Cell Cycle 12:15, 2454-2467; August 1, 2013; © 2013 Landes Bioscience

Rapamycin regulates biochemical metabolites
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The mammalian target of rapamycin (mTOR) kinase is a master regulator of protein synthesis that couples nutrient
sensing to cell growth, and deregulation of this pathway is associated with tumorigenesis. p53, and its less investigated
family member p73, have been shown to interact closely with mTOR pathways through the transcriptional regulation of
different target genes. To investigate the metabolic changes that occur upon inhibition of the mTOR pathway and the
role of p73 in this response primary mouse embryonic fibroblast from control and TAp73-/- were treated with the macro-
cyclic lactone rapamycin. Extensive gas chromatography/mass spectrometry (GC/MS) and liquid chromatography/mass
spectrometry (LC/MS/MS) analysis were used to obtain a rapamycin-dependent global metabolome profile from control
or TAp73-"- cells. In total 289 metabolites involved in selective pathways were identified; 39 biochemical metabolites were

found to be significantly altered, many of which are known to be associated with the cellular stress response.

Introduction

The TOR pathway is an evolutionarily conserved pathway that
plays critical roles in the regulation of cell proliferation, survival,
and energy metabolism."* TOR is a serine/threonine kinase
highly conserved from yeast to humans. It forms two complexes
in cells, TORCI and TORC2 (PDK2), with distinctive physi-
ological functions. As a main upstream kinase of the TORCI,
AMPK is activated in response to glucose starvation and low
intracellular ATP levels, which, in turn, phosphorylates and
activates the TSC2 protein.® TSC2 exerts GTPase activity to
negatively regulate GTP-binding protein Rheb, which activates
TORC], thus downregulating TORCI signaling.*> mTORCI is
comprised of raptor, mTOR, and mLST8, and the strength of
association of raptor with mTOR is regulated by nutrient and
growth signals.®” Downstream mTORCI signals to translation
by regulating the association of the cap-binding protein, eIF4E,
with its inhibitors the 4EBPs and also through activation of S6K1
and 2 that phosphorylate rpS6 and eIF4B.** Signaling via this
pathway results in the enhanced translation of mRNAs involved

in ribosomal biogenesis, mitochondrial biogenesis, and oxygen
consumption. Thus, activated TORCI promotes protein synthe-
sis, increases cell mass, and stimulates cell growth.”

The p53 protein, a regulator of cell death,’’? has been shown
to interact closely with the mTOR pathways through the tran-
scriptional regulation of different target genes.'"'® Indeed, p53
negatively regulates the TOR signaling, creating a metabolic net-
work that allows cells to inhibit cell growth and division to avoid
the acquisition of errors during these processes under stress con-
ditions. p73, together with p63,7%! is a structural and functional
homolog of the tumor suppressor transcription factor p53, which
activates transcription from p53-responsive promoters and,
hence, induces cell cycle arrest and apoptosis.?*?* In contrast p63
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is more specialized in epithelial development
sis® but has clear effects on cancer progression and metastasis.>
The Trp73 gene contains two promoters that drive the expres-
sion of two major groups of p73 isoforms with opposing cellu-
lar actions: the TAp73 isoforms contain the p73 transactivation
domain (TA) and exhibit proapoptotic activities,”®* whereas the
DNp73 isoforms lacking the N-terminal TA domain are able to
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transcriptionally repress TAp73 and p53 as well as showing anti-
apoptotic properties.’* We contributed to elucidate the respec-
tive stability’’ and degradation patterns via the Ub E3 ligases
ITCH,*% FBXO45,% antizyme pathway,” and PIR.*® We gen-
erated selective knockout mice deficient for either TAp73*"3® or
DNp73% isoforms, allowing the analysis of specific in vivo func-
tions of the individual variants. At birth, total p73-deficient mice
manifest hippocampal dysgenesis due to massive apoptosis (ca.
40%) of sympathetic neurons in superior cervical ganglion. %!
After 1-2 months, they display hypersecretion of cerebrospinal
fluid, resulting in hydrocephalus as well as runting and abnor-
mal social and reproductive behavior because of defects in phero-
mone detection;* in addition, p73~'~ mice show immunological
defects with chronic infections and inflammation. The neuronal
defects manifested by the p73-KO mice have uncovered a master
role for p73 in the developing neuronal cells as well as in mature
nervous system in the long-term maintenance of adult neurons.
Phenotypical characterization of this animal model revealed that
predisposition to spontaneous and carcinogen-induced tumori-
genesis is increased by specific TAp73 loss in vivo. In vitro, p73
shows a direct ability to regulate neuronal differentiation.*>4
In addition a second major phenotype of the TAp73-'~ selective
knockout animals is infertility due to genomic instability of the
oocyte, further revealing a role for TAp73 as a tumor suppressor
in maintaining the fidelity of the genome.?** Although p73
shares some biological functions with p53, the contribution of
p73 activity on the regulation of cell metabolism and energy pro-
duction has not been fully investigated yet.

Compounds that decrease the interaction of raptor with
mTOR (e.g., the macrocyclic lactone rapamycin) inhibit protein
synthesis rates, and several new classes of drugs (rapalogs) have
been developed that target the mTOR pathway.
these rapalogs are providing, and are being further developed,

Importantly,

for new treatments for some types of cancers. Studies have been
performed to assess the global changes that occur in the transla-
tome upon exposure to rapamycin;’ however, there has been no
analysis of the metabolic changes that result following exposure
to such agents. Given the use of these compounds as anticancer
agents and the importance that changes in the metabolome have
on the development of the cancerous cell, it is timely to assess
the global effects of rapamycin on the metabolome. Both normal
control and TAp73~"~ fibroblasts were used in order to explore
the selective role of TAp73~ in controlling cellular metabo-
lism regulated by mTOR pathway. In total, of 289 biochemical
metabolites involved in very different metabolic pathways, 39
metabolites were found to be significantly affected by rapamycin
treatment; many of these are associated to cellular stress response.

Results

Genotype has a minor effect on both time- and treatment-
mediated biochemical changes
Activated TORCI1 promotes protein translation, increases cell
mass, and promotes cell growth through the phosphorylation
and regulation of two major substrates, the 4EBP1 protein

(eIF4E binding protein) and the S6 kinase.”® Thus, mTOR
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inhibition was confirmed using phospho-S6K1 and phospho-
4EBP as markers of mTOR activity. Rapamycin treatment sup-
pressed the phosphorylation of the mTOR substrate S6K1 during
starvation, and both in a dose-dependent (Fig. SIA) and time-
dependent manner (Fig. SIB). In addition, phosphorylation of
the 4EBP substrate decreased in the MEFs treated with rapamy-
cin at different concentrations compared with the untreated
cells. Rapamycin was then used at 50 nM concentrations for
further studies. Three cell culture conditions were compared:
(1) starved cells, collected at a 4 h time point, (2) untreated cells,
and (3) cells treated with rapamycin. Each sample was collected
at both 24 and 48 h time points, with 5-8 individual biological
replicates for each group. In order to determine whether there
were cytotoxic effects associated with presence of rapamycin,
the induction of apoptosis was examined by FACS analysis. The
data show that there was no significant differences in cell death
between rapamycin-treated and untreated cells within the time
frame used. Similarly, there were no significant differences in the
cell cycle profile (Fig. S1C).

Global profiles, by  either  gas
chromatography/mass spectrometry (GC/MS) or liquid chro-

biochemical

matography/mass spectrometry (LC/MS/MS), were performed
as described,” comparing between control vs. TAp73~'~ MEFs.
Overall, a total of 289 metabolites were identified (Table 1;
Table S1), 39 of which (Table 1) were found significantly altered
by exposure to rapamycin.

Based on random chance alone and a P value cut-off of
P < 0.05, it could be expected that from among the 289 bio-
chemicals identified in the MEFs from this study, 14 to 15 com-
pounds would achieve statistical significance. The number of
biochemical metabolites showing significant changes between
wt and TAp737/~ cells at each treatment and time point in this
study ranged from 8 to 21 compounds depending upon the com-
parison. This low number of genotype-based differences suggests
that, under the present experimental conditions, TAp73~'"~ cells
had little to no effect on the various treatments at any given time
point. A heatmap representing the similar patterns in biochemi-
cal changes between wt and TAp73~'~ cells is shown in Table 2.

The increased levels of amino acids and their metabolites in
the rapamycin-treated samples, regardless of genotype, would
support the role of rapamycin as an inhibitor of protein synthesis.

Glycolytic intermediates are increased by rapamycin
treatment
Glucose (Fig. 1A) and the majority of the glycolytic interme-
diates, such as glucose-6-phosphate (G6P, Fig. 1B), fructose-
6-phosphate (Fig. 1C), fructose 1,6-diphosphate (presented as an
isobar with glucose 1,6-diphosphate, Fig. 1D), dihydroxyacetone
phosphate (DHAP, Fig. 1E), and 3-phosphoglycerate (Fig. 1F),
were increased in both wt and TAp73~- MEFs following rapamy-
cin treatment as compared with untreated samples. This change
in glycolytic intermediates was most profound at the 48 h time
point. In contrast, lactate was decreased in both wt and TAp73-/-
cells treated with rapamycin at 48 h as compared with their rela-
tive untreated samples (Fig. 1G).

These changes could suggest either a block in glycolysis or
increased glucose uptake and metabolism.
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Table 1. Metabolic changes

Statistical comparisons
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Welch two sample t test was used to determine whether the means of the two populations are different. A total of 289 metabolites were identified. Red
indicates an increase, green indicates a reduction. Original data are shown in Table S1.
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Figure 1. For figure legend, see page 2458.
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Rapamycin increases the pentose phosphate pathway
activity at 48 h
To gain further insight into the fate of glucose following rapamy-
cin treatment, we investigated changes in TCA cycle and pentose
phosphate pathway intermediates. Although rapamycin had little
effect on TCA cycle activity, it appeared to have a great impact on
pentose phosphate pathway activity. Following the phosphoryla-
tion of glucose to G6P, G6P either continues through glycolysis
or is shunted into the pentose phosphate pathway. In the pentose
phosphate pathway, G6P is converted to 6-phosphogluconate.
Conversion of G6P to 6-phosphogluconate results in increased
NADPH levels and potentially also increases nucleotide biosyn-
thesis through the subsequent generation of ribose 5-phosphate.
Thus, increased pentose phosphate pathway activity may occur to
circumvent periods of increased oxidative stress or during periods
of increased anabolic/pro-growth activity. In our samples, the
levels of the pentose phosphate pathway intermediates, ribulose-
5-phosphate (presented as an isobar with xylulose 5-phosphate,
Fig. 2A), ribose 5-phosphate (Fig. 2B), and ribose (Fig. 2C) were
all significantly increased after 48 h treatment with rapamycin in
both wt and TAp73-'~ cells. These changes in pentose phosphate
pathway intermediates may suggest that rapamycin treatment,
regardless of genotype, results in increased glucose uptake. The
glucose could then be phosphorylated and shunted it into the
pentose phosphate pathway due to possible increased oxidative
stress or for anabolic purposes following rapamycin treatment.

Since the pentose phosphate pathway can feed back into gly-
colysis at fructose 6-phosphate, this may explain why the sub-
sequent glycolytic intermediates were also increased after 48 h
treatment with rapamycin in both wt and TAp73~'~ cells as com-
pared with the other treatments and time points.

Rapamycin affects methionine metabolism
Methionine is metabolized to the major methyl donor
S-adenosylmethionine (SAM). Utilization of SAM for methyla-
tion events results in increased S-adenosylhomocysteine (SAH),
which is further metabolized to homocysteine. Homocysteine
can either go through the transulfuration pathway to produce
cysteine for either taurine or glutathione biosynthesis, or through
the transmethylation pathway by reacting with 5-methyltet-
rahydrofolate (SMeTHEF), resulting in methionine and THE.
Regulation of the methionine metabolic pathway is based on
the availability of methionine and cysteine. If both amino acids
are present in adequate quantities, SAM accumulates and is a
positive effector on cystathionine synthase, encouraging the pro-
duction of cysteine and a-ketobutyrate (both of which are glu-
cogenic). However, if methionine is scarce, SAM will form only
in small quantities, thus limiting cystathionine synthase activ-
ity. In this study, methionine levels were significantly elevated by
rapamycin treatment (Fig. 3A), while rapamycin did not appear

to impact SAM or SAH levels (Fig. 3B and C, respectively). In
contrast, lower levels of SMeTHEF, homocysteine, and cysteine
(Fig. 3D-F) were detected in both wt and TAp73~' cells treated
with rapamycin, generally more evident at the 48 h rapamy-
cin time point. Although these taurine biosynthesis-associated
biochemicals (cysteine sulfinic acid, hypotaurine, and taurine)
changed over time, the levels of these biochemicals at a given
time point showed little difference between rapamycin-treated
and untreated in both wt and TAp73"~ cells (Fig. S2A~C). Thus
the lower cysteine levels in cells treated for 48 h with rapamycin,
both in wt and TAp73~- MEFs, do not appear to be due to diver-
sion of cysteine to taurine biosynthesis.

The described changes in methionine metabolism suggest that
48 h rapamycin treatment may be increasing transmethylation of
homocysteine to methionine. Effect of rapamycin on transulfu-
ration is reflected by components of the glutathione metabolic
pathways.

Rapamycin treatment impacts glutathione synthesis
Glutathione is the major antioxidant pathway in cells. Although
changes in reduced glutathione (GSH) and oxidized glutathione
(GSSG) did not provide a clear indication of altered redox status
with rapamycin (Fig. S3A and B), additional markers provide
support for an oxidative stress following treatment with rapamy-
cin, suggesting a possible increase in glutathione utilization in
rapamycin-treated wt and TAp73~"~ cells, with higher levels of
cysteine-glutathione disulphide (Fig. 4A) and biochemicals
associated with glutathione turnover such as cysteinylglycine
(Fig. 4B), gamma-glutamyl amino acids (Fig. 4C and D), and
5-oxoproline (Fig. 4E) as compared with untreated cells. In addi-
tion, during periods of increased glutathione biosynthesis (such
as increased oxidative stress), cysteine levels can become depleted
or greatly decreased (Fig. 4F). Depletion or decreased cysteine
levels can then subsequently result in gamma-glutamylcysteine
synthetase reacting with 2-aminobutyrate (Fig. S3C) or alanine
(Fig. S3D). The replacement of cysteine with 2-aminobutyrate
or alanine results in synthesis of ophthalmate or norophthalmate,
respectively. Both ophthalmate (Fig. 4G) and norophthalmate
(Fig. 4H) were significantly increased in both wt and TAp73~"~
cells treated for 48 h with rapamycin, as compared with the other
time points and treatments. Higher levels of ophthalmate and
likely norophthalmate are indicative of increased oxidative stress.

The changes in glutathione metabolism suggest that rapamy-
cin treatment, especially after 48 h, results in a higher oxidative
environment regardless of genotype. Further investigation into
rapamycin and oxidative stress would be warranted.

Starvation appears to decrease eicosanoid biosynthesis,
while TAp73~'- may regulate prostaglandin D2 synthase
The essential fatty acids linoleate ([18:2n6], Fig. 5A) and gamma-
linolenate (18:3n6) (presented as an isobar with a-linolenate

U, untreated; R, rapamycin; S, starvation.

Figure 1 (See previous page). Glycolytic metabolites. Glycolysis is the almost universal pathway that converts glucose into pyruvate. In aerobic organ-
isms the pyruvate passes into the mitochondria where it is completely oxidized by O, into CO, and H,0 and its potential energy largely conserved as
ATP. In the absence of sufficient oxygen, the pyruvate is reduced by the NADH to lactate in animals. The effect of rapamycin exposure for 24 or 48 h is
shown on glycolytic metabolites: glucose (A), glucose-6-phosphate (B), fructose-6-phosphate (C), isobar 3-diphosphate, glucose-1,6-diphosphate, myo-
inositol-1 (D), dihydroxyacetone phosphate (E), 3-phosphpoglycerate (F), lactate (G). See “Materials and Methods” for technical protocols. Relative values
are indicated over control. Left panels: blue, show wild-type MEFs; right panels: red, show TAp73~~ MEFs. WT, wild-type; MEFs; KO, TAp73 knockout MEFs;
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Figure 2. Pentose phosphate pathway. The pentose phosphate pathway is the major source for the NADPH required for anabolic processes and is also
responsible for the production of ribose-5-phosphate, which is an important part of nucleic acids. Finally the pathway can also be used to produce
glyceraldehyde-3-phosphate, which can then be fed into the Krebs cycle and electron transport chain allowing for the harvest of energy. The effect of
rapamycin exposure for 24 or 48 h is shown on isobar ribulose-5-phosphate, xylulose-5-phosphate (A), ribose-5-phosphate (B), ribose (C). See Figure 1

for color and legend code.

([18:3n3], Fig. 5B) were significantly higher in starved cells
as compared with untreated and rapamycin cells, regardless of
genotype. These essential fatty acids can be further metabolized
to the free fatty acid arachidonate (20:4n6). The majority of
inflammation-associated prostaglandins are formed from ara-
chidonate (lone exception is prostaglandin E1 formed from the
essential fatty acid dihomo-linolenate). Although arachidonate
was in general not significantly different among the different
treatments (Fig. 5C), the majority of the prostaglandins (prosta-
glandin E1, E2, 12, and 6-keto prostaglandin F1 a) were signifi-
cantly higher in the untreated and rapamycin cells as compared
with starved cells regardless of time or genotype (Fig S4A-D).
The lone exception was prostaglandin D2 (Fig. 5D), which was
generally much lower in the TAp73' cells as compared with wt
cells. This may suggest a role for TAp73 in the regulation of pros-
taglandin D2 synthase expression or activity.

The changes in biochemicals associated with prostaglan-
din biosynthesis suggest a role for starvation as an inhibitor of
inflammatory prostaglandin biosynthesis.
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Discussion

The TOR intracellular signal transduction pathway is conserved
here mTOR integrates
signals (nutrients, hormones, growth factors, stressors) through

in eukaryotes from yeast to mammals,*

a complex signaling network by increasing protein synthesis and
inhibiting autophagy, which, in turn, results in driving cellular
mass growth.”>3 Rapamycin is an inhibitor of the mTOR pro-
tein kinase that has long been employed for immunosuppression
and more recently as an anticancer treatment. Despite a very
large number of studies on rapamycin and the increasing use
of rapalogues in cancer chemotherapy, its effects on the global
metabolome profile had not yet been investigated.

To assess whether rapamycin directly influenced the cell
metabolism, we generated MEFs from E14.5 embryos, passaged
them in vitro according to standard 3T3 protocol, left them to
starvation for 4 h or treated with rapamycin, and, by analyz-
ing 289 metabolites, we obtained a rapamycin-dependent global
metabolome profile. Both rapamycin and starvation resulted
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Table 2. Genotype in general has only minor effects on both time- and treatment-mediated biochemical changes

KOS4 Representative set KOR24 KOR48 KOU24 | KOu48 KOS4 WTS4 WTS4 WTS4 WTS4
WTs4 of biochemicals WTR24 | WTR48 | WTU2 | WTU48 | WTS4 | WTU24 | WTU48 | WTR24 | WTR4s
0.96 glycine 0.94 1.10 0.93 1.01 0.96 0.93 0.81 0.83 0.79
0.84 0.97 0.84 1.04 0.95
0.95 serine 0.89 1.13 0.97 0.97 0.95 0.99
1.08 N-acetylserine 0.93 1.06 0.9 1.02 1.08
0.77 homoserine 0.73 1.05 0.98 1.00 0.77
1.00 threonine 1.19 1.27 1.14 1.05 1.00
0.92 aspartate 1.00 1.04 0.98 0.94 0.92
"o T > | o | o | o | oss | o | oss | oz
1.23 B-alanine 0.94 1.09 0.84 1.10 1.23 0.72 0.90 0.76 0.96
0.98 alanine 0.88 1.05 0.88 0.99 0.98
0.99 N-acetylalanine 0.93 1.08 0.88 0.85 0.99 0.96 0.90 0.86 0.91
0.70 N-acetylaspartate (NAA) 1.04 1.1 0.98 0.79 0.70 1.77 1.58 1.41 1.51
1.18 glutamate 1.17 1.24 1.11 1.06 1.18
0.90 glutamate, gamma- 0.83 0.90 - 0.72 0.90
methyl ester
0.95 glutamine 0.98 1.32 1.22 1.09 0.95
116 gang:(gigi?“' 0.76 0.89 0.72 0.93 116
0.97 histidine 0.98 1.07 0.91 1.05 0.97
1.34 cis-urocanate 1.14 1.51 0.52 1.04 1.34
1.34 lysine 0.76 0.96 0.81 0.97 1.34
1.37 2-aminoadipate 0.97 1.13 0.91 1.1 1.37
1.06 phenylalanine 1.02 1.06 0.99 1.00 1.06
1.03 tyrosine 1.03 1.09 1.01 1.03 1.03
1.00 kynurenine 0.78 1.04 1.02 1.06 1.00
1.08 tryptophan 1.05 1.09 1.00 1.01 1.08
1.17 C-glycosyltryptophan* 1.08 1.05 0.96 0.99 1.17
0.86 B-hydroxyisovalerate 1.08 1.03 0.88 0.94 0.86
1.08 isoleucine 1.04 1.1 0.99 1.05 1.08
1.04 leucine 1.03 1.09 1.01 1.01 1.04
1.03 valine 1.03 1.09 1.00 1.01 1.03
0.77 3-hydroxyisobutyrate 1.07 1.09 0.88 1.00 0.77
1.07 isobutyrylcarnitine 0.73 1.18 0.95 1.05 1.07
1.10 2-methylbutyroylcarnitine 0.92 1.08 0.88 0.93 1.10
0.96 isovalerylcarnitine 0.78 1.21 0.75 1.07 0.96

in a large number of changes when compared with untreated
and starved conditions. Some of the changes associated with the
treatment of MEFs with rapamycin included a possible increase
in the oxidative environment. The glycolytic intermediates,
such as glucose-6-phosphate, fructose-6-phosphate, fructose
1,6-diphosphate, dihydroxyacetone phosphate, and 3-phos-
phoglycerate, were increased in time, especially at 48 h, indi-
cating either a block in glycolysis or increased glucose uptake
and metabolism. However, a greater impact was observed on
pentose phosphate pathway activity, resulting in increased lev-

els of 6-phosphogluconate and NADPH. This could suggest
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an increased nucleotide biosynthesis through the generation of
ribose 5-phosphate.

Changes in methionine and glutathione metabolism and
increased pentose phosphate pathway, especially at the rapamycin
48 h time point, support an increased oxidative environment in the
rapamycin-treated cells. The cause of this higher oxidative envi-
ronment by rapamycin was not clear from the data. Rapamycin
caused an increase in the steady-state methionine levels, while
SAM was reduced, suggesting a possible increased transmethyl-
ation of homocysteine to methionine. The metabolite profiling
suggested also a possible increase in glutathione utilization, with
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Table 2 (continued). Genotype in general has only minor effects on both time- and treatment-mediated biochemical changes

higher levels of cysteine-glutathione disulphide. The changes in
glutathione metabolism support the possibility of a higher oxida-
tive environment. Finally, one of the changes associated with star-
vation was an apparent decrease in inflammation, while TAp73
may regulate the formation of prostaglandin D2.

The genotype of the MEFs had little to no effect on the various
treatments at any given time point. At least under the experimen-
tal condition used in the present experiment, the metabolic effect
of rapamycin was independent of the genotype of TAp73. Indeed,
this result was somehow unexpected, as there are several reports
linking p73 to mTOR.*** Indeed, using a p73 gene signature by
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integrating whole-genome chromatin immunoprecipitation and

expression profiling in a rhabdomyosarcoma cell line, there was
enrichment for direct or indirect inhibitors of mMTOR .>* This was
further refined, as the p73 genomic binding profile demonstrates
that rapamycin selectively increased p73 occupancy at a subset
of its binding, with rapamycin acting as an inducer of p73.”
Moreover, TAp73 is able to regulate the activity of the mitochon-
drial complex 4 subunit cox4il,%® while it is highly probable that
it regulates other metabolic pathways, similarly to p53 regulating
glutaminase-2°*> and the serine biosynthesis,”®*’ resulting in sig-
nificant metabolic alterations. Moreover, like rapamycin, which
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Figure 3. Methionine metabolism. Methionine metabolism consists of 2 pathways, the methionine cycle and the transsulfuration sequence. These
pathways share 3 common reactions with both, including the conversion of methionine to S-adenosylmethionine (SAM), the utilization of SAM in
diverse transmethylation reactions yielding a methylated product plus S-adenosylhomocysteine (SAH), and the cleavage of SAH to yield homocyste-
ine and adenosine. The transulfuration reactions that produce cysteine from homocysteine and serine also produce a-ketobutyrate, the latter being
converted first to propionyl-CoA and then via a 3-step process to succinyl-CoA. The effect of rapamycin exposure for 24 or 48 h is shown on methionine
(A), SAM (B), SAH (C), 5-methyltetrahydrofolate (D), homocysteine (E), cysteine (F). See Figure 1 for color and legend code.

is known to suppress senescence, p53 inhibits the mTOR path-
2 One possible explanation for
our negative metabolome results is that embryonic fibroblasts are
not a major tissue where TAp73 exerts its function under physi-

way, thus causing quiescence.®®®

evaluated by GC/MS and LC

tose phosphate pathway. The

ological circumstances; in addition, the developmental role of

p73 might differ from its role in cancer biology.

IMS/MS, affecting the biochemi-
cal status of the cell in the glycolytic intermediates and the pen-
changes on the methionine and
glutathione metabolites suggest a higher oxidative environment.

Materials and Methods

In the present report, we show the ability of rapamycin to

significantly alter a significant set of biochemical metabolites,
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Figure 4 (See previous page). Glutathione pathway. Glutathione can be found in the cell in oxidized (glutathione disulphide, GSSC) and reduced
(glutathione, GSH) form. Reduced glutathione can be either directly formed from glutathione disulfide as the result of activity of glutathione reductase
or from conjugation of L-cysteinyl-glycine with (L)-glutamic acid catalyzed by gamma-glutamyltranspeptidase (GGT). L-Cysteinyl-glycine is formed as
a result of glutathione conjugation to the L-amino acid moiety catalyzed by GGT. This reaction results in formation of gamma-(L)-glutamyl-aminoacid
which is converted by gamma-glutamylcyclotransferase to the 5-oxo-(L)-proline and L-amino acid. 5-Oxo-(L)-proline is then reduced to (L)-glutamic
acid. Glutathione synthetase (GCS and GS) catalyzes subsequent conjugation of gamma-(L)-glutamyl-(L)-cysteine and glycine to form glutathione. The
effect of rapamycin exposure for 24 or 48 h is shown on cysteine-glutathione disulphide (A), cysteinylglycine (B), gamma-glutamylleucine (C), gamma-
glutamylisoleucine (D), 5-oxoproline (E), cysteine (F), ophthalmate (G), norophthalmate (H). See Figure 1 for color and legend code.

Generation and genotyping of TAp73-knockout mice were pre-
viously described.”” Animals were treated in accordance with
the NIH “Guide for Care and Use of Laboratory Animals”,
as approved by the Ontario Cancer Institute Animal Care
Committee. Mice were bred and subject to procedures under the
project license released from the Home Office, in agreement with
MRC requirements.

Fibroblasts were isolated from E13.5 WT and TAp73~'" lit-
termate embryos and cultured according to 3T3 protocol in
Dulbecco modified Eagle medium (DMEM) supplemented with
10% fetal calf serum, 2 mM L-glutamine and 1% penicillin/
streptomycin. At passage 2, MEF both wt and TAp73-/~ were
treated with 50 nM rapamacyn for 24 and 48 h. All experiments
were performed on littermartes.

Western blot
Proteins were extracted with RIPA buffer containing cocktail
inhibitors (Roche), and concentration was determined using a
Bradford dye-based assay (Biorad). Total protein (30 pg) was
subjected to SDS-PAGE followed by immunoblotting with
appropriate antibodies at the recommended dilutions. The blots
were then incubated with peroxidase linked secondary antibodies
followed by enhanced-chemiluminescent detection using Super
Signal chemiluminescence kit (Thermo scientific). Antibodies:
S6K1 (Cell Signaling, 1:1000), P-S6K1 (Cell Signaling, 1:1000),
4E-BP (Cell Signaling, 1:1000), P-4E-BP (Cell Signaling,
1:1000), Tubulin (Santa Cruz, 1:1000).

Flow cytometry analysis
Flow cytometry was performed as described in.?” Briefly, wt and
TAp73-- MEFs were seeded at 3 x 10° cells per 100 mm plate.
Cultures were then either left untreated or treated with rapamy-
cin. At 24 and 48 h after treatment, cells were harvested with
0.025% trypsin for 3 min at 37 °C and then, after addition of
10% FCS in PBS, the cells were centrifuged, washed with PBS,
and fixed in 70% cold ethanol. The harvesting of cells using
these conditions led to a high yield of undamaged cells. After
fixation, cells were washed with PBS, treated for 15 min at
37 °C with RNase (100 pg/ml) and then stained with propidium
iodide (10 pg/ml in the dark for 30 min). The samples were then
analyzed using a FACScan flow cytometer (Becton Dickinson).

Metabolomic analysis
Samples were immediately stored at —80 °C, and, at the time
of analysis, were extracted and prepared for analysis using a
standard metabolic solvent extraction method, as described
in ref 47. Briefly, the extracted samples were split into equal
parts for analysis by gas chromatography/mass spectrometry
(GC/MS) or liquid chromatography/mass spectrometry
(LC/MS/MS) platforms. Also included were several technical
replicate samples created from a homogeneous pool containing
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a small amount of all study samples. Global biochemical pro-
files were compared between wild-type and TAp73-/~ knockout
mouse embryonic fibroblasts. Three culture conditions were
compared in this study: (1) starved cells collected at a 4 h time
point, (2) untreated cells, and (3) cells treated with rapamycin
each collected at both 24 and 48 h time points; 5—8 independent
biological replicates were analyzed per each point.

The LC/MS portion of the platform was based on a Waters
ACQUITY UPLC and a Thermo-Finnigan LTQ mass spec-
trometer, which consisted of an electrospray ionization source
and linear ion-trap mass analyzer. The sample extract was split
into two aliquots, dried, and then reconstituted in acidic or basic
LC-compatible solvents, each of which contained 11 or more
injection standards at fixed concentrations. One aliquot was ana-
lyzed using acidic positive ion optimized conditions and the other
using basic negative ion optimized conditions in two independent
injections using separate dedicated columns. Extracts reconsti-
tuted in acidic conditions were gradient eluted using water and
methanol both containing 0.1% Formic acid, while the basic
extracts, which also used water/methanol, contained 6.5 mM
ammonium bicarbonate. The MS analysis alternated between MS
and data-dependent MS2 scans using dynamic exclusion.

The samples destined for GC/MS analysis were re-dried
under vacuum desiccation for a minimum of 24 h prior to being
derivatized under dried nitrogen using bistrimethyl-silyl-triflou-
roacetamide (BSTFA). The GC column was 5% phenyl and
the temperature ramp is from 40—300 °C in a 16 min period.
Samples were analyzed on a Thermo-Finnigan Trace DSQ fast-
scanning single-quadrupole mass spectrometer using electron
impact ionization. The instrument was tuned and calibrated for
mass resolution and mass accuracy on a daily basis. The informa-
tion output from the raw data files was automatically extracted.

For ions with counts greater than 2 million, an accurate mass
measurement could be performed. Accurate mass measure-
ments could be made on the parent ion as well as fragments.
The typical mass error was less than 5 ppm. Ions with less than
2 million counts require a greater amount of effort to character-
ize. Fragmentation spectra (MS/MS) were typically generated
in a data-dependent manner, but, if necessary, targeted MS/
MS could be employed, such as in the case of lower level sig-
nals. Compounds were identified by comparison with library
entries of purified standards or recurrent unknown entities.
Identification of known chemical entities was based on com-
parison with metabolic library entries of purified standards. The
combination of chromatographic properties and mass spectra
gave an indication of a match to the specific compound or an
isobaric entity.

Data quality: Instrument and process variability

Volume 12 Issue 15



A linoleate (18:2n6)

- o

1.5-@ . - o
T T o
14 ! . o é ? . e

0 I phosphatidylcholine

%\ @/\ e’/\ ’7’/\ 9’/\ ”'o *o T, %o ”'o
7(’97 vd,'g}, % 00'99'9

i PLA2
A linoleate — —> 13-HODE + 9-HODE

linolenate [alpha or gamma; (18:3n3 or 6)]

! - J, FADS2
°1 e ) B y-linolenate
2' i i FA elongase
l= &+ =& = l
;' = T 2 @0 - = 'I' dihomo-linolenate —> PGE; Fig S5A

@,\ @,\ @,\ % »1,,\ 4‘00 'f'o(/ 4‘00 /r%/r% . |, FaDS1

% @ <3
C ¥ ¥ K phosphatidylcholine —> arachidonate C
arachidonate (20:4n6)

25 i COX

, ] .
15 T - T T 1 T PGGZ

ol i .l 0

Haatl agln Vo
054 T~ 1 - CYPSA PTGDS

0 : 6-keto-PGF,, <— Prostacyclin (PGL,) <— PGH, —— PGD, D

@@h’/\ ‘” é/o I%\ *o@*oo *o(/ ’ro 4-0'9 Fig S5D Fig S5C J, PTGES
% %,
D ~~ k& PGE, Fig S58B
prostaglandin D2

‘ |

3 1 PGAZ

2_

1 iln H I 7

0' . E =_l=| a -

Y &

N %\ 17’/\ ’7’/\ 9’/\ LN 4’0 *o Ko ”'o
5 X, R R, iy S Ky, Y, B, %y,

Figure 5. Eicosanoid biosynthesis and prostaglandins. Two main pathways are involved in the biosynthesis of eicosanoids. The prostaglandins and
thromboxanes are synthesized by the cyclic pathway, the leukotrienes by the linear pathway. Numerous stimuli activate the phospholipase A2 (PLA2),
which hydrolyzes arachidonic acid from membrane phospholipids. The prostaglandins are identified as PG. Prostaglandin PGl, is also known as prosta-
cyclin. PGE, is synthesized from PGH, via the action of one of several PGE synthases (PTGES). PTGDS synthases converts PGD, from PGH,. PG, is synthe-
sized from PGH, via the action of CYP8A. The effect of rapamycin exposure for 24 or 48 h is shown on linoleate (18:2n6) (A), isobar linolenate (18:3n3) «
or gamma (B), arachidonate (20:4n6) (C), PGD, (D). See Figure 1 for color and legend code.

Instrument variability was determined by calculating the median
relative standard deviation (RSD) for the internal standards
that were added to each sample prior to injection into the mass
spectrometers. Overall process variability was determined by
calculating the median RSD for all endogenous metabolites
(i.e., non-instrument standards) present in 100% of the matrix
samples, which are technical replicates of pooled client samples.

www.landesbioscience.com
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Metabolite summary and significantly altered biochemicals
The metabolic analysis, as from above, comprises a total of 289
named biochemicals. Following normalization to total protein
determined by Bradford assay, log transformation, and impu-
tation, with minimum observed values was performed for each
compound. Welch 2-sample # tests were then used to identify
biochemicals that differed significantly between experimental
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groups. A summary of the numbers of biochemicals that achieved
statistical significance (P < 0.05), as well as those approaching
significance (0.05 < P < 0.1), is shown as a table and a supplemen-
tary table in the “Results”.

An estimate of the false discovery rate (Q value) is calculated
to take into account the multiple comparisons that normally
occur in metabolic-based studies. For example, when analyzing
200 compounds, we would expect to see about 10 compounds
meeting the P < 0.05 cut-off by random chance. The Q value
describes the false discovery rate; a low Q value (Q < 0.10) is an
indication of high confidence in a result. While a higher ¢ value
indicates diminished confidence, it does not necessarily rule out
the significance of a result.
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