY303511 as a negative control.

To examine whether PI3K/Akt regulate purine synthesis via
the mTOR/S6 kinase pathway, we performed two separate sets
of experiments. First, we studied tuberin (Tsc2)-deficient
mouse embryo fibroblasts; tuberin regulates mTOR activity by
serving as a Rheb GTPase and is inhibited when phosphoryla-
ted by Akt (13). We found that LY294002 reduced purine syn-
thesis to the same extent in tuberin-deficient cells as in sister
cells containing Tsc2 (Fig. 2e). Tsc2-deficient cells are resistant
to the effects of Akt on the mTOR/S6 kinase pathway and dem-
onstrate constitutive S6 kinase activation (13). Second, we
showed that the mTOR inhibitor rapamycin only modestly
reduced total purine synthesis in C2C12 cells and had no effect
on the early or late steps of de novo purine synthesis (shown
later in Fig. 4, a and b). Thus, Akt appeared to regulate purine
synthesis independently of the mTOR/S6 kinase pathway.

Effect of Akt Inhibition on PRPP Availability—Because ribose
5-phosphate and PRPP production can be limiting for purine
synthesis (7, 30) and expression of a constitutively active Akt
increases carbon flow through the oxidative pentose phosphate
pathway (4), we hypothesized that PI3K/Akt could regulate
purine synthesis by regulating PRPP availability. We measured
PRPP availability by incubating cells with [**C]adenine, which
is converted to AMP by adenine phosphoribosyltransferase, a
reaction requiring PRPP (7). LY294002 decreased PRPP avail-
ability in C2C12 cells by 31%, whereas LY303511 had no effect
(Fig. 3a). Serum starvation reduced PRPP availability albeit not
to the extent it reduced purine synthesis, and replenishing cells
with serum or insulin increased PRPP toward control levels
(Fig. 3a). LY294002 further reduced PRPP availability under
serum-starved conditions and largely prevented the effects of
restoring serum or insulin (Fig. 3a). Treating cells with rapamy-
cin had no significant effect on PRPP availability under any of
the four conditions tested. These data suggest that some of the
effects of Akt and serum on purine synthesis are from a
decrease in PRPP availability.

To investigate the basis for decreased PRPP availability in
LY294002-treated C2C12 cells, we performed three separate
experiments. First, we measured PRPP availability at several
glucose concentrations and found a similar reduction in PRPP
at each concentration (Fig. 3b). These data suggest that
decreased PRPP in LY294002-treated cells was not from regu-
lation of glucose transport because a more profound effect on
PRPP availability would have been expected at lower glucose
concentrations. Second, we measured carbon flow through the
pentose phosphate pathway. We and others have shown that
the non-oxidative branch of the pathway supplies most of the
ribose 5-phosphate used in purine nucleotide synthesis (16—
19), and we found that LY294002 reduced carbon flow through
this pathway by 39% (Fig. 3¢). LY294002 had no effect on carbon
flow through the oxidative branch of the pathway in HEL cells,
whereas it inhibited purine synthesis to a similar extent in these
cells as in C2C12 cells (Fig. 3d). The lack of an effect of
LY294002 on carbon flow through the oxidative pentose phos-
phate pathway is further evidence that the effect of Akt on PRPP
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results were seen at 6 and 9 h of
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lyzed by the bifunctional enzyme
ATIC (Fig. 1, reaction 5), can be
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FIGURE 3. Effect of PI3K inhibitors on PRPP availability and the pentose phosphate pathway. a and b,
C2C12 cells were treated for 3 h with either 0.2% DMSO (Vehicle; white bars in a and open triangles in b), 20 um
LY294002 (black bars and filled triangles), or 20 um LY303511 (gray bar). Cells were serum-starved, serum-
stimulated, and treated with insulin as described in the legend to Fig. 2. Cellular PRPP availability was assessed
by measuring [8-'*Cladenine incorporation into adenine nucleotides over 30 min. The culture medium con-
tained 25 mm glucose in a (DMEM with high glucose) and the indicated glucose concentrations in b. ¢, C2C12
cells were incubated for 2 h with 0.2% DMSO (Vehicle; white bar), 20 um LY294002 (LY2; black bar), or 20 um
LY303511 (LY3; white bar), and then [6-"*Clglucose was added to the cells for 2 h. The cells were extracted, the
extracts were fractionated by high performance liquid chromatography, and radioactivity in ATP-containing
fractions was measured. d, HEL cells were incubated for 2 h with 0.2% DMSO (Vehicle; white bar), 20 um
LY294002 (black bar), or 20 umLY303511 (white bar) in a tightly capped tube fitted with a center well containing
NaOH. [1-"*C]Glucose was added, and CO, was collected in the NaOH over 2 h. Asterisks in a and d indicate p <
0.05 when comparing LY294002-treated cells with vehicle-treated cells. Data in the bar graphs are the mean =

S.E. (error bars) of three independent experiments performed in duplicate.

production was not from decreased glucose transport or glu-
cose phosphorylation. Third, we measured the activity of PRPP
synthetase, a multimeric enzyme whose activity is regulated by
the intracellular phosphate concentration and PRPP synthe-
tase-associated protein PAP 39 (31). We found that PRPP syn-
thetase activity was the same in control and LY294002-treated
cells: 2.2 = 0.3 and 2.4 * 0.4 nmol/min/mg of protein, respec-
tively (mean = S.D. of three independent experiments). Thus,
reduced flow through the non-oxidative pentose phosphate
pathway appeared to be the basis for reduced PRPP availability
in Akt-inhibited cells.

Effect of Akt Inhibition on Early and Late Steps of de Novo
Purine Synthesis—The early steps of de novo purine synthesis
can be measured by following [**C]formate incorporation into
FGAR in the presence of 10 uM azaserine; at this concentration,
azaserine inhibits formylglycinamidine ribonucleotide syn-
thase (Fig. 1, reaction 4) but has minimal effect on other glu-
tamine-requiring processes (14, 25, 26). LY294002 decreased
FGAR synthesis by ~40% in C2C12 cells, whereas LY303511
and rapamycin had no significant effect (Fig. 4a). Because PRPP
amidotransferase, which catalyzes the first committed step of
the de novo pathway (Fig. 1, reaction 2), is inhibited by purine
nucleotides, it seemed possible that Akt could inhibit FGAR
synthesis by altering nucleotide levels. However, LY294002 had
no effect on the intracellular concentrations of ATP, ADP,
AMP, GTP, GDP, or GMP when present for up to 9 h (supple-
mental Table S1; only the data at 3 h are shown, but similar
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Vehicle

mate incorporation into purine
nucleotides in the presence of aza-
serine and AICA-riboside. Azaser-
ine renders the assay dependent on
exogenously supplied AICA-ribo-
side, which is converted to AICAR
by adenosine kinase. LY294002
inhibited AICAR-dependent purine
synthesis in C2C12 cells by 50%,
whereas LY303511 and rapamycin
had no effect (Fig. 4b).

To study the mechanism of the
decrease in AICAR-dependent
purine synthesis, we measured ATIC activity in cell extracts
and observed a 20% decrease in enzyme activity in C2C12
cells that had been treated with LY294002: 3.71 = 0.38 versus
2.94 * 0.33 nmol/min/mg of protein in control and
LY294002-treated cells, respectively (mean *= S.E. of five
independent experiments; p = 0.0015 for the difference
between control and LY294002-treated cells). Enzyme activ-
ity was unchanged in extracts of cells treated with LY303511,
and adding L'Y294002 to either purified ATIC or cell extracts
had no effect. In other experiments, expressing human ATIC
in C2C12 cells increased rates of de novo purine synthesis,
indicating that endogenous ATIC was limiting to purine syn-
thesis; Sidi and Mitchell (32) reached a similar conclusion
after finding increased AICAR (ZMP), and ZDP, and ZTP in
erythrocytes from Lesch-Nyhan patients.

Effect of Akt Inhibition on Adenine and Guanine Nucleotide
Synthesis—IMP, the product of the de novo purine pathwayj, is
converted to either AMP or GMP (Fig. 1). We found that
LY294002 reduced adenylate synthesis by 50% and guanylate
synthesis by 75%, whereas LY303511 had no effect on synthesis
of either nucleotide (Fig. 5, 2 and b). Similar results were found
for AICA-riboside-dependent AMP and GMP synthesis, elim-
inating the effects of Akt inhibition on PRPP availability and
providing a more focused evaluation of AMP and GMP synthe-
sis. We previously found preferential reduction in guanylate
synthesis during other states of reduced purine nucleotide syn-
thesis (14). Thus, it is possible that under states of reduced IMP
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FIGURE 4. Effect of PI3K inhibitors on early and late steps of de novo
purine synthesis. C2C12 cells were treated for 2 h with 0.2% DMSO (Vehicle;
white bars), 20 um LY294002 (LY2; black bars), 20 umLY303511 (LY3; gray bars),
or 10 nm rapamycin (diagonal striped bars). During the last 45 min of the 2-h
incubation, the cells received 10 um azaserine (a and b) and 100 um AICA-
riboside (b). ['*C]Formate incorporation into FGAR (a) and purine nucleotides
(b) was then measured over 2 h. Asterisks indicate p < 0.05 when comparing
LY294002-treated cells with vehicle-treated cells. Data are the mean = S.E.
(error bars) of three independent experiments performed in duplicate.

synthesis a shift to adenylates occurs, constituting a protective
cellular mechanism to preserve ATP.

Effect of Akt Inhibition on Salvage Purine Nucleotide
Synthesis—To determine whether the PI3K/Akt cassette regu-
lates purine nucleotide synthesis from the salvage pathway (Fig.
1, reaction 6), we measured [8-'*C]hypoxanthine incorporation
into purine nucleotides. This assay assesses the activity of
hypoxanthine phosphoribosyltransferase, the major enzyme of
purine salvage. LY294002 reduced salvage synthesis by almost
50%, whereas LY303511 had no effect (Fig. 5¢). The basis for the
decrease in salvage pathway synthesis was likely from decreased
PRPP availability because the salvage pathway requires this
substrate, and the reduction in salvage synthesis was similar to
the reduction in PRPP availability.

DISCUSSION

We have found that the PI3K/Akt cassette regulates the syn-
thesis of purine nucleotides via both the de novo and salvage
pathways. Akt is known to positively regulate glucose, protein,
and lipid metabolism, and we now show that it regulates the
synthesis of yet another major class of macromolecules. The
regulation of purine synthesis by Akt is consistent with its pos-
itive effects on cell growth and proliferation, which require a
concomitant increase in ATP and GTP production. We found
that Akt regulates de novo purine synthesis at two separate
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FIGURE 5. Effect of PI3K inhibitor on adenine and guanine nucleotide
synthesis and on purine nucleotide synthesis by the salvage pathway.
C2C12 cells were treated for 2 h with either 0.2% DMSO (Vehicle; white bars),
20 umLY294002 (LY2; black bars), or 20 um LY303511 (LY3; gray bars).['*CIFor-
mate incorporation into adenine (a) and guanine nucleotides (b) or [8-'*Clhy-
poxanthine incorporation into purine nucleotides (c) was then measured
over a 2-h period. Asterisks indicate p < 0.05 when comparing LY294002-
treated cells with vehicle-treated cells. Data are the mean = S.E. (error bars) of
three independent experiments performed in duplicate.

steps: PRPP production and ATIC-catalyzed conversion of
AICAR to IMP. This dual effect is analogous to Akt regulation
of glucose metabolism and protein synthesis at several levels (1,
33). In addition to being required for purine synthesis, PRPP is
required for pyrimidine and pyridine (NAD/NADP) synthesis.
Thus, by regulating PRPP production, Akt can regulate multi-
ple cellular processes, contributing to its role as a master cellu-
lar regulator (2).

ATIC would seem an unlikely candidate for regulation
because it is the last enzyme in the de novo pathway. However,
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because ATIC activity appears to be limiting to purine synthe-
sis, small changes in enzyme activity could have profound
effects on purine synthesis; thus, the 20% decrease in ATIC
activity we found in Akt-inhibited cells could be the basis for
the 50% decrease in AICAR-dependent purine synthesis. More-
over AICAR would be expected to accumulate in cells with
decreased ATIC activity as occurs in patients with genetic
ATIC deficiency (34). AICAR is a potent activator of AMP-
activated protein kinase (35); the latter inhibits anabolic and
activates catabolic pathways, decreasing protein, carbohy-
drate, and lipid synthesis and inhibiting cell growth and pro-
liferation (35, 36). Thus, decreased Akt activation during
growth factor deprivation could both directly (through
decreased phosphorylation of Tsc2 and other substrates) and
indirectly (through AMP-activated protein kinase activation)
reduce macromolecule synthesis, and the two mechanisms
could have a potentially synergistic effect.

During catabolism of purine nucleotides, GMP is degraded
to guanine, and AMP is degraded to hypoxanthine via inosine
(Fig. 1). Guanine and hypoxanthine are converted to IMP by
hypoxanthine phosphoribosyltransferase (Fig. 1, reaction 6),
and in the presence of an adequate supply of these purine bases,
cells derive purine nucleotides via this salvage pathway (37).
Because hypoxanthine phosphoribosyltransferase-mediated
salvage activity was significantly reduced in Akt-inhibited cells,
purine bases will be lost from the cell under states of low Akt
activation. When combined with low rates of de novo purine
synthesis, the cell will become depleted of purine nucleotides.
Thus, the combination of a purine synthesis inhibitor, such as
methotrexate, with a PI3K or Akt inhibitor could potentially be
beneficial in treating cancer and other proliferative diseases
requiring an abundant supply of purines.

We measured PRPP availability using [**C]adenine because
the K, of adenine phosphoribosyltransferase for PRPP is about
45 that of the K, of hypoxanthine phosphoribosyltransferase
for PRPP (38, 39). Thus, assessing adenine incorporation into
purine nucleotides should be more sensitive to changes in the
intracellular PRPP concentration than measuring hypoxan-
thine or guanine incorporation into nucleotides. Accurate
assessment of the purine salvage pathway required measuring
hypoxanthine incorporation into purine nucleotides because
hypoxanthine phosphoribosyltransferase is the major enzyme
of purine salvage.

In conclusion, the PI3K/Akt cassette regulates de novo and
salvage purine nucleotide synthesis by regulating PRPP avail-
ability and ATIC activity. These newly discovered activities of
the PI3K/Akt cassette can profoundly influence cellular metab-
olism and cell growth and proliferation.
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