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I he pentose phosphate pathway
(PPP) provides ribose and NADPH

that support biosynthesis and anti-
oxidant defense. Our recent findings
suggest that the p53-related protein
TAp73 enhances the PPP flux. TAp73
stimulates the expression of glucose-
6-phophate (G6PD),
the rate-limiting enzymes of the PPP.
Through this regulation, TAp73 pro-

motes the accumulation of macromol-

dehydrogenase

ecules and increases cellular capability
to withstand oxidative stresses. TAp73
also regulates other metabolic enzymes,
and the relative importance of these tar-
gets in TAp73-mediated cell growth is
not well understood. Here we show that,
like in other cell lines, TAp73 is required
for supporting proliferation and main-
taining the expression of G6PD in the
human lung cancer H1299 cells. Resto-
ration of G6PD expression almost fully
rescues the defects in cell growth caused
by TAp73 knockdown, suggesting that
GG6PD is the major proliferative target of
TAp73 in these cells. G6PD expression
is elevated in various tumors, correlating
with the upregulation of TAp73. These
results indicate that TAp73 may function
as an oncogene, and that G6PD is likely
a focal point of regulation in oncogenic
growth.

Introduction

p73 is a member of the p53 fam-
ily, and it shares extensive similarity in
sequence and structural organization to
p53 (Fig. 1A)."! However, while p53 is a

well-established tumor suppressor,® the
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role of p73 in tumorigenesis is still a mat-
ter of debate.*” The complex role of p73 is,
in part, due to the expression of 2 major
p73 isoform classes: the transactivation-
proficient (TA) and the transactivation-
deficient (AN) isoform, through the use
of alternative promoters.*” In transfection
assays TAp73 often behaves like p53 and
regulates genes involved in apoptosis and
cell cycle arrest, while ANp73 exerts a
dominant-negative effect on TAp73 and
p53, likely through the formation of non-
functional hetero-complexes and/or the
competition for DNA binding. Consistent
with an essential role of p53 in tumor
suppression, p53-deficient mice seem to
develop normally but almost inevitably
die of tumors within 6 mo of birth.®? In
contrast, mice deficient in both p73 iso-
forms show profound defects in develop-
ment, but no obvious increase in tumor
incidence,' suggesting an essential func-
tion of these isoforms in development,
but either dispensable or opposing roles
of these isoforms in tumor suppression.
Mice deficient specifically in the TAp73
isoform displayed an intermediate pheno-
type between p53- and total p73-deficient
mice in terms of both developmental
defects and tumor incidence," suggesting
a role for TAp73 in tumor suppression.
This is, in part, attributable for a function
for TAp73 in maintaining genome stabil-
ity.""!? Mice deficient in the ANp73 iso-
form, on the other hand, have a normal
lifespan, albeit with signs of neurodegen-
eration, and cells derived from these mice
show an increase in sensitivity to DNA
damage agents and in p53-mediated apop-
tosis.”” The developmental phenotypes of
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the p73-deficient mice are much more
severe compared with the TAp73- or
ANp73-specific knockout mice. These
results suggest a model in which TAp73
suppresses tumor formation, while ANp73
promotes it. Moreover, these isoforms may
play a partially redundant role in develop-
ment. Nevertheless, while p53 is mutated
in 50-70% of all human tumors, making
it the most frequently mutated gene in
tumors, TAp73 is almost never mutated
in human tumors.*®” Rather, it is overex-
pressed, often along with ANp73, ina wide
range of tumor types, and the frequency
of TAp73 overexpression can be as high as
30%. These observations raise important
questions as to whether TAp73 confers an
advantage on tumor cells and, if so, what
may be the molecular mechanism.

A long-recognized hallmark capacity
of cancer cells is the reprogramming of
the metabolic pathways. As early as in the
1920s, Otto Warburg observed that can-
cer cells consumed a much larger amount
of glucose and derived more energy from
glycolysis compared with their normal
counterparts, even in the presence of
appropriate levels of oxygen.""" This
phenomenon (aerobic glycolysis or the
Warburg effect) is part of major re-orga-
nization of various metabolic fluxes in
tumor cells. The metabolic “rewiring” in
tumor cells likely ensures sufficient bio-
energetics, a favorite redox state that is
stimulatory for proliferation while avoid-
ing damages to cellular components, and
an ample and balanced production of
proteins, nucleic acids, lipids, and other
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Figure 1. p73 isoforms and the pentose phosphate pathway. (A) Schematic representation of p73
isoforms and p53. Each p73 isoform class comprises various splicing variants (c, B, -y, etc.) that dif-
fer in their C-terminal regions. TA, transactivation domain; DBD, DNA-binding domain; OD, oligo-
merization domain; SAM, sterile a motif. (B) The pentose phosphate pathway and glycolysis. FBP,
fructose 1,6-biphosphate; PEP, phosphoenolpyruvate; ROS, reactive oxygen species. Glycolytic
pathway is indicated in blue, and oxidative pentose phosphate pathway is indicated in green.
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macromolecules. The metabolic “rewir-
ing” in cancer cells is brought about
through via overlapping yet distinct muta-
tions that result in hyperactive oncogenes
or inactive tumor suppressors, and in
limited cases, through mutations in meta-
bolic enzymes themselves. Some aspects of
this rewiring appear to be specific to cer-
tain tumor types, while others tend to be
shared by many tumors.

A shared feature of tumor cell metabo-
lism, in addition to the Warburg effect,
appears to be a hyperactive flux through
the pentose phosphate pathway (PPP)
(Fig. 1B). The PPP supplies cells with
ribose, the obligate precursor for de novo
synthesis of nucleotides and other critical
metabolites, including ATP, NAD*, and
NADP*.!*" It is also a main pathway that
reduces NADP* to NADPH, which sup-
plies electrons for reductive biosynthesis,
including the synthesis of lipids, choles-
terol, and deoxynucleotides. NADPH
is also critical for antioxidant responses,
generating reduced glutathione that pro-
tects against damages to proteins and
providing the ultimate reducing power for
the function of several other antioxidant
systems. The PPP comprises 2 branches:
an irreversible oxidative branch during
which ribose and NADPH are generated,
and a reversible non-oxidative branch dur-
ing which ribose is inter-converted with
the glycolytic intermediates. Through this
inter-conversion and through the share
of the same starting metabolite (glucose-
6-phosphate or G6P), the PPP is closely
linked to glycolysis. Consequently, the
PPP can be modulated indirectly in tumor
cells when glycolytic intermediates are
accumulated.? Intriguingly, accumula-
tion of 3-phosphoglycerate (3-PG), the
substrate of the glycolytic enzyme phos-
phoglycerate mutase 1 (PGAM1), leads to
inhibition of 6-phosphogluconate dehy-
drogenase in the oxidative branch of the
PPP.*! Genetic or pharmacological inhibi-
tion of PGAMI results in increased 3-PG,
as well as decreased glycolysis and PPP
flux.

Perhaps more importantly, the PPP
itself is directly regulated in response to
the cellular demand for ROS detoxi-
fication and biosynthesis by multiple
mechanisms, many of which appear to
focus on the pacesetter of the oxidative
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PPP, glucose-6-phospate dehydrogenase
(G6PD). G6PD is activated by NADP~,
which is also its substrate, thereby
enabling a homeostatic control  of
NADPH and ROS contents. The activ-
ity G6PD is increased by DNA damage
signal through the ATM kinase-mediated
phosphorylation of HSP27, an activator
of G6PD.? This regulation may enhance
the supplies of NADPH and ribose for
repairing DNA damage and detoxify-
ing ROS that are generated by DNA
damaging agents. Interestingly, G6PD
is inhibited by the tumor suppressor p53
through a mechanism involving direct
protein—protein interactions instead of
transcriptional regulation.”® p53 binds
to the active G6PD dimer and converts
it to an inactive monomer. The major-
ity of the cytoplasmic p53 is found to be
associated with G6PD, suggesting that
GO6PD may be the primary target of p53
in this cellular compartment. While these
post-translational regulatory mechanisms
permit rapid adjustment of the PPP flux,
GO6PD is also regulated at transcriptional
levels, which provides a delayed

enhances cell proliferation, at least in
part, through the increase in glucose flux
through the PPP. Nevertheless, in a few
cell lines that were tested, overexpres-
sion of G6PD only partially rescued the
growth defect of TAp73-deficient cells,
suggesting that in these cells, G6PD is
not the only proliferative target of TAp73.
Interestingly, Rufinietal. revealed another
proliferative targets of the PPP, the mito-
chondrial complex IV (cytochrome C oxi-
dase) subunit 4 (Cox4il).” In this study,
we examined the role of TAp73-mediated
G6PD expression in additional cell lines.
TAp73 deficiency primarily leads to the
formation of lung tumors," and hence
we used a human lung cancer cell line,
H1299. We found that, as in other cells,
TAp73 stimulates the expression of G6PD
in H1299 cells. Interestingly, however,
overexpression of G6PD in this cell line
almost completely restores the growth of
TAp73-knockdown cells, suggesting that
G6PD is a major proliferative target of
TAp73 in these cells.

Results

p73 regulates G6PD expression in
H1299 cells

p73 silencing reduces G6PD expres-
sion and cell proliferation in a number of
cell lines, including human osteosarcoma
U20S cells, mouse embryonic fibroblast
cells (MEFs), and isogenic human colon
cancer HCT116 cells that are wild-type for
both p53 and its target gene p21 or null for
either one of them.?® Similarly, knockdown
of p73 reduced G6PD expression in H1299
cellsand impeded cell proliferation (Fig. 2A
and B). PPP is a major source of cellular
NADPH and ribose.?® In H1299 cells,
knockdown of p73 reduced NADPH lev-
els (Fig. 2C) and DNA synthesis (Fig. 2D
and E). As expected, G6PD knockdown
also resulted in a decline in NADPH lev-
els, DNA synthesis, and cell prolifera-
tion, to extents similar to or greater than
p73 knockdown (Fig. 2B-E). Of note, in
G6PD knockdown H1299 cells, silencing
TAp73 no longer affected these parameters
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cated. Cells were assayed for BrdU incorporation (D). Representative images of cells stained with BrdU (E).
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(Fig. 2B-E). These results suggest that, in
H1299 cells, p73 controls the expression of
G6PD and promotes cell proliferation.

GG6PD  overexpression completely
restores the growth of p73-depleted
H1299 cells

To further assess the importance of
TAp73-mediated GO6PD  expression in
H1299 cells, we forced the expression
of G6PD (Fig. 3A). As expected, this
restored the activity of G6PD (Fig. 3B).
Interestingly, unlike in the other cell lines,
where G6PD overexpression only partially
restored the growth of p73-depleted cells,?
p73-depleted H1299 cells expressing exog-
enous G6PD grew nearly as well as control
cells (Fig. 3C and D). This data suggests
that induction of G6PD expression is
both necessary and sufficient for TAp73-
mediated cell proliferation in H1299 cells.

p73 fails to affect ROS homeostasis in
H1299 cells

Our recent data using a number of
cancer cell lines indicates that ROS

detoxification and biosynthesis of nucleo-
sides are essential for TAp73-mediated cell
growth. Since depletion of either p73 or
G6PD in H1299 cells resulted in a strong
reduction in DNA synthesis (Fig. 2D
and E), both p73 and G6PD may play
an important role in nucleotide synthesis
in these cells. We measured the effect of
p73 and G6PD on ROS content using the
cell-permeably radical dye 2’,7’-dichlo-
rofluorescein diacetate (DCFDA).
While G6PD-depleted cells displayed an
increasing content of ROS as expected,
p73-depleted cells failed to accumulate
ROS (Fig. 4A). This result suggests that
in p73-depleted cells, the expression of
G6PD might not have been reduced to a
level that affected cellular ROS. Forced
expression of G6PD in either control cells
or p73-depleted cells had minimal effect
on ROS levels (Fig. 4B), consistent with
the notion that the levels of endogenous
GO6PD in these cells might be sufficient
for ROS detoxification.
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Figure 3. Overexpression of G6PD rescues growth defects of p73-depleted cells. (A and B) Protein
expression (A) and G6PD activity (B) in H1299 cells stably overexpressing G6PD or vector control in
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To extend these analyses, we examined
the effect of p73 on cellular capacity to
withstand oxidative stresses. H1299 cells
were highly resistant to oxidative stress,
even when they were treated with 250 pM
H,O, for 24 h (Fig. 4C). Silencing p73
or enforcing the expression of G6PD
had minimal impact on cell survival in
the presence of H,O, (Fig. 4C). Taken
together, these data suggest that H1299
cells possess a robust antioxidant capacity,
even when G6PD levels are reduced, and
that p73 has a minimal role in maintain-
ing the redox state of these cells, although
it is important for DNA synthesis.

G6PD is overexpressed in many
human cancers

Given the importance of G6PD in cell
proliferation, we analyzed public micro-
array data (http://www.oncomine.org)
to determine whether it is highly overex-
pressed in human cancers. As shown in
Figure 5A, G6PD expression is signifi-
cantly higher in many cancers including
B-cell lymphoma, uterine cancer and lung
tumor samples. Consistent with previous
findings, p73 is also highly expressed in
these cancers (Fig. 5B). These data sug-
gest that G6PD expression is abnormally
increased in many human cancers, corre-
lating with p73 expression and likely pro-
moting cancer growth.

Discussion

Metabolism in cancer cells is com-
monly dysregulated. The results presented
here and in our recent report reveal a
role for TAp73, a gene that is frequently
upregulated in tumors, in stimulating the
expression of G6PD, the pacesetter of the
PPP. These results suggest that TAp73
plays a previously unrecognized function
in cell proliferation, and that G6PD is a
focal point of regulation for tumor growth.

TAp73 is required for the expression of
GO6PD in unstressed cells and the main-
tenance of appropriate basal levels of PPP
flux.?® The effect of TAp73 on G6PD is
highly specific and is not shared by either
p53 or p63, despite the structural similar-
ity among these proteins. This selectivity
appears to be determined by the sequence
of the TAp73 response element within
the G6PD genes, instead of the context
of the chromatin structure, as shown by
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a reporter gene assay.”® It would be inter-

esting to determine the precise sequence
within this response element that under-
lines this specificity. We also found that
GO6PD expression is substantially enhanced
in cells treated with genotoxic agents.*®
Under these conditions, the demand for
both NADPH and ribose likely increases
to counter the oxidative stress and DNA
damage inflicted by these agents. This
upregulation is almost completely depen-
dent on TAp73. And in the absence of
TAp73, the expression levels of G6PD
may actually decline in cells experiencing
DNA damage.?® These observations indi-
cate that the TAp73-G6PD pathway is an
integral part of the homeostatic control of
cellular ROS and biosynthesis.

Along with enhanced incidences of
tumorigenesis and neuronal defects,
TAp73 deficiency exacerbates aging-
related phenotypes in mice and accelerates
the onset of senescence in cultured cells.?”
An important target of TAp73 is likely the
complex IV subunit Cox4il; the reduced
expression of Cox4il in TAp73-deficient
animals likely contributes to the dys-
function of the electron transport chain
and enhanced production of ROS. Like
Cox4il, downregulation of G6PD also
leads to senescence.”® Therefore, TAp73
may modulate cellular ROS homeostasis
and aging through regulating both Cox4il
and G6PD. The relative contributions of
these 2 targets may vary dependent on
cellular context, and the results presented
here indicate that, at least in H1299 lung
cancer cells, G6PD appears to be the main
proliferative target of TAp73. We found
that the addition of both ROS scavengers
and nucleosides, but not each one alone,
almost completely restores the growth of
TAp73-deficient cells, suggesting that the
function of TAp73 in stimulating ribose
synthesis via G6PD is important for cell
proliferation. Of note, TAp73-deficient
mice display a highly organ-specific tumor
formation, primarily in the lung!' It
would be interesting to further investigate
the role of the PPP in lung cancer. Aside
from G6PD and Cox4il, TAp73 may reg-
ulate other metabolic enzymes. A recent
study using inducible TAp73 cell lines has
revealed that multiple metabolic pathways
are also enhanced upon TAp73 induction.

One of the TAp73 targets identified in
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this study is 6-phosphogluconolactonase
(PGLS), the second enzyme of the PPP
pathway, suggesting an intriguing possi-
bility that the activity of this enzyme may
also influence the rate of the PPP flux.”
For the other pathways that are enhanced
in TAp73-overexpressing cells, it remains
to be determined whether these pathways
are directly controlled by TAp73, or indi-
rectly due to the known effect of TAp73
on the PPP and mitochondrial respiration.

We previously found that p53 sup-
presses G6PD activity through a distinct
mechanism involving protein—protein
interactions.”” This function is lost in
tumor-associated p53 mutants. The prev-
alence of p53 mutations and TAp73
overexpression in many human cancer
cells supports the notion that G6PD is
tightly regulated in normal cells and the
increasing flux through G6PD is essential
for tumor growth. This notion is sup-
ported by the observation that G6PD is
highly expressed in many human can-

cers (Fig. 5A), and that blockage of PPP

attenuates cell proliferation and tumor
growth.”"* The other major NADPH-
generating  enzymes include  malic
enzymes, which convert the tricarboxylic
acid cycle (TCA) intermediate malate to
the common TCA cycle substrate pyru-
vate, with the concomitant reduction of
NADP*3**" Of note, p53 suppresses all
3 malic enzymes,* which are localized in
either the cytoplasm or the mitochondria.
These observations suggest that NADPH
production may be a rate-limiting step and
a focal point of regulation in cell prolifera-
tion. The NADPH-generating enzymes,
including G6PD and malic enzymes, may

be valuable targets for tumor therapy.

Materials and Methods

Cell culture and gene knockdown
with siRNA

U20S cells were maintained in McCoy
5A Medium, IMR90 cells in MEMa
medium, and H1299 cells in RPMI11640
(Life  Technologies).  All

medium
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Figure 5. G6PD and p73 are frequently overexpressed in many human cancers (A and B) Box plot comparing TP73 and G6PD transcript levels in diffuse
large B-cell lymphoma,***” uterine corpus leiomyosarcoma,*® lung adenocarcinoma,*+“° and their counterparts. The graphs were derived from published
data available through the ONCOMINE database. The differential gene expression data are centered on the median of expression levels and plotted on
alog2 scale. The P value was calculated using a 2-sample t test. Whiskers indicate minimum and maximum data values that are not outliers. The number

mediums were supplemented with 10%
fetal bovine serum (FBS). The following
siRNAs were purchased from Invitrogen

(Carlsbad) with sequences indicated:
human G6PD, 5-AAACCCACUC
UCUUCAUCAG CUCGU-3';
human p73, 5-GAGCUCGGGA

GGGACUUCAA CGAAG-3'.

Semi-quantitative PCR with reverse
transcription PCR

Total RNA was isolated from cells by
TRIzol reagent (Invitrogen), and 2 pg
RNA of each sample was reversed to cDNA
by the First-Strand cDNA Synthesis System
(Marligen Biosciences). cDNA (0.2 pg) of
each sample was used as a template to per-
form PCR. The primer pairs for human
genes were: GOPD, 5-ATGGCAGAGC
AGGTGGCCCT-3" and 5-TCATGC
AGGA CTCGTGAATG-3'; B-actin,
5-GACCTGACTG ACTACCTCAT

www.landesbioscience.com

GAAGAT-3" and 5-GTCACACTTC
ATGATGGAGT TGAAGG-3'; TAp73,
5-ATGGCCCAGT CCACCGCCAC
C-3 and 5" TCGAAGGTGG
AGCTGGG-3".

G6PD enzyme activity, NADPH, and
ROS levels

GO6PD enzyme activity was determined
as described previously.* NADPH lev-
els were determined using the NADPH
Quantification Kit (BioVision). ROS lev-
els were analyzed as described previously.*
Briefly, cells were incubated at 37 °C for
30 min in phosphate buffered saline (PBS)
containing 10 wM 2’,7’-dichlorodihydro-
fluorescein diacetate (H2-DCFDA). Cells
were then washed twice with PBS, treated
with trypsin, and re-suspended in PBS.
Fluorescence signal was immediately mea-
sured using a FACScan Flow Cytometer
(Becton Dickinson).

Cell Cycle

BrdU incorporation assay

H1299 cells were treated with p73
siRNA, G6PD siRNA, or control siRNA.
Then cells were pulse-labeled with BrdU for
1 h and analyzed by anti-BrdU immunos-
taining as described previously.”® In brief,
BrdU-labeled cells were washed with PBS
and fixed with 2% paraformaldehyde and
70% ethanol at 4 °C. Afterwards, cells were
permeabilized with 0.2% Triton X-100 and
followed with TBS wash. After treatment of
4N HCI, 0.2% Triton X-100, staining with
anti-BrdU antibody and FITC-labeled sec-
ondary antibody, the images were acquired
with an Olympus DP71X microscope
(Olympus). The FITC signal was con-

verted to a red color for better visualization.
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