
©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Cell Cycle	 1395

Cell Cycle 12:9, 1395–1405; May 1, 2013; © 2013 Landes Bioscience

 Report Report

*Correspondence to: Gerry Melino and Angelo Peschiaroli; Email: melino@uniroma2.it and peschiaroli@med.uniroma2.it
Submitted: 03/05/13; Revised: 03/19/13; Accepted: 03/27/13
http://dx.doi.org/10.4161/cc.24478

Introduction

p63 is a transcription factor belonging to the p53 family.1 Like 
other members of the p53 family,2 p63 is expressed as multiple 
isoforms arising by alternative promoter usage or differential 
splicing events at the C terminus.3,4 In particular, TAp63 iso-
forms contain a complete N-terminal transcriptional domain and 
are capable of efficiently transactivating different p53-responsive 
genes, thus largely mimicking p53 tumor-suppressive activities.5 
Accordingly, ectopic expression of TAp63 can induce cell cycle 
arrest and apoptosis in different tumor cell lines, and different 
cellular stresses induce TAp63 expression by both transcriptional 
and post-translational mechanisms.6-9 ΔNp63, which lacks the 
N-terminal transcriptional domain, mainly acts as a dominant 
negative of p53 and TAp63 isoforms, even though it posses two 
transactivation domains,10-12 which endows it with a specific tran-
scriptional activity, mainly towards epithelial specific genes.13-15 
Accordingly, genetic studies in mice have indicated that p63 is 
crucially involved in the maintenance of epithelial stem cells,16-18 

The transcription factor p63 is critical for many biological processes, including development and maintenance of 
epidermal tissues and tumorigenesis. Here, we report that the TAp63 isoforms regulate cell metabolism through the 
induction of the mitochondrial glutaminase 2 (GLS2) gene both in primary cells and tumor cell lines. By ChIP analysis and 
luciferase assay, we confirmed that TAp63 binds directly to the p53/p63 consensus DNA binding sequence within the 
GLS2 promoter region. Given the critical role of p63 in epidermal differentiation, we have investigated the regulation of 
GLS2 expression during this process. GLS2 and TAp63 expression increases during the in vitro differentiation of primary 
human keratinocytes, and depletion of GLS2 inhibits skin differentiation both at molecular and cellular levels. We found 
that GLS2 and TAp63 expression are concomitantly induced in cancer cells exposed to oxidative stresses. siRNA-mediated 
depletion of GLS2 sensitizes cells to ROS-induced apoptosis, suggesting that the TAp63/GLS2 axis can be functionally 
important as a cellular antioxidant pathway in the absence of p53. Accordingly, we found that GLS2 is upregulated in 
colon adenocarcinoma. Altogether, our findings demonstrate that GLS2 is a bona fide TAp63 target gene, and that the 
TAp63-dependent regulation of GLS2 is important for both physiological and pathological processes.
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and mice genetically depleted of p63 display a complete lack of 
skin as well as defects in limb development and other epithelial-
derived tissues.16,19,20 The role of p63 in skin formation has been 
further supported by ex vivo and in vitro experiments indicat-
ing a prevalent expression of ΔNp63 in the basal layer of the 
epidermis.21,22

Although the p63 gene is rarely mutated in human tumors, 
numerous studies have highlighted the importance of p63 in 
tumor development, and recent reports have demonstrated that 
TAp63 acts as a putative tumor suppressor gene.23-25 Loss or 
impaired expression of TAp63 has been associated with tumor 
progression and poor prognosis in some invasive human can-
cers,26 and TAp63-knockout mice develop metastatic tumors, 
suggesting that the deregulated expression of TAp63 isoforms 
could be important in regulating tumor progression and metas-
tasis.27 Although TAp63 activity has been recently linked to the 
regulation of lipid and glucose metabolism,28 its role in the regu-
lation of energy metabolism and cellular antioxidant defenses is 
not completely characterized.
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of TAp63 to bind DNA, we transfected H1299 cells with vectors 
encoding wild-type TAp63α or its S272N ectodermal dysplasia-
derived mutant, which is unable to bind DNA.45 In contrast to 
wild-type, TAp63α S272N mutant did not induce GLS2 expres-
sion (Fig. 1D). Analysis of the human GLS2 promoter region 
revealed a p53/p63 consensus DNA binding element located 
at −787 with respect to the transcription start. To verify direct 
binding of TAp63α to the putative responsive element within 
the GLS2 promoter in vivo, we performed a chromatin immu-
noprecipitation assay (ChIP) using SAOS-2 cells in which the 
expression of HA-tagged TAp63α can be induced by doxicyclin. 
As shown in Figure 1E, we found that TAp63 binds to a DNA 
fragment of the GLS2 promoter containing the p53/p63-respon-
sive element. To confirm that this DNA binding element con-
fers TAp63-dependent transcriptional activity, we performed 
luciferase assays using the pGL2 firefly luciferase reporter vector 
in which one copy of this p53/p63 binding element was cloned 
upstream of the firefly reporter genes. The expression of TAp63 
isoforms greatly enhanced luciferase activity, while ΔNp63α had 
no effect (Fig. 1F). All these results demonstrate the TAp63 is 
able to regulate GLS2 expression by recognizing the p53/p63 
binding element located in the GLS2 promoter.

GLS2 regulates skin differentiation. It is has been proposed 
that ΔNp63 is essential for the maintenance of the progenitor 
population in the basal layer compartment, while TAp63 would 
be required to allow complete suprabasal differentiation.46 Since 
GLS2 expression has been associated with cell differentiation, 
and its expression is not restricted to liver tissue,40 we analyzed 
the expression of GLS2 by qRT-PCR during the in vitro differ-
entiation of normal human epidermal keratinocytes (NHEK). 
We found that GLS2 and TAp63 expression are upregulated in 
parallel during skin differentiation (Fig. 2A). In contrast, GLS1 
expression showed a small, non-significant decrease during the in 
vitro differentiation. To assess the importance of GLS2 in skin 
differentiation, we used an siRNA approach to downregulate 
GLS2 in human keratinocytes. As shown in Figure 2B, GLS2-
depleted keratinocytes showed a massive cell vacuolization, 
which is more evident under differentiation conditions. In some 
cells, especially at later times, several vacuoles seemed to have 
fused together. These morphological changes were accompanied 
by dysregulated expression of some skin differentiation markers. 
Specifically, GLS2 depletion reduced the upregulation of keratin 
10 and involucrin both at the mRNA (Fig. 2C) and protein level 
(Fig. 2D). However, GLS2 depletion did not influence prolifera-
tion, as assessed by BrdU incorporation (Fig. 2E), suggesting that 
the defects of keratinocyte differentiation are not due to deregu-
lation of cell cycle. These results suggest that GLS2 is important 
in keratinocyte differentiation.

Endogenous TAp63 induces GLS2 expression under stress 
conditions. Besides its role in controlling physiological processes 
such as aging and maintenance of epidermal and dermal precur-
sors, TAp63 activity has also been implicated in pathological 
processes, such as cancer development.27,47 TAp63 expression is 
deregulated in human cancers, and treatment of cancer cells with 
chemotherapeutic drugs or with histone deacetylase (HDAC) 
inhibitors results in induction of TAp63 expression.6,7,48,49 To 

Enhanced mitochondrial glutamine catabolism and increased 
rate of glycolysis are the two major metabolic alterations exhib-
ited by many cancer cells in order to support their rapid pro-
liferation.29-36 Glutaminolysis involves the initial deamination of 
glutamine by glutaminase, yielding glutamate and ammonia. In 
mammals, two different genes located on distinct chromosomes 
encode for glutaminase enzymes, the kidney-type isozymes 
(GLS1) and the liver-type isozymes GLS2.37,38 Although GLS1 
and GLS2 share a considerable degree of sequence similarity, the 
two enzymes have different kinetic, immunological and molecu-
lar features. GLS1 is activated by high phosphate levels and is 
inhibited by the end-product glutamate, while GLS2 is activated 
by low phosphate levels and is not inhibited by glutamate.39 
Although GLS2 has been initially reported to be expressed specif-
ically in postnatal liver, recent evidence indicate that this enzyme 
is also expressed in other tissues and in some cancer cells.40,41

On the basis of their ability to convert glutamine into glu-
tamate, an important intermediate for energy production and 
antioxidant cellular defense, it is not surprising that glutamin-
ase expression is often deregulated in cancer cells. Loss of GLS2 
expression has been reported in hepatocellular carcinomas, in 
highly malignant glioblastoma and anaplastic astrocytomas.40,41 
Moreover, the ectopic expression of GLS2 reduces cell colony 
formation in hepatocarcinoma cell lines, suggesting that GLS2 
might negatively regulate tumorigenesis.42

Although it is currently well established that the tumor-sup-
pressive activity of p53 is intimately linked to the transcriptional 
regulation of a subset of genes involved in cell metabolism, energy 
production and intracellular redox control,43 our knowledge on 
the potential link between TAp63 activity and cell metabolism is 
limited. Here we report that TAp63 isoforms are able to induce 
the expression of GLS2, and that the TAp63-dependent regula-
tion of GLS2 is an important mechanism regulating cell differ-
entiation and ROS-dependent apoptosis.

Results

GLS2 is a p63 target gene. In a previous screening for epithe-
lial transcriptional targets of p63,17,21 we observed a potential 
regulation of metabolic genes. Among these, we decided to fur-
ther validate GLS2 as p63 target gene. To this end, we firstly 
verified whether p63 is able to regulate GLS2 expression. We 
overexpressed different p63 isoforms in the p53-null H1299 
lung adenocarcinoma cell line and analyzed GLS2 mRNA lev-
els by qRT-PCR. As shown in Figure 1A, ectopic expression 
of TAp63α and TAp63γ, but not ΔNp63α, isoforms mark-
edly increased GLS2 expression. In order to validate this data 
at the protein level, we extracted mitochondrial proteins from 
transfected cells and analyzed GLS2 protein levels. As shown 
in Figure 1B, GLS2 protein levels were also upregulated upon 
TAp63 expression. Furtermore, retrovirally expressed TAp63α 
was able to induce GLS2 expression in normal human epidermal 
keratinocytes (NHEK) (Fig. 1C).

TAp63 acts as a transcription factor able to bind the DNA 
promoter region of its target genes.5,44 In order to verify whether 
the TAp63-dependent regulation of GLS2 depends on the ability 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Cell Cycle	 1397

TAp63 in LBH589-treated cells. As shown in Figure 3B, down-
regulation of TAp63 abrogated the LBH589-induced increase 
of GLS2 expression, indicating that GLS2 upregulation is not 
a pleitropic effect resulting from HDAC inhibition. To evaluate 
also the effect of chemotherapeutic drugs on GLS2 expression, 
we treated p53-null cell lines with doxorubicin. Following drug 
administration, GLS2 expression was augmented in H1299 cells 
(Fig. 3C) and in the hepatocarcinoma cell line Hep3B (Fig. 3D) 
in parallel with TAp63 upregulation. These results indicate that 

verify whether GLS2 expression can be modulated following 
stress stimuli that activate TAp63, we treated H1299 cells with 
two chemical HDAC inhibitors, namely Trichostatin A (TSA) 
and LBH589, and analyzed the expression of both TAp63 and 
GLS2. Both TSA and LBH589 increased the expression of GLS2 
in parallel with a marked induction of TAp63 (Fig. 3A). Similar 
results were obtained in HCT116 cells (Fig. S1). To verify 
whether GLS2 induction upon HDAC inhibition was specifically 
mediated by TAp63, we performed siRNA-mediated silencing of 

Figure 1. GLS2 expression is regulated by TAp63. (A) H1299 cells were transfected with the indicated HA-tagged p63 constructs and, 24 h after trans-
fection, total RNA was extracted and utilized for reverse transcription and quantitative real-time PCR (qRT-PCR) (left panel) using specific primers for 
human GLS2 and β actin (for quantity normalization). Results are shown as mean ± SD of three independent experiments. Concomitantly, whole-cell 
extracts were utilized for western blot analysis using the antibodies to the indicated proteins (right panel). (B) H1299 cells were treated as in (A), and 
mitochondrial proteins were extracted (see Materials and Methods) and analyzed by IB using antibodies to the indicated proteins. (C) NHEK cells were 
retrovirally infected with HA-tagged TAp63α expressing virus and 48 h or 5 d after infection GLS2 mRNA levels were measured by q-RT-PCR (left pan-
el). TAP63 protein levels were quantified by immunoblotting (IB) using anti-HA antibody (right panel). (D) H1299 cells were transfected, as indicated, 
with an empty vector (EV), increasing amount of HA-tagged wild-type TAp63α, or HA-tagged TAp63α (S272N) mutant. Transfected cells were either 
subjected to RNA isolation for the quantification of GLS2 mRNA by qRT-PCR (left panel) or to immunoblotting for the analysis of the expression levels 
of wild-type and mutant TAp63α proteins using antibodies to the indicated proteins. (E) Chromatin immunoprecipitation analysis of the human GLS2 
promoter was carried out by purifying chromatin from Tet-On/HA-TAp63α-SaOs 2 inducible cell line treated with doxycycline for 24 h and then immu-
noprecipitating it using HA-specific antibody or IgC-unspecific antibody (see also Materials and Methods). Binding of TAp63α to the MDM2 promoter 
was used as a control. (F) HEK293E cells were transfected with pGL2 luciferase gene construct holding human GLS2 promoter fragment with either an 
empty vector (EV) or with the indicated HA-tagged p63 constructs. Co-transfection of a renilla luciferase control plasmid was used to normalize the 
transfection efficiency. Luciferase assay was performed 24 h after transfection. For all panels, data are shown as the mean ± SD of three replicates.
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NADPH.39,50 Consistent with its enzymatic function, we found 
that GLS2 overexpression increased the intracellular levels of glu-
tamate, α-ketoglutarate and ATP (Fig. S2). To verify whether 
these metabolic changes were also associated with an increase 
in cellular defense against oxidative stresses, we measured the 
amount of intracellular ROS in GLS2-overexpressing cells after 
exposure to H

2
O

2
. As shown in Figure 4A, GLS2-overexpressing 

cells showed a decrease in the level of ROS produced upon 

activation of endogenous TAp63 under stress conditions posi-
tively regulates GLS2 expression in the absence of functional p53.

GLS2 protects cells from ROS-dependent apoptosis and is 
upregulated in colon adenocarcinoma. GLS2 catalyzes the con-
version of glutamine into glutamate, which can either be converted 
to α-ketoglutarate, thus stimulating the production of ATP via 
the TCA cycle, or support the production of two major intracel-
lular scavengers of reactive oxygen species (ROS) glutathione and 

Figure 2. GLS2 regulates keratinocytes differentiation. Normal human epidermal keratinocytes (NHEKs) were cultured in KBM medium with KGM-2 
growth supplements. Cells were induced to differentiate by adding 1.2 mM CaCl2 to the culture medium. Cells were collected at the indicated time 
points, and total RNA was isolated and utilized to quantify by qRT-PCR the mRNA levels of TAp63, GLS2, keratin 10 (K10) and GLS1. K10 was used as con-
trol of keratinocytes differentiation. (B) Morphology of NHEKs after GLS2 depletion. NHEKs were transfected twice with siRNA oligos targeting a non-
relevant mRNA (scramble) or GLS2 mRNA. After 24 h of the second transfection, cells were induced to differentiate by adding 1.2 mM CaCl2 to the cul-
ture medium. Cell images, by phase-contrast microscopy, were taken both in proliferating condition and after 3 d in differentiation medium. (C) GLS2, 
K10 and involucrin mRNA levels were quantified by qRT-PCR in NHEKs transfected as in (B). (D) NHEKs transfected as in (B) were subjected to IB analysis 
using the antibodies to the indicated proteins. (E) NHEKs treated as in (B) were fixed at indicated time points and stained with anti-bromodeoxiuridine 
antibody. The percentage of BrdU-positive nuclei was counted by confocal microscopy. Data are shown as the mean ± SD of three replicates.
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some biological functions with p53, our knowledge on whether 
and how p63 regulates cell metabolism and energy production 
is limited. Recently, the analysis of the phenotype of the TAp63-
knockout mice has highlighted the importance of TAp63 in 
controlling glucose metabolism.28 TAp63−/− mice are charac-
terized by obesity, glucose intolerance and insulin resistance. 
Following caloric restriction, TAp63 is able to transcriptionally 
activate Sirt1, which, in turn, positively regulates the expression 
of GLS2.28 Here we showed that TAp63 can also directly regu-
late the expression of GLS2. These two TAp63-dependent tran-
scriptional mechanisms (direct or indirect via Sirt1), although 
not mutually exclusive, could act together or independently to 
assure the energy supply necessary to the cells to survive in a 
caloric restriction period. GLS2 indeed catalyzes the conversion 
of glutamine into glutamate, which, in turn, can be converted to 
α-ketoglutarate, thus stimulating the production of ATP via the 
TCA cycle.

In addition to being important for supplying ATP, glutamate 
also represents an important precursor of glutathione, which is 
the main ROS intracellular scavenger. Accordingly we found 
that the upregulation of GLS2 expression decreases the cellu-
lar levels of ROS, while its depletion sensitizes lung cancer cells 
to ROS-dependent apoptosis. Thus, these results suggest that 
TAp63 might regulate the cellular antioxidant defense mecha-
nisms under stress conditions. In addition, TAp63 is also able 
to regulate pro-oxidant genes such as REDD1.63 REDD1 is a 
stress protein that can be induced following stress conditions, 
including glucose deprivation and hypoxia through both p53 and 
p63-dependent mechanisms. Overexpression of REDD1 sensi-
tizes cell to ROS-induced apoptosis, while its downmodulation 
decreases intracellular ROS production. Therefore we can specu-
late that TAp63, similarly to what has been already postulated for 
p53, might regulate both pro-oxidant genes, like REDD1, and 
antioxidant genes, like GLS2, depending on the levels of stress 
stimuli and/or cellular context. Moreover, the N-terminal trun-
cated isoform of p63, ΔNp63, is able to regulate the expression 
of genes, which counteracts ROS production, like glutathione 
peroxidase GPX2.64 Therefore, the p63-dependent regulation of 
ROS cellular balance might also be dependent on the relative 
levels of the expression of its isoforms.

Different data have suggested that GLS2 function is asso-
ciated to cell resting, quiescent cell states and cell differentia-
tion.40 Accordingly, downregulation of GLS2 expression has been 
reported in some human tumors, such as hepatocellular carcino-
mas and highly malignant glioblastoma.42,65,66 In contrast to these 
data, we found that in a cohort of 186 human primary colon car-
cinoma GLS2 expression is significantly (p value = 2.2313 E-12) 
upregulated with respect to normal colon tissue. Moreover, in 
colon carcinoma and in head and neck squamous cell carcinoma 
p63 correlates with GLS2 expression among tumor samples, 
but not among normal samples, suggesting that in some human 
tumors p63/GLS2 axis can be functionally important to protect 
tumor cells against oxidative stresses. Accordingly, glutaminase 
activity is positively correlated with malignancy in tumors.50,67 
It is thus possible that GLS2 expression might be under posi-
tive selection in order to fully support glutaminolysis, which is 

oxidative stress, suggesting that GLS2 can act as a cellular defense 
against oxidative stress. To further investigate this, we tested 
whether GLS2 depletion by siRNA could sensitize cells to oxida-
tive stress-induced apoptosis. We transfected H1299 cells with 
siRNA oligos directed against GLS2 mRNA, and then evaluated 
the rate of cell death in response to doxorubicin or n-butyrate, 
two known inducers of ROS-dependent apoptosis.51 Depletion of 
GSL2 increases the percentage of apoptotic cells (Fig. 4B), thus 
confirming the role of GLS2 in the regulation of the apoptotic 
response mediated by oxidative stresses. Since the intracellular 
redox balance has been suggested to be an important factor in 
determining human tumors’ response to chemotherapic agents, 
we analyzed the expression levels of GLS2 in different datasets 
of epithelial tumors. As shown in Figure 4C, GLS2 expression is 
significantly increased in a cohort of 186 colon carcinoma tumor 
samples with respect to benign polyps (p  value = 1.9 E-07) or 
normal colon tissue (p value = 2.23E-12). We also observed the 
same trend in a TCGA colorectal dataset, which contains 101 
colon carcinomas (p value = 1.9419E-12) (Fig. 4D), in nasopha-
ryngeal carcinomas (GSE12452) and in two lung cancer datasets 
(GSE19188 and GSE11969) (Fig. S3). We also analyzed the cor-
relation between p63 and GLS2 expression in colon carcinoma, 
and found that p63 correlates with GLS2 expression in tumor 
samples (Fig. 4E) but not in normal tissues (coefficient 0.0951, p 
= 0.4940, Spearman correlation).

Together, these data indicate that colon carcinoma, lung and 
HNSCC tumors displayed markedly increased levels of GLS2. 
Notably, the upregulation of GLS2 expression in these tumors is 
accompanied by a concomitant upregulation of p63 levels, sug-
gesting that the connection between p63 and GLS2 in human 
tumors could be functionally important to drive and maintain 
glutamine catabolism necessary to maintain the energy supply 
and antioxidant cellular defense.

Discussion

The activity of tumor suppressor genes is intimately linked to 
the regulation of cell metabolism, energy production and levels 
of ROS. Specifically, p53 has been demonstrated to play a criti-
cal role in the regulation of cell metabolism, and different p53 
target genes involved in this pathway have been identified so 
far.43,52-54 For example, p53 decreases the glycolytic rate by inhib-
iting the expression of glucose transporters55 and phosphoglycer-
ate mutase,56 while it increases the expression of TIGAR, which 
reduces fructose-2 6-biphosphate levels.57 On the other hand p53 
is also able to promote some steps in glycolysis,58 suggesting that 
the regulation of cell metabolism and energy production exerted 
by p53 could generate opposite outcomes, likely depending on the 
rate of p53 activation, cell context and levels of cellular stresses. 
A similar scenario has also been described for the p53-dependent 
regulation of ROS levels. In fact, among transcriptional tar-
gets of p53, there are both several genes whose products poten-
tially generate ROS and genes acting as antioxidants, including 
GLS2.59-61 In addition, p73, another family protein, has been 
recently involved in the regulation of cell metabolism through 
the transcriptional control of Cox4A.62 Although p63 shares 
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Figure 3. HDAC inhibitors and DNA damage agents regulate GLS2 expression through 
TAp63 induction. (A) H1299 cells were treated with TSA (1 μM) or LBH589 (2 μM) for 18 h, 
and whole-cell extracts were analyzed by IB using antibodies to the indicated proteins 
(left panels). In parallel total RNA was extracted, and GLS2 expression was analyzed by 
qRTR-PCR (right panels). (B) H1299 cells were transfected twice with siRNA oligos target-
ing a non-relevant mRNA or p63 mRNA. After 48 h of each siRNA oligo transfection, 
cells were treated with HDAC inhibitors as described in (A). Cells were used either for 
quantification of GLS2 mRNA by qRT-PCR (right panel) or subjected to IB analysis utiliz-
ing antibodies to the indicated proteins (left panel). H1299 (C) and Hep3B (D) cells were 
treated with 1 μM doxorubicin for the indicated time points. Total RNA was extracted 
and used to measure GLS2 and TAp63 mRNA levels by qRT-PCR. Data shown are the 
mean ± SD of three replicates.

required for both energy supply and antioxidant 
cellular defense. The fact that GLS2 expression is 
downmodulated in some tumors (hepatocellular 
carcinomas and highly malignant glioblastoma) 
while upregulated in others (colon carcinoma, 
lung and HNSCC) suggests that different tumors 
might have differential requirements of glutami-
nolysis, reflecting the tumor-specific relationship 
between ROS levels, glutamine catabolism and 
ROS-dependent apoptosis.

Besides analyzing the role of GLS2 in pathologi-
cal processes, we have also evaluated the impact of 
GLS2-dependent glutaminolysis in physiological 
processes. Specifically, we found that GLS2 and 
TAp63 mRNA levels are concomitantly upregu-
lated during in vitro differentiation of human pri-
mary keratinocytes. Conversely, GLS1 expression, 
which is not regulated by TAp63 or p53, does not 
vary during this process, strengthening the func-
tional relationship between TAp63 and GLS2. 
Notably, we found that GLS2-depleted keratyn-
ocites showed defects in their capacity to differen-
tiate both at morphological and molecular levels. 
GLS2 depletion indeed decreases the expression 
of skin differentiation markers, such as keratin 10 
and involucrin. At the morphological level GLS2-
depleted cells showed cytoplasmic vacuolization, 
which is more severe upon differentiation stimuli. 
Such severe cytoplasmic vacuolization may result 
by dysfunction of different processes, such us 
mytochondrial dysfunction or endoplasmatic retic-
ulum (ER) stress.68 Although we observed a dila-
tion of the ER cisternae indicating that the vacuoles 
observed upon GLS2 depletion were formed by the 
ER, the expression of markers of ER stress were 
not affected by GLS2 depletion (data no shown). 
Although we do not yet know the specific GLS2-
dependent metabolic pathway accounting for its 
role during keratinocytes differentiation, we can 
hypothesize that deregulation of oxidative balance 
might play role in GLS2-mediated inhibition of 
skin differentiation. Different reports have demon-
strated that ROS signaling is not only important 
for mediating and activating cell death, but also 
regulates intracellular signaling involved in differ-
entiation through multiple tyrosine growth factor 
receptors, including the epidermal growth factor 
(EGF‑R).69,70 Regulation of EGF signaling by ROS 
may therefore contribute to the effect of GLS2 on 
keratinocytes differentiation in vitro. In conclusion, 
here we described a TAp63-dependent regulation 
of the glutamine turnover through the transcrip-
tional activation of the GLS2 gene. Furthermore, 
we showed that the TAp63/GLS2 axis might be 
an important pathway regulating ROS-dependent 
apoptosis in the absence of functional p53.
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Figure 4. GLS2 protects tumor cells from ROS-mediated apoptosis and is upregulated in epithelial tumors. (A) H1299 cells were transfected with 
an empty vector (vector) or Flag-tagged GLS2 (GLS2) and 24 h after transfection cells were treated with 200 μM H2O2. Intracellular ROS levels were 
measured by DCF staining. (B) H1299 cells were transfected twice with siRNA oligos targeting a non-relevant mRNA (scramble) or human GLS2 mRNA. 
After 48 hours of each siRNA oligo transfection, cells were treated with either 1 μM doxorubicin (left panel) or n-butyrate for 18 h. The percentage of 
sub-G1 cells was measured by FACS analysis. Representative results are shown (mean ± s.d. n=3). (C and D) Box and whisker plots of GLS2 expression in 
a cohort of 186 colon carcinoma tumor samples respect to polyps or normal colon tissue (C) and in TCGA colorectal dataset (D). (E) Spearman correla-
tion between GLS2 and p63 expression in colon carcinoma. See “Materials and Methods” for details of data analysis.

Materials and Methods

Cell culture, transfection, plasmids and drug treatment. 
Human lung carcinoma H1299 and human colon carcinoma 

HCT116 cell lines were cultured in Dulbecco’s modified Eagle’s 
and McCoy’s medium (Gibco, Invitrogen), respectively. Human 
hepatocarcinoma Hep3B cell line was grown in Minimal Essential 
Medium (Gibco, Invitrogen). All media were supplemented 
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fluorescence detection according to the manufacturer’s instruc-
tions was performed using the ABI PRISM 7700 Sequence 
Detection System (Applied Biosystems). The expression of 
each gene was defined from the threshold cycle (Ct), and rela-
tive expression levels were calculated using the 2-ΔΔCt method. 
The following primers were used: for hGLS2 5'-ACA CCC TCA 
GCC TCA TGC AT-3'; rev hGLS2 5'-ATG GCT CCT GAT 
ACA GCT GAC TT-3'; for hGLS1 5'-CAC TGC CCT CCC 
ATT ACC TAG-3', rev hGLS1 5'-GAA GCT CAA GCA TGG 
GAA CAG-3'; for hActin 5'-GTT GCT ATC CAG GCT GTG 
CTA-3'; rev hActin 5'-AAT GTC ACG CAC GAT TTC CCG-
3'; for hK10 5'-AGG AGG AGT GTC ATC CCT AAG-3', rev 
hK10 5'-AAG CTG CCT CCA TAA CTC CC-3'; for hInvolu-
crin 5'-CAG GTC CAA GAC ATT CAA CC-3', rev h Involucrin 
5'-CAA GTT CAC AGA TGA GAC GG-3'; F TAp63 TCA 
GAA GAT CGT GCG ACA AAC, R TAp63 5'-GTT CAG 
GAG CCC CAG GTT CG-3'; for hΔNp63 5'-GAA GAA AGG 
ACA GCA GCA TTG-3', rev hΔNp63 5'-GGG ACT GGT 
GGA CGA GGA G-3'; for h TBP 5'-TCA AAC CCA GAA 
TTG TTG TCC-3', rev hTBP 5'-CCT GAA TCC CTT TAG 
AAT AGG-3'. p value was computed using the Student’s t-test.

Immunoblot analysis and antibodies. Immunoblot analysis 
was performed using whole-cell extracts obtained by lysing cell 
pellets with Triton Buffer (50 mM Tris-Hcl pH 7.5, 250 mM 
NaCl, 50 mM NaF, 1 mM EDTA 1 pH 8, 0.1% Triton), sup-
plemented with protease and phosphatase inhibitors. Proteins 
were separated by SDS-PAGE, transferred onto PVDF mem-
branes and blocked with PBS-T (phosphate-buffered saline 
and 0.1% Tween‑20) containing 5% non-fat dry milk for 1 h 
at room temperature (RT). The incubation with primary anti-
bodies was performed for 2 h at RT, followed by incubation 
with the appropriate horseradish peroxidase-conjugated second-
ary antibody. Detection was performed with ECL Western Blot 
Reagent (Perkin Elmer). Mitochondria were purified using the 
Qproteome Mitochondria Purification System (Qiagen) follow-
ing manufacturer recommendations. Mitochondrial proteins 
were extracted by lysing mitochondria pellets with Triton Buffer. 
Mouse monoclonal antibodies were from Covance (anti-HA), 
Sigma (actin, cyclofilin D), Neomarkers (anti-p63). Rabbit poly-
clonal antibody were from Covance (keratin 10). Rabbit poly-
clonal against GLS2 was kindly provided by Dr Zhaohui Feng 
(Cancer Institute of New Jersey). Anti-rabbit IgG or anti-mouse 
IgG horseradish peroxidase-conjugated antibodies were pur-
chased by Perkin Elmer.

Chromatin immunoprecipitation (ChIP) analysis. ChIP 
experiments were performed in TAp63μ Saos-2 inducible 
cell line after 24 h of doxyciclin treatment using MAGnify™ 
Chromatin Immunoprecipitation system (Invitrogen). Briefly, 
cells were crosslinked for 10 min at room temperature with 1% 
formaldehyde (Merck). The crosslinking reaction was stopped by 
addition of 125 mM glycine for 5 min followed by a washing 
step with PBS. The pellet was lysed and sonicated using sonica-
tor (Bioruptor™ UCD-200, diagenode), shearing the chromatin 
into 500-1,000 bp fragments. The chromatin extract was incu-
bated with Dynabeads® Protein A/G coupled to 10 μg mouse 
anti-HA antibody or mouse IgG (negative control) at 4°C with 

with 10% fetal bovine serum (FBS), 100 μg/ml penicillin and  
100 μg/ml streptomycin (all Gibco, Invitrogen) and cultured at 
37°C with 5% CO

2
. Cryopreserved normal human epidermal 

keratinocytes (NHEK Lonza, Basel, Switzerland) were cultured 
in dishes coated with calf skin collagen type III (Sigma) in kera-
tinocyte growth medium (Epilife, Cascades Biologics, Gibco) 
supplemented with human keratinocyte growth supplements 
(Cascades Biologics, Gibco). To induce keratinocyte differentia-
tion, CaCl

2
 (Sigma) was added to the medium to a final concen-

tration of 1.2 mM. For H1299 transfection experiments, cells 
were seeded in 10 cm well plate at 80% of cell confluency and, 
after 24 h, were transfected with Lipofectamine Plus (Invitrogen) 
following manufacturer’s instructions. Doxorubicin and n-butyr-
ate were added to the cell medium to a final concentration of 
1 μM and 5 mM, respectively. For histone deacetylase inhibi-
tion cells were treated for 18 h with LBH589 and Trichostatin A 
(TSA) to a final concentration of 2 μM and 5 μM, respectively.

Plasmids. The pcDNA3.1 expression vector for HA-tagged 
p63 constructs were previously described.45 Human GLS2 
expressing vector was kindly provided by Dr. Zhaohui Feng 
(Cancer Institute of New Jersey). For retrovirus production, 
wild-type HA-tagged p63 isoforms were subcloned into the ret-
roviral vector LZRSpBMN by PCR. All cDNAs were sequenced.

siRNA transfection, retroviral infection and detection of 
apoptosis. siRNA oligos transfection was previously described.71 
Briefly, cells were seeded at a density of 1.4 × 105 cells/well in a 
6-well plate and transfected with oligos twice (at 24 and 48 hours 
after plating) using RNAimax (Invitrogen) according to manu-
facturer’s instructions. Smart pool siRNA oligos direct against 
GLS2 mRNA, p63 mRNA and non-relevant gene (scramble) 
were purchased by Dharmacon. Cells were collected after 48 h, 
and lysates were subjected to immunoblotting. Retroviral par-
ticles encoding for HA-TAp63α and TAp63γ were produced 
by co-transfection of packaging GP-293 cells (Clontech) with 
LZRSpBMN empty vector, LZRSpBMN-HA-TAp63α or 
LZRSpBMN-HA-TAp63γ together with VSVG expressing vec-
tor by FuGENE (Roche). Forty-eight hours after transfection, 
the virus-containing medium was collected and supplemented 
with 8 μg/ml polybrene (Sigma). Cells were then infected by 
replacing the cell culture medium with this viral supernatant for 
24 h. The infection procedure was repeated for a second time 
after a 12 h recovery period in cell culture medium without 
virus. Quantification of sub-G

1
 population was performed by 

FACS analysis of propidium iodide-stained nuclei, as previously 
described.72

RNA isolation and qRT-PCR. Total mRNA was isolated 
using the RNeasy mini kit (Qiagen) following manufacturer rec-
ommendations. Total RNA was quantified using a NanoDrop 
Spectophotometer (Thermo Scientific) and used for cDNA 
synthesis using SuperScript Reverse Transcriptase (Promega), 
according to the manufacturer’s protocol. cDNA was subsequen-
tially used for real-time PCR analysis (qRT-PCR). Each 25 μl 
reaction contained 2× SYBR-Green PCR Master Mix (Applied 
Biosystems), 0.125 μl MultiScribe Reverse Transcriptase (Applied 
Biosystems), 2 μl cDNA and the appropriate specific primers 
(0.5 μM, sequences available upon request). Amplification and 
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Data analysis. Human sample data was downloaded from the 
GEO database, accession numbers GSE12452,73 GSE19188,74 
GSE11969.75 Colorectal cancer data was obtained from the 
TCGA portal (gene expression, level 3 data, as available on 
11/01/12) and additional colorectal cancer data was obtained 
from a previously described cohort of patients treated at MSKCC 
between 1992 and 2004. Median of probes per gene was com-
puted. Samples were divided into normal versus tumor in each set 
and variability of expression was assessed using the two-sample 
Kolmogorov-Smirnov test (as in some cases the distribution of 
expression values for tumor samples was not normal). Tests were 
performed in matlab (kstest2). Pearson correlation was also com-
puted in matlab using the routine corr.
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rotation for 2 h. The immunocomplexes were washed and treated 
with proteinase K (20 mg/ml) at 55°C for 15 min to reverse the 
crosslinking. DNA was purified with the DNA purification 
magnetic beads, dissolved in elution buffer and used for PCR 
analysis. The following oligos were used for GLS2 promoter: 
for 5'-GGC CTC CCA AGT CAC CAG TTC A-3' rev 5'-TGT 
TTT TGC TTG TTT TCG CCT TCT-3'. The p53 RE located 
on hMDM2, used as positive control, was amplified with one set 
of primers: forward 5'-GGT TGA CTC AGC TTT TCC TCT 
TG-3' and reverse 5'-GGA AAA TGC ATG GTT TAA ATA 
GCC-3' (119 bp). PCR products were analysed by electrophoresis 
on agarose gels.

Luciferase assay. For luciferase assay, pGL3 basic luciferase 
reporter vector (Promega) containing human GLS2 promoter 
was co-transfected with the pRL-CMV Renilla luciferase vec-
tor (Promega) and HA-tagged TAp63α, TAp63β, TAp63γ and 
ΔNp63 expression vector into HEK293E cells using Effectene 
(Qiagen). Twenty-four hours after transfection, luciferase activ-
ity was measured with the Dual Luciferase Reporter Assay system 
(Promega). Luciferase and Renilla luminescence were measured 
over 10 sec using OPTOCOMP I luminometer. Relative lucifer-
ase activity was determined after normalization with the Renilla 
activity for each sample.

Measurement of energy metabolism. Glutamate levels were 
measured by using the Amplex Red Glutamine Acid/Glutamate 
oxidase assay kit (Invitrogen). α-Ketoglutarate levels were mea-
sured by using the α-ketoglutarate assay kit (Biovision). ATP 
levels were measured by using the ATP Bioluminescence assay 
kit (Roche). ROS levels were measured by CM-H2DCFDA 
(Invitrogen) staining in a flow cytometry assay.
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