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Introduction

Cisplatin used in cancer chemotherapy against different human 
tumors inhibits DNA replication, cell cycle arrest and cell death.1-3 
Although cisplatin triggers cell death, its prolonged use often 
induces cell resistance against itself in a tumor cell population.1-4 
Tumor protein (TP)-p53 family members (TP63, TP63 and 
TP73) are guardians of the genome and key players in orchestrat-
ing the cellular response to cisplatin treatment.5-7 The role of TP53 
in cell death and metabolism is well defined by its downstream 
binding to specific gene promoters or interacting with extensive 
protein network as well as by upstream regulatory phosphoryla-
tion and acetylation of TP53 and intracellular translocations.8-12

TP53 is a transcription factor that mediates cell response to 
various stresses by promoting expression of specific genes that 
induce cell cycle arrest, DNA repair, senescence, cell death and 
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alter various metabolic pathways.8,10,12,13 TP53 was found to 
regulate TP53-induced glycolysis regulator (TIGAR, encodes a 
protein with sequence similarity to the bisphosphate domain of 
the glycolytic enzyme that degrades fructose-2, 6-bisphosphate), 
which switches glucose from glycolysis to the pentose phosphate 
pathway.12,14 Downregulation of TP53-dependent SCO2 [SCO 
cytochrome oxidase deficient homolog 2, which acts as a copper 
chaperone, transporting copper to the Cu(A) site on the cyto-
chrome c oxidase subunit II, COX2] causes a shifting of ATP 
production from oxidative phosphorylation to glycolysis.12

TP53 can also affect expression of other genes involved in carbo-
hydrate metabolism (e.g., glyceraldehyde-3-phosphate dehydro-
genase, GAPDH, glucose-6-phosphate dehydrogenase, G6PD, 
hexokinase-2, HK2, malate dehydrogenase-1, MDH1, phospho-
glycerate mutase, PGM); amino acid metabolism (e.g., carbamoyl 
phosphate synthetase-2, CAD, ornithine carbamoyltransferase, 
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cell death, especially for squamous cell carcinomas (SCC).2 
However, a common limitation of this treatment is the eventual 
development of resistance to cisplatin chemotherapy.1-3 The tran-
scription factor ΔNp63α is phosphorylated upon exposure to cis-
platin and subsequently triggers a gene program controlling stress 
response and cell survival.39-44 Our previous studies showed that 
cisplatin-sensitive SCC cells display a greater ratio of phosphory-
lated (p)-ΔNp63α/non-p-ΔNp63α as compared with cells that 
are resistant to cisplatin treatment.39-44 Using a metabolomics 
approach,45-48 we compared global metabolic profiles of a SCC 
cell line expressing p-ΔNp63α (SCC‑11) or non-p-ΔNp63α 
with an altered ability to be phosphorylated (SCC‑11M, S385G 
mutation in the ATM kinase site of ΔNp63α). Cells were treated 
with control medium (Ctrl) or with 10 μg/ml (CisMn) for 16 h. 
A total of 103 metabolites were upregulated, and 98 metabolites 
were downregulated in SCC‑11 cells compared with SCC‑11M 
cells (both treated with cisplatin, Table S1 and Fig. S1). The 
highest changers were divided on the following groups: amino 
acids, peptides, carbohydrates, energy, lipids, nucleotides, vita-
mins and cofactors and xenobiotics (Fig. S2–S9).

Amino acid and peptide metabolism. As we compared val-
ues obtained from SCC‑11 cells to those from SCC‑11M cells 
(both under cisplatin exposure), we found that 19 metabolites 
increased, nine decreased, and 17 remained unchanged (Fig. S2). 
We observed that while urea, glutamine, leucine and dimethylar-
ginine increased in SCC‑11 cells, many metabolites (e.g., reduced 
glutathione, S-methylthioadenosine, glutamate, citrulline, orni-
thine, cysteine, cysteine-glutathione disulfide, N-acetylaspartate) 
dramatically decreased (Fig. S2). These data suggest that the 
urea and glutathione metabolic pathways are likely to be altered 
in SCC‑11M cells compared with SCC‑11M cells. We further 
found that among 49 peptides, seven increased, while others 
decreased (40) or unchanged (2) in SCC‑11 cells compared with 
SCC‑11M (both treated with cisplatin), as shown in Figure S3.

Carbohydrate and energy metabolism. We then found clear 
alterations in glucose metabolism observed in SCC cells under 
cisplatin pressure. Among 27 metabolites, three increased (e.g., 
fructose-2, 6-biphosphate), 14 decreased, and 10 remained 
unchanged (Fig. S4 and S5). Despite minimal changes in 
glucose, production of glycolytic intermediates (e.g., glucose 
6-phosphate, fructose 6-phosphate, 3-phosphoglycerate, 2-phos-
phoglycerate and lactate) was reduced in SCC‑11 cells compared 
with SCC‑11M cells (Fig. S4). Together with decreased levels 
of the pentose phosphate pathway intermediates (e.g., 6-phos-
phogluconate, ribulose 5-phosphate/xylulose 5-phosphate, ribose 
5-phosphate, and sedoheptulose 7-phosphate and ribose, these 
changes are suggestive of lesser glucose utilization in SCC‑11 
cells than in SCC‑11M cells (Fig. S4). When comparing SCC‑11 
cells exposed to cisplatin and SCC‑11 cells grown in control 
medium, there is an apparent decrease in glucose uptake and/or 
utilization, as slight reductions in glycolytic and pentose phos-
phate pathway intermediates were also observed. However, we 
observed reduction in lactate levels and elevation of most glyco-
lytic and pentose phosphate pathway intermediates in SCC‑11M 
cells exposed to cisplatin compared with untreated SCC‑11M 
cells. These data suggest that p-ΔNp63α is not required for the 

OTC, glutaminase-2, GLS2); lipid metabolism [e.g., apolipo-
protein D (APOD), carnitine palmitoyl-transferase (CPT), 
fatty acid synthase (FASN), ferredoxin reductase (FDXR), 
guanidine-acetate methyltransferase (GAMT)] and nucleotide 
metabolism [e.g., adenosine deaminase (ADA), dihydroorotate 
dehydrogenase (DHODH), hypoxanthine phosphoribosyl trans-
ferase (HPRT), ribonucleotide reductase (RRM2)].15-30 TP53 
can interact with the mTOR pathway [e.g., AMP-activated pro-
tein kinase (AMPK)], which coordinates cell growth by sensing 
nutrient availability and balancing anabolic and catabolic pro-
cesses.31,32 Genotoxic stress causes p53-dependent suppression of 
mTOR activity via transcriptional activation of AMPKβ, TSC2, 
IGF-BP3 and PTEN.31-33

The energy for malignant tumor growth is supplied by a 
non-oxidative pathway, glycolysis, in contrast to that of normal 
cells, which generate energy from oxidative breakdown of pyru-
vate within the mitochondria. The inactivation of TP53 normal 
function by mutations upregulates glycolysis and downregulates 
oxidative phosphorylation in cancer cells, suggesting that TP53 
status plays a pivotal role in the underlying mechanism for the 
“Warburg effect.”34-36

Tp63 express two main classes of isoforms: isoforms with the 
transactivation (TA-) domain and dominant-negative isoforms, 
which are truncated at the NH

2
-terminus (ΔN-). TAp63 isoforms 

show pro-apoptotic activities, whereas ΔNp63 isoforms often show 
anti-apoptotic functions. ΔNp63α can directly interfere with the 
transcriptional function of the TA-isoforms of the p53 family over 
apoptotic target genes (CD-95, TNFR, TRAIL-R, BAX, PIG3, 
PERP, RAD9, APAF1, CASP-3, -8 and -9) induced by chemo-
therapeutic drugs, thereby contributing to chemoresistance.37,38

Phosphorylation of p63 (e.g., ΔNp63α) has become a matter 
of extensive investigation in our laboratory for the last decade and 
was shown to have a role in regulating intracellular ΔNp63α pro-
tein levels.39-44 We previously found that squamous cell carcinoma 
(SCC) cells exposed to cisplatin displayed the ATM-dependent 
phosphorylation of wild type (wt) ΔNp63α generating phos-
phorylated (p)-ΔNp63α, which is critical for the transcriptional 
regulation of specific downstream mRNAs and microRNAs, 
and is likely to underlie the chemosensitivity/resistance of SCC 
cells.39-44 However, SCC cells expressing non-p-ΔNp63α became 
more cisplatin-resistant.42-44 Our recent report showed that SCC 
cells spontaneously developed resistance to cisplatin treatment 
(SCC-25CP) in contrast to cisplatin-sensitive SCC-25 cells, 
which displayed the greater ratio between non-p-ΔNp63α and 
p-ΔNp63α levels, which might play a role in cisplatin resistance 
displayed by SCC-25CP cells.41

Understanding the multiple mechanisms by which p-ΔNp63α 
modulates the response of SCC cells to cisplatin, including those 
that effect metabolic pathways, will provide us with crucial infor-
mation about a role for the ATM-dependent ΔNp63α pathway 
in the resistance of tumor cells to platinum therapy.

Results

Cisplatin induces multiple metabolic changes in SCC‑11 and 
SCC‑11M cells. Cisplatin is effective for induction of neoplastic 
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non-p-ΔNp63α in SCC‑11M cells under same conditions (e.g., 
GYS1, XDH1, DIO2, TALDO1, TKT, CBS, LOX, ASNA1, 
IDO1, ACLY, G6PD, CAD, ENO1, FASN, PTGS1, ALOX5, 
FADS1, CTPS1, DAGLB, HK3, NAPRT1, DEGS1, NMNAT1, 
PLA2G4, PGK1, NADSYN1 and ADA, see Table S2).

After the ChIP-on-chip array analysis, we further found that 
the cisplatin exposure induced the ΔNp63α protein binding to 
the following gene promoter sequences in SCC‑11 cells (CPT2, 
ETNK1, GAPDH, ATP7B, PNP, SREBF1, COASY, NMRK2, 
DCK, ATOX1, ARG1, see Table S2) or in SCC‑11M cells (e.g., 
PLA2G4, NMNAT1, ENO1, PFKFB3, NADSYN1, ACACA, 
FASN, ACLY, CAD, XDH, ADA, TKT, ACAD9, HPGD, 
CD38, ALDH7A1, HK3, DAGLB, CYP51A1, ASL, NAPRT1, 
PTGS1, PGK1, G6PD, see Table S4).

Knowing that the DNA methylation of specific promoter 
sequences leads to transcriptional inactivation of expression,49,50 
we performed the DNA methylation chip array analysis and 
observed that the cisplatin exposure induced the methylation 
of 91 gene promoters in SCC‑11 cells (Table S5), and 156 gene 
promoters in SCC‑11M cells (Table S6). Among those promot-
ers methylated in SCC‑11 cells, we found the following genes: 
ACACA, ACO1, CD38, DGKB, DIO2, CAD, FADS1, FASN, 
OTC, PFKFB3, PLA2G4, G6PD, NMNAT1 and NAPRT1, see 
Table S5). We further found that the following gene promoters 
(e.g., ADCY1, 3 and 8, AK1, ARG1, COASY, GAPDH, CPT2, 
ETNK1, NMRK2 and PKM2, Table S6) were methylated in 
SCC‑11M cells.

Upon inspection of specific gene promoter sequences (ARG1, 
GAPDH, PKM2 and CPT2), we found that these sequences 
contain potential consensus binding elements for TP63 and 
SREBF1 (Figs. S10–13), while promoter sequences for CAD, 
G6PD, PFKFB3 and FASN contain potential binding elements 
for TP53, TP63 and E2F (Figs. S14–17) as defined elsewhere.51-58 
We thus investigated the role of these transcription factors in reg-
ulation of gene expression in SCC‑11 and SCC‑11M cells upon 
cisplatin exposure.

P-ΔNp63α induces expression of specific metabolic genes 
in SCC‑11 cells upon cisplatin exposure. To further examine 
the selected gene targets upregulated by p-ΔNp63α in response 
to SCC‑11 cells to cisplatin treatment, we have undertaken the 
study of the following gene expression and regulation: ARG1, 
GAPDH, PKM2 and CPT2 (Figs. 1–4). As arginase 1 (ARG1) 
catalyzes the critical step of urea metabolism (l-arginine + H

2
O 

to L-ornintine + Urea, Fig. 1A), ARG1 mRNA and protein levels 
dramatically increased (5-fold for mRNA) in SCC‑11 cells upon 
cisplatin exposure, while no such increase observed in SCC‑11M 
cells (Fig. 2B). We then showed that the increasing binding of 
p-ΔNp63α and SREBF1 to the specific region (while no bind-
ing was found to the non-specific region) of the ARG1 promoter 
in SCC‑11 cells after cisplatin treatment, but not in SCC‑11M 
cells (Fig. 1C). We then found that while the scrambled siRNA 
had no effect on p-ΔNp63α binding (enrichment) to the ARG1 
promoter, SREBF1 siRNA substantially inhibited such bind-
ing to the ARG1 promoter in SCC‑11 cells under cisplatin 
treatment (Fig.  1D). We next demonstrated an additive effect 
of p-ΔNp63α and SREBF1 on the luciferase reporter activity 

cisplatin-induced dampening of glucose metabolism, but non-p-
ΔNp63α may influence how glucose is utilized following treat-
ment of SCC‑11M cells with cisplatin.

Lipid metabolism. When comparing the cisplatin-treated 
SCC‑11and SCC‑11M cells, we observed that 41 metabolites 
increased, 32 decreased, and 31 remained unchanged (Fig. S6). 
We then found that SCC‑11 cells exhibited greater production 
of prostaglandin E2, linoleate (18: 2n6), caprylate, carnitine and 
arachidonate (20: 4n6), cholesterol, laurate, palmitate (16:  0), 
oleic ethanolamide, palmitoylethanolamide, 1-palmitoleoyl-
glycerophosphoinositol, 1-oleoylglycero- phosphoinositol and 
glycerophosphoetanolamine than SCC‑11M cells (both under 
cisplatin pressure, Fig. S6). While treatment of SCC‑11 cells with 
cisplatin increased production of prostaglandin E2 compared 
with untreated SCC‑11 cells, exposure of SCC‑11M cells to cispl-
atin resulted in decreased levels of fatty acid precursors and pros-
taglandin E2, with a concomitant increase in the prostaglandin 
E2 degradation product 13, 14-dihydro-15-keto-prostaglandin 
A2. We further found that membrane degradation products glyc-
erophosphoryl-choline, 1-myristoylglycerophosphorylcholine, 
1-stearoyl- glycerophosphoetanolamine and glycerol 3-phosphate 
decreased in SCC‑11 cells compared with SCC‑11M cells (both 
treated with cisplatin). We also showed that the levels of arachi-
donate (20: 4n6), 2-arachidonoyl-glycerol and 1-arachidonoylg-
lycerolphosphocholine decreased in SCC‑11 cells compared with 
SCC‑11M cells (Fig. S6). Upon cisplatin exposure, SCC‑11 cells 
(compared with SCC‑11M cells) showed a slight decrease of cho-
lesterol precursors, lanosterol and lathosterol as well as sphinga-
nine, sphingosine and palmitoylsphingomyelin (Fig. S6).

Nucleotide metabolism. We then showed that five metabolites 
increased, 15 decreased, eight remained unchanged in SCC‑11 
cells compared with SCC‑11M cells (Fig. S7).

Cofactor/vitamin metabolism. We further showed that two 
metabolites increased, eight decreased, and two remained 
unchanged in SCC‑11 cells (compared with SCC‑11M cells) 
exposed to cisplatin (Fig. S8). The level of acetyl-CoA dramati-
cally increased, while 3-dephospho-CoA and nicotine deriva-
tives (nicotinate, nicotinamide, nicotinamide ribonucleotide and 
nicotinamide adenine dinucleotide) substantially decreased in 
SCC‑11 cells compared with SCC‑11M cells.

Cisplatin induces the metabolic gene expression in 
SCC‑11 and SCC‑11M cells. To further examine the molecu-
lar mechanism underlying the metabolic changes induced by 
the transcriptional factor, ΔNp63α, in the phosphorylated and 
non-phosphorylated states. Using SCC‑11 and SCC‑11M cells 
exposed to control medium and 10 mg/ml cisplatin for 16 h, we 
performed global cDNA expression chip array, ChIP-on-chip 
array and DNA methylation chip array analyses (Supplemental 
Methods). As a result of this systemic global investigation, we 
found that many metabolic genes are induced by p-ΔNp63α in 
SCC‑11 cells upon cisplatin exposure (e.g., SREBF1, NQO1, 
RRM2B, ALDH7A1, TYMS, DHFR, TK1, ACAD9, GCLM, 
DCK, GSR, ATP11B, LNPEP, PARP1, ARG1, ATOX1, 
ALDH3, CA2, CEPT1, GAPDH, ETNK1, CPT2, PFKP, 
PNP, PKM2, COASY, NMRK2 and ATP7B, see Table S2). On 
the other hand, numerous metabolic genes are also induced by 
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Figure 1. P-ΔNp63α induces the expression of ARG1 in SCC‑11 cells upon cisplatin exposure. (A) Metabolite reaction of arginase 1 (ARG1). Grey arrow 
indicates the increase in SCC‑11 cells, while black arrow indicates the decrease in SCC‑11M cells. (B, upper panel) qPCR expression analysis of ARG1 
mRNA obtained from SCC‑11 and SCC‑11M cells treated with control medium (Con) and 10μg/ml cisplatin (CIS). The values from SCC‑11 cells treated 
with control medium designated as 1. The qPCR values presented as relative units (RU) (B, lower panel) Immunoblot analysis of ARG1 in SCC‑11 and 
SCC‑11M cells treated with control medium (Con) or cisplatin (CIS). Loading was normalized by β-actin expression. (C) ChIP assay of the binding of 
p-ΔNp63α and SREBF1 to the ARG1 promoter (enrichment) in SCC‑11 cells exposed to control medium (Con) and cisplatin (CIS). (D) Quantitative analy-
sis of enrichment (ChIP/Input ratio) of the ARG1 promoter with the p-ΔNp63α and SREBF1 transcription factors in SCC‑11 cells treated with cisplatin. 
ChiP/Input ratio values presented as relative units (RU). SCC‑11 cells were transfected with the scrambled and SREBF1 siRNA and analyzed for ChIP/
Input enrichment. (E) Luciferase reporter assay of the ARG1 promoter in SCC‑11 and SCC‑11M cells treated with control medium (Con) and cisplatin 
(CIS). SCC‑11 cells were transfected with the scrambled and SREBF1 siRNA and analyzed for the ARG1 promoter-driven luciferase activity presented as 
relative units (RU). The values from SCC‑11 cells treated with control medium designated as 1. All experiments were performed in triplicates. p < 0.05.

driven by the ARG1 promoter in SCC‑11 cells upon cisplatin 
exposure (Fig. 1E).

We next showed that mRNA and protein expression for 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which 
catalyzes the reaction (glyceraldehyde-3-phosphate + NAD+ 
+ P

i
 to D-glycerate-1, 3-biphosphate + NADH + H+, Fig. 2A), 

was greatly increased by cisplatin in SCC‑11 cells but not in 
SCC‑11M cells (Fig. 2B). We observed that the increasing bind-
ing of p-ΔNp63α and SREBF1 to the specific region (while no 
binding was found to the non-specific region) of the GAPDH 
promoter in SCC‑11 cells after cisplatin treatment, but not in 
SCC‑11M cells (Fig. 2C). We found that while the scrambled 
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(Phosphoenolpyrivate + ADP to Pyruvate + ATP, Fig. 3A) very 
much increased by cisplatin in SCC‑11 cells but not in SCC‑11M 
cells (Fig. 3B). We then showed that the increasing binding of 
p-ΔNp63α and SREBF1 to the specific region (while no bind-
ing was found to the non-specific region) of the PKM2 promoter 
in SCC‑11 cells after cisplatin treatment, but not in SCC‑11M 
cells (Fig. 3C). We also showed that while the scrambled siRNA 
had no effect on p-ΔNp63α binding (enrichment) to the PKM2 

siRNA had no effect on p-ΔNp63α binding (enrichment) to the 
GAPDH promoter, SREBF1 siRNA greatly inhibited such bind-
ing in SCC‑11 cells under cisplatin treatment (Fig. 2D). We then 
showed a cumulative effect of p-ΔNp63α and SREBF1 on the 
GAPDH promoter-luciferase reporter in SCC‑11 cells upon cis-
platin exposure (Fig. 2E).

We then showed that the mRNA/protein expression for 
pyruvate kinase M2 (PKM2), which catalyzes the reaction 

Figure 2. P-ΔNp63α induces the expression of GAPDH in SCC‑11 cells upon cisplatin exposure. (A) Metabolite reaction of glyceraldehyde-3-phosphate 
dehydrogenase. Grey arrow indicates the increase in SCC‑11 cells, while black arrow indicates the decrease in SCC‑11M cells. (B, upper panel) qPCR ex-
pression analysis of GAPDH mRNA obtained from SCC‑11 and SCC‑11M cells treated with control medium (Con) and 10 μg/ml cisplatin (CIS). The values 
from SCC‑11 cells treated with control medium designated as 1. The qPCR values presented as relative units (RU). (B, lower panel) Immunoblot analysis 
of GAPDH in SCC‑11 and SCC‑11M cells treated with control medium (Con) or cisplatin (CIS). Loading was normalized by β-actin expression. (C) ChIP as-
say of the binding of p-ΔNp63α and SREBF1 to the GAPDH promoter (enrichment) in SCC‑11 cells exposed to control medium (Con) and cisplatin (CIS). 
(D) Quantitative analysis of enrichment (ChIP/Input ratio) of the GAPDH promoter with the p-ΔNp63α and SREBF1 transcription factors in SCC‑11 cells 
treated with cisplatin. ChiP/Input ratio values presented as relative units (RU). SCC‑11 cells were transfected with the scrambled and SREBF1 siRNA and 
analyzed for ChIP/Input enrichment. (E) Luciferase reporter assay of the GAPDH promoter in SCC‑11 and SCC‑11M cells treated with control medium 
(Con) and cisplatin (CIS). SCC‑11 cells were transfected with the scrambled and SREBF1 siRNA and analyzed for the GAPDH promoter-driven luciferase 
activity presented as relative units (RU). The values from SCC‑11 cells treated with control medium designated as 1. All experiments were performed in 
triplicates. p < 0.05.
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SCC‑11M cells (Fig. 4B). We then showed the increasing bind-
ing of p-ΔNp63α and SREBF1 to the specific region (while 
no binding was found to the non-specific region) of the CPT2 
promoter in SCC‑11 cells after cisplatin treatment, but not in 
SCC‑11M cells (Fig. 4C). We also showed that while the scram-
bled siRNA had no effect on p-ΔNp63α binding (enrichment) 
to the CPT2 promoter, SREBF1 siRNA greatly inhibited such 
binding in SCC‑11 cells under cisplatin treatment (Fig. 4D). We 
next demonstrated an accompanying effect of p-ΔNp63α and 

promoter, SREBF1 siRNA greatly inhibited such binding in 
SCC‑11 cells under cisplatin treatment (Fig. 3D). We next 
showed a supplementary effect of p-ΔNp63α and SREBF1 on 
the PKM2 promoter-driven luciferase reporter in SCC‑11 cells 
upon cisplatin exposure (Fig. 3E).

We finally showed that the mRNA/protein expression for 
carnitine palmitoyltransferase 2 (CPT2), which catalyzes the 
reaction (Acetyl-Carnitine to Acetyl-CoA + Carnitine

i
, Fig. 4A) 

dramatically increased by cisplatin in SCC‑11 cells but not in 

Figure 3. P-ΔNp63α induces the expression of PKM2 in SCC‑11 cells upon cisplatin exposure. (A) Metabolite reaction of pyruvate kinase M2 (PKM2). 
Grey arrow indicates the increase in SCC‑11 cells, while black arrow indicates the decrease in SCC‑11M cells. (B, upper panel) qPCR expression analysis 
of PKM2 mRNA obtained from SCC‑11 and SCC‑11M cells treated with control medium (Con) and 10 μg/ml cisplatin (CIS). The values from SCC‑11 cells 
treated with control medium designated as 1. The qPCR values presented as relative units (RU). (B, lower panel) Immunoblot analysis of PKM2 in SCC‑11 
and SCC‑11M cells treated with control medium (Con) or cisplatin (CIS). Loading was normalized by β-actin expression. (C) ChIP assay of the binding of 
p-ΔNp63α and SREBF1 to the PKM2 promoter (enrichment) in SCC‑11 cells exposed to control medium (Con) and cisplatin (CIS). (D) Quantitative analy-
sis of enrichment (ChIP/Input ratio) of the PKM2 promoter with the p-ΔNp63α and SREBF1 transcription factors in SCC‑11 cells treated with cisplatin. 
ChiP/Input ratio values presented as relative units (RU). SCC‑11 cells were also transfected with the scrambled and SREBF1 siRNA and analyzed for ChIP/
Input enrichment. (E) Luciferase reporter assay of the PKM2 promoter in SCC‑11 and SCC‑11M cells treated with control medium (Con) and cisplatin 
(CIS). SCC‑11 cells were transfected with the scrambled and SREBF1 siRNA and analyzed for the PKM2 promoter-driven luciferase activity presented as 
relative units (RU). The values from SCC‑11 cells treated with control medium designated as 1. All experiments were performed in triplicates. p < 0.05.
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L-glutamate + Carbamoyl-phosphate, Fig. 5A), was significantly 
increased by cisplatin in SCC‑11M cells, while it is decreased 
in SCC‑11 cells (Fig. 5B). We then showed that the increasing 
binding of non-p-ΔNp63α and E2F1 to the specific region (while 
no binding was found to the non-specific region) of the CAD 
promoter in SCC‑11M cells after cisplatin treatment, but not in 
SCC‑11 cells (Fig. 5C). We also showed that while the scrambled 
siRNA had no effect on non-p-ΔNp63α binding (enrichment) to 
the CAD promoter, E2F1 siRNA greatly inhibited such binding 
in SCC‑11M cells under cisplatin treatment (Fig. 5D). We next 
showed a cumulative effect of non-p-ΔNp63α and E2F1 on the 

SREBF1 on the CPT2 promoter-driven luciferase reporter activ-
ity in SCC‑11 cells upon cisplatin exposure (Fig. 4E).

Non-p-ΔNp63α induces expression of specific metabolic 
genes in SCC‑11M cells upon cisplatin exposure. To further 
examine the selected gene targets upregulated by non-p-ΔNp63α 
in response of SCC‑11M cells to cisplatin treatment, we have 
undertaken the study of the following genes expression and regu-
lation: CAD, G6PD, PFKFB3 and FASN (Figs. 5–8).

First, we found that the mRNA/protein expression for car-
bamoyl-phosphate synthetase 2 (CAD), which catalyzes the 
reaction (ATP + HCO

3
 + L-glutamine + H

2
O to ADP + P

i
 + 

Figure 4. P-ΔNp63α induces the expression of CPT2 in SCC‑11 cells upon cisplatin exposure. (A) Metabolite reaction of carnitine palmitoyltransferase 2 
(CPT2). Grey arrow indicates the increase in SCC‑11 cells, while black arrow indicates the decrease in SCC‑11M cells. (B, upper panel) qPCR expression 
analysis of CPT2 mRNA obtained from SCC‑11 and SCC‑11M cells treated with control medium (Con) and 10 μg/ml cisplatin (CIS). The values from SCC‑11 
cells treated with control medium designated as 1. The qPCR values presented as relative units (RU). (B, lower panel) Immunoblot analysis of CPT2 in 
SCC‑11 and SCC‑11M cells treated with control medium (Con) or cisplatin (CIS). Loading was normalized by β-actin expression. (C) ChIP assay of the 
binding of p-ΔNp63α and SREBF1 to the CPT2 promoter (enrichment) in SCC‑11 cells exposed to control medium (Con) and cisplatin (CIS). (D) Quantita-
tive analysis of enrichment (ChIP/Input ratio) of the CPT2 promoter with the p-ΔNp63α and SREBF1 transcription factors in SCC‑11 cells treated with 
cisplatin. ChiP/Input ratio values presented as relative units (RU). SCC‑11 cells were transfected with the scrambled and SREBF1 siRNA and analyzed for 
ChIP/Input enrichment. (E) Luciferase reporter assay of the CPT2 promoter in SCC‑11 and SCC‑11M cells treated with control medium (Con) and cisplatin 
(CIS). SCC‑11 cells were transfected with the scrambled and SREBF1 siRNA and analyzed for the CPT2 promoter-driven luciferase activity presented as 
relative units (RU). The values from SCC‑11 cells treated with control medium designated as 1. All experiments were performed in triplicates. p < 0.05.
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but not in SCC‑11 cells (Fig. 6C). We also showed that while 
the scrambled siRNA had no effect on non-p-ΔNp63α binding 
(enrichment) to the G6PD promoter, E2F1 siRNA greatly inhib-
ited such binding in SCC‑11M cells under cisplatin treatment 
(Fig. 6D). We next demonstrated a complementary effect of 
non-p-ΔNp63α and E2F1 on the G6PD promoter-driven lucif-
erase reporter activity in SCC‑11M cells upon cisplatin exposure 
(Fig. 6E).

Third, we found that the mRNA/protein expression for 
fructose-2, 6-biphosphatase-3 (PFKFB3), which catalyzes the 

CAD promoter-driven luciferase reporter activity in SCC‑11M 
cells upon cisplatin exposure (Fig. 5E).

Second, we found that the mRNA/protein expression for glu-
cose-6-phosphate dehydrogenase (G6PD), which catalyzes the 
reaction (glucose-6-phosphate to 6-phospho-δ-lactone, Fig. 6A), 
was significantly increased by cisplatin in SCC‑11M cells, while it 
is decreased in SCC‑11 cells (Fig. 6B). We then showed that the 
increasing binding of non-p-ΔNp63α and E2F1 to the specific 
region (while no binding was found to the non-specific region) of 
the G6PD promoter in SCC‑11M cells after cisplatin treatment, 

Figure 5. Non-p-ΔNp63α induces the expression of CAD in SCC‑11M cells upon cisplatin exposure. (A) Metabolite reaction of carbamoyl-phosphate 
synthetase 2 (CAD). Grey arrow indicates the decrease in SCC‑11 cells, while black arrow indicates the increase in SCC‑11M cells. (B, upper panel) qPCR 
expression analysis of CAD mRNA obtained from SCC‑11 and SCC‑11M cells treated with control medium (Con) and 10 μg/ml cisplatin (CIS). The values 
from SCC‑11 cells treated with control medium designated as 1. The qPCR values presented as relative units (RU). (B, lower panel) Immunoblot analysis 
of CAD in SCC‑11 and SCC‑11M cells treated with control medium (Con) or cisplatin (CIS). Loading was normalized by β-actin expression. (C) ChIP assay 
of the binding of p-ΔNp63α and E2F1 to the CAD promoter (enrichment) in SCC‑11M cells exposed to control medium (Con) and cisplatin (CIS). (D) 
Quantitative analysis of enrichment (ChIP/Input ratio) of the CAD promoter with the p-ΔNp63α and E2F1 transcription factors in SCC‑11M cells treated 
with cisplatin. ChiP/Input ratio values presented as relative units (RU). SCC‑11M cells were transfected with the scrambled and E2F1 siRNA and analyzed 
for ChIP/Input enrichment. (E) Luciferase reporter assay of the CAD promoter in SCC‑11 and SCC‑11M cells treated with control medium (Con) and 
cisplatin (CIS). SCC‑11M cells were transfected with the scrambled and E2F1 siRNA and analyzed for the CAD promoter-driven luciferase activity pre-
sented as relative units (RU). The values from SCC‑11 cells treated with control medium designated as 1. All experiments were performed in triplicates. 
p < 0.05.
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showed that while the scrambled siRNA had no effect on non-p-
ΔNp63α binding (enrichment) to the PFKFB3 promoter, E2F1 
siRNA greatly inhibited such binding in SCC‑11M cells under 
cisplatin treatment (Fig. 7D). We next demonstrated a cumu-
lative effect of non-p-ΔNp63α and E2F1 on the PFKFB3 pro-
moter-driven luciferase activity in SCC‑11M cells upon cisplatin 
exposure (Fig. 7E).

reaction (β-D-fructose-2, 6-biphosphate to D-Fructose-6-
phosphate, Fig. 7A), was significantly increased by cisplatin in 
SCC‑11M cells, while it is decreased in SCC‑11 cells (Fig. 7B). 
We then showed increasing binding of non-p-ΔNp63α and E2F1 
to the specific region (while no binding was found to the non-
specific region) of the PFKFB3 promoter in SCC‑11M cells after 
cisplatin treatment, but not in SCC‑11 cells (Fig. 7C). We also 

Figure 6. Non-p-ΔNp63α induces the expression of G6PD in SCC‑11M cells upon cisplatin exposure. (A) Metabolite reaction of glucose-6-phosphate 
dehydrogenase (G6PD). Grey arrow indicates the decrease in SCC‑11 cells, while black arrow indicates the increase in SCC‑11M cells. (B, upper panel) 
qPCR expression analysis of G6PD mRNA obtained from SCC‑11 and SCC‑11M cells treated with control medium (Con) and 10 μg/ml cisplatin (CIS). The 
values from SCC‑11 cells treated with control medium designated as 1. The qPCR values presented as relative units (RU). (B, lower panel) Immunoblot 
analysis of G6PD in SCC‑11 and SCC‑11M cells treated with control medium (Con) or cisplatin (CIS). Loading was normalized by β-actin expression. 
(C) ChIP assay of the binding of p-ΔNp63α and E2F1 to the G6PD promoter (enrichment) in SCC‑11M cells exposed to control medium (Con) and cispla-
tin (CIS). (D) Quantitative analysis of enrichment (ChIP/Input ratio) of the G6PD promoter with the p-ΔNp63α and E2F1 transcription factors in SCC‑11M 
cells treated with cisplatin. ChiP/Input ratio values presented as relative units (RU). SCC‑11M cells were transfected with the scrambled and E2F1 siRNA 
and analyzed for ChIP/Input enrichment. (E) Luciferase reporter assay of the G6PD promoter in SCC‑11 and SCC‑11M cells treated with control medium 
(Con) and cisplatin (CIS). SCC‑11M cells were transfected with the scrambled and E2F1 siRNA and analyzed for the G6PD promoter-driven luciferase 
activity presented as relative units (RU). The values from SCC‑11 cells treated with control medium designated as 1. All experiments were performed in 
triplicates. p < 0.05.
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non-p-ΔNp63α binding (enrichment) to the FASN promoter, 
E2F1 siRNA greatly inhibited such binding in SCC‑11M cells 
under cisplatin treatment (Fig. 8D). We next demonstrated an 
additive effect of non-p-ΔNp63α and E2F1 on the FASN pro-
moter-driven luciferase activity in SCC‑11M cells upon cisplatin 
exposure (Fig. 8E).

Silencing of specific ΔNp63α gene targets attenuates the 
cisplatin sensitivity of SCC‑11 cells and cisplatin resistance 
of SCC‑11M cells. Our previous reports showed that altera-
tion of the critical step of ATM-dependent phosphorylation of 

Forth, we found that the mRNA/protein expression for fatty 
acid synthase (FASN), which catalyzes the reaction (acetyl-CoA 
+ malonyl-CoA + NADPH + H+ to palmitate + CO

2
 + NADP++ 

CoASH + H
2
O, Fig. 8A), was significantly increased by cisplatin 

in SCC‑11M cells, while it is decreased in SCC‑11 cells (Fig. 8B). 
We then showed that the increasing binding of non-p-ΔNp63α 
and E2F1 to the specific region (while no binding was found to 
the non-specific region) of the FASN promoter in SCC‑11M cells 
after cisplatin treatment, but not in SCC‑11 cells (Fig. 8C). We 
also showed that while the scrambled siRNA had no effect on 

Figure 7. Non-p-ΔNp63α induces the expression of PFKFB3 in SCC‑11M cells upon cisplatin exposure. (A) Metabolite reaction of fructose-2, 6-biphos-
phatase (PFKFB3). Grey arrow indicates the decrease in SCC‑11 cells, while black arrow indicates the increase in SCC‑11M cells. (B, upper panel) qPCR ex-
pression analysis of PFKFB3 mRNA obtained from SCC‑11 and SCC‑11M cells treated with control medium (Con) and 10 μg/ml cisplatin (CIS). The values 
from SCC‑11 cells treated with control medium designated as 1. The qPCR values presented as relative units (RU). (B, lower panel) Immunoblot analysis 
of PFKFB3 in SCC‑11 and SCC‑11M cells treated with control medium (Con) or cisplatin (CIS). Loading was normalized by β-actin expression. (C) ChIP 
assay of the binding of p-ΔNp63α and E2F1 to the PFKFB3 promoter (enrichment) in SCC‑11M cells exposed to control medium (Con) and cisplatin (CIS). 
(D) Quantitative analysis of enrichment (ChIP/Input ratio) of the PFKFB3 promoter with the p-ΔNp63α and E2F1 transcription factors in SCC‑11M cells 
treated with cisplatin. ChiP/Input ratio values presented as relative units (RU). SCC‑11M cells were transfected with the scrambled and E2F1 siRNA and 
analyzed for ChIP/Input enrichment. (E) Luciferase reporter assay of the PFKFB3 promoter in SCC‑11 and SCC‑11M cells treated with control medium 
(Con) and cisplatin (CIS). SCC‑11M cells were transfected with the scrambled and E2F1 siRNA and analyzed for the PFKFB3 promoter-driven luciferase 
activity presented as relative units (RU). The values from SCC‑11 cells treated with control medium designated as 1. All experiments were performed in 
triplicates. p < 0.05.
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transfected SCC‑11 cells with the scrambled siRNA and ARG1 
siRNA or CPT2 siRNA for 32 h to inhibit expression of ARG1 or 
CPT2, while SCC‑11M cells were transfected with the scrambled 
siRNA and G6PD siRNA or FASN siRNA to inhibit expression 
of G6PD or FASN. Resulting cells were treated with control 
medium (Con) and 10 μg/ml cisplatin (CIS) for 1–5 d and then 
tested cell viability under cisplatin pressure using MTT assay 
(Fig. 9). SCC‑11 cells showed a greater viability under cisplatin 
treatment, when they expressed less ARG1 or CPT2 inhibited by 
the corresponding siRNAs (Fig. 9A). However, SCC‑11M cells 

ΔNp63α triggers a distinct gene expression program leading to a 
pro-apoptotic cell response in the case of p-ΔNp63α in SCC‑11 
cells sensitive to cisplatin-induced apoptosis, while non-p-
ΔNp63α expression in SCC‑11M cells renders them more resis-
tant to cisplatin-induced cell death. In this report, we showed 
the specific metabolic genes upregulated by either p-ΔNp63α 
or non-p-ΔNp63α implicated in cell response to cisplatin treat-
ment. We thus further examine whether the siRNA silencing of 
these metabolic proteins could potentially affect the response 
of SCC‑11cells or SCC‑11M cells to cisplatin exposure. We 

Figure 8. Non-p-ΔNp63α induces the expression of FASN in SCC‑11M cells upon cisplatin exposure. (A) Metabolite reaction of fatty acid synthase 
(FASN). Grey arrow indicates the decrease in SCC‑11 cells, while black arrow indicates the increase in SCC‑11M cells. (B, upper panel) qPCR expression 
analysis of FASN mRNA obtained from SCC‑11 and SCC‑11M cells treated with control medium (Con) and 10 μg/ml cisplatin (CIS). The values from 
SCC‑11 cells treated with control medium designated as 1. The qPCR values presented as relative units (RU). (B, lower panel) Immunoblot analysis of 
FASN in SCC‑11 and SCC‑11M cells treated with control medium (Con) or cisplatin (CIS). Loading was normalized by β-actin expression. (C) ChIP as-
say of the binding of p-ΔNp63α and E2F1 to the FASN promoter (enrichment) in SCC‑11M cells exposed to control medium (Con) and cisplatin (CIS). 
(D) Quantitative analysis of enrichment (ChIP/Input ratio) of the FASN promoter with the p-ΔNp63α and E2F1 transcription factors in SCC‑11M cells 
treated with cisplatin. ChiP/Input ratio values presented as relative units (RU). SCC‑11M cells were transfected with the scrambled and E2F1 siRNA and 
analyzed for ChIP/Input enrichment. (E) Luciferase reporter assay of the FASN promoter in SCC‑11 and SCC‑11M cells treated with control medium 
(Con) and cisplatin (CIS). SCC‑11M cells were transfected with the scrambled and E2F1 siRNA and analyzed for the FASN promoter-driven luciferase 
activity presented as relative units (RU). The values from SCC‑11 cells treated with control medium designated as 1. All experiments were performed in 
triplicates. p < 0.05.
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treatment often results in the devel-
opment of chemoresistance. Since 
cisplatin constitutes the major ther-
apeutic option, the development of 
chemosensitization strategies con-
stitutes a goal with important clini-
cal implications.4

Among molecular mechanisms 
implicated in chemoresistance to 
anticancer drugs are DNA and 
histone methylation processes that 
control gene expression, RNA 
processing, microRNA func-
tions and multiple protein-protein 
interactions that also involve regu-
lation of many metabolic path-
ways.4,6,7,10,39-45,49,50,52,59 Cisplatin 
exerts anticancer effects mainly 
via DNA damage response and 
the induction of mitochondrial 
apoptosis. Coordinated activation 
of the pro-apoptotic Bcl-2 fam-
ily and the caspase family during 
apoptosis often leads to permeabi-
lization of the mitochondrial outer 
membrane and release of multiple 
enzymes functioning as regulators 
of energy production and metabo-
lism.60 A recent study shows that 
since acetyl-Coenzyme A (CoA) is 
a key cofactor for the protein N-α-
acetyltransferase complex, protein 
acetylation is under metabolic reg-

ulation.61 The protein N-α-acetylation is regulated by Bcl-xL, a 
major anti-apoptotic mitochondrial protein, and thus supports a 
mechanism by which metabolism can regulate the activation of 
apoptotic program contributing to tumor cell apoptotic sensitiv-
ity or resistance.61 Interestingly, acetyl-L-carnitine regulates the 
acetyl-CoA levels that provide a source of acetyl groups for meta-
bolic and acetylation-regulated processes.62,63 Acetyl-L-carnitine/
cisplatin combination caused the activation of p53, associated 
with protein acetylation and induction of p53 target genes, lead-
ing to apoptosis and cell cycle arrest.62-64

In this paper, we found that the SCC cells sensitive (SCC‑11) 
and resistant (SCC‑11M) to cisplatin treatment showed dif-
ferential increase or decrease in metabolite levels involved 
in amino acid metabolism, carbohydrate metabolism, lipid 
metabolism, and nucleotide metabolism. We found apparent 
increases in oxidative stress, inflammation, membrane remodel-
ing, glucose utilization and mitochondrial energy production, 
which are likely to support a more anti-apoptotic phenotype for 
SCC‑11M cells (expressing non-p-ΔNp63α) than SCC‑11 cells 
(expressing p-ΔNp63α) upon cisplatin exposure. We found that 
cisplatin treatment upregulated a few amino acids, (dimethylar-
ginine, glutamine, leucine), urea and dipeptides, while it down-
regulated several amino acids (citrulline, cysteine, glutamate, 

transfected with G6PD or FASN siRNAs showed a lesser chance 
for survival under cisplatin than SCC‑11M cells transfected with 
the scrambled siRNA (Fig. 9B).

Differential protein interactions of ΔNp63α with SREBF1 
and E2F1 n SCC‑11and SCC‑11M cells upon cisplatin expo‑
sure. Our previous global quantitative study (iTRAQ) showed 
that cisplatin induced the p-ΔNp63α protein interactions 
enriched with SREBF1 in SCC‑11 cells and the non-p-ΔNp63α 
interactions enriched with E2F1 in SCC‑11M cells.59 Using 
immunoprecipitation analysis, we showed here that p-ΔNp63α, 
indeed, associated with SREBF1 and NF-YA in nuclear lysates of 
SCC‑11 cells upon cisplatin exposure, while it failed to do so in 
SCC‑11M cells (Fig. 10A and B) suggesting importance of the 
phosphorylated state for ΔNp63α to bind SREBF1 and NF-YA 
proteins. However, cisplatin treatment greatly enhanced the non-
p-ΔNp63α nuclear protein complexes with TP53, NF-YA and 
E2F1 in SCC‑11M cells (Fig. 10A and C).

Discussion

Platinum-based drugs (e.g., cisplatin) are often used to treat 
solid malignancies, including testicular, ovarian, head and 
neck, colorectal, bladder and lung cancers. Prolonged cisplatin 

Figure 9. siRNA-dependent attenuation of sensitivity of SCC‑11 cells and resistance of SCC‑11M cells to 
cisplatin-induced cell death. SCC‑11 cells were transfected with the scrambled and ARG1 siRNA (A), or the 
scrambled and CPT2 siRNA (B), while SCC‑11M cells were transfected with the scrambled or G6PD siRNA 
(C) or the scrambled and FASN siRNA (D) for 32 h. Resulting cells were exposed to control medium (Con) or 
10 μg/ml cisplatin (CIS) for 5 d, as indicated. Cell viability (MTT) assay was repeated three times. The bars 
are the mean ± SD of triplicate; p < 0.05.
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To ascertain the effect of tested p-ΔNp63α and non-p-
ΔNp63α targets on a survival of SCC‑11 cells and SCC‑11M 
cells, we further examined whether silencing of the specific 

5-methylthioadenosine, N-acetylaspartate, ornithine, reduced 
glutathione) in SCC‑11 cells compared with SCC‑11M cells. 
Intriguingly, the metabolites involved in the urea cycle were 
affected the most. We further found that a few carbohydrate/
energy metabolites (e.g., fructose-2, 6-biphosphate, glucose-2, 
6-biphosphate and phosphate) and lipid metabolites (caprylate, 
carnitine, cholesterol, lactate, oleates, palmitate, palmitoylates 
and prostaglandin E2) were upregulated in SCC‑11 cells upon 
cisplatin exposure, while other components of glycolysis and pen-
those phosphate pathways and many arachidonates were down-
regulated. We then found that while a few members of nucleotide 
biosynthesis or degradation (e.g., xanthine, 2'-deoxyinosine) were 
upregulated in SCC‑11 cells, the majority of them were down-
regulated by cisplatin treatment.

Upon treatment with cisplatin, cellular metabolites involved 
in energy production, oxidative stress, membrane turnover and, 
ultimately, in cell death were differentially affected in SCC‑11/
SCC‑11M cells (e.g., increase of CoA and decrease of 3-dephos-
pho-CoA, nicotinate, nicotinamide, nicotinamide mono- and 
dinucleotides), suggesting that phosphorylation of the ΔNp63α 
transcription factor may be necessary for mediating several cyto-
toxic metabolic effects associated with cisplatin treatment. Our 
findings support the idea that phosphorylation of ΔNp63α is a 
key regulator of metabolic response of SCC cells to cisplatin expo-
sure. Metabolic profiling studies involving genetic manipulation 
of other proteins associated with ΔNp63α signaling, including 
the Ataxia-Telangiectasia mutated (ATM) kinase that is respon-
sible for phosphorylation of ΔNp63α, may further clarify the 
role of this key transcription factor in modulating sensitivity to 
cisplatin therapy.28

Since cisplatin was shown to induce the ATM-dependent 
phosphorylation of ΔNp63α in SCC‑11 cells, while SCC‑11M 
cells were designed to abolish this process, we suggested that in 
contrast to non-p-ΔNp63α (ΔNp63α-S385G), the p-ΔNp63α 
transcription factor plays a critical role in regulation of tested 
metabolic pathways through a regulation of specific metabolic 
gene promoters.

Our global expression chip, ChiP-on-chip and methylation 
chip array analyses narrowed down a list of potential target gene 
promoters that are likely to be affected by p-ΔNp63α or non-p-
ΔNp63α in SCC cells treated with cisplatin. We thus found that 
several metabolic genes (ARG1, GADPH, PKM2 and CPT2) 
were upregulated in SCC‑11 cells (expressing p-ΔNp63α) upon 
cisplatin exposure through a direct binding and functional activa-
tion of the corresponding promoters shown by qPCR, ChIP-PCR 
and promoter-reporter luciferase assays. All of the tested promot-
ers were negatively affected by SREBF1 silencing, suggesting the 
critical involvement of apoptosis-inducible SREBF1 in transcrip-
tional control of these genes.55 On the other hand, a few metabolic 
genes (CAD, G6PD, PFKFB3, and FASN) were upregulated in 
SCC‑11M cells (expressing non-p-ΔNp63α) upon cisplatin expo-
sure tested by qPCR, ChIP-PCR and promoter-reporter lucifer-
ase assays. And their activities were attenuated by E2F1 silencing, 
suggesting the role for these promoters in E2F1-mediated induc-
tion of cell cycle, cell proliferation and cell survival.56

Figure 10. P-ΔNp63α/SREBF1 and non-p-ΔNp63α/E2F1 protein com-
plexes formed in SCC cells upon cisplatin exposure. (A) Immunoblotting 
analysis of SCC‑11 and SCC‑11M cells exposed to control medium (Con) 
and 10 μg/ml cisplatin (CIS). Nuclear lysates were probed for expression 
of specific transcription factors with indicated antibodies. Levels of TBP 
served as loading controls. (B) Immunoprecipitation (IP) with anti-p-
ΔNp63α antibody followed by immunoblotting with anti-SREBF1 and 
NF-Y antibodies. (C) IP with anti-ΔNp63 antibody followed by immu-
noblotting with anti-E2F1 and anti-p53 antibodies.
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the apoptotic cascade, suggesting that they may play a role in the 
proper execution of the apoptotic program.80

Specific cellular metabolic phenotypes were robustly associ-
ated with platinum chemosensitivity, while several of the meta-
bolic perturbations have been associated with the acquisition of 
drug resistance (e.g., “Warburg effect,” an increase in glucose 
uptake and glycolysis to lactate even in normal oxygen condi-
tions).81-83 However, higher rates of glutaminolysis, fatty acid 
and lipid metabolism and nucleotide synthesis also correlate with 
degree of platinum sensitivity/resistance.81

As previously reported by others, the higher levels of citrate, 
phosphoenolpyruvate, glutamate and 2-oxoglutarate shown in 
platinum-sensitive tumor cells are consistent with decreased 
Krebs cycle rate and increased diversion of glycolytic intermedi-
ates into anabolic pentose phosphate pathway, which, in turn, 
feeds nucleotide synthesis.81 To replace Krebs cycle intermediates 
and NADPH, tumor cells increase the uptake of glutamine and 
its conversion to oxaloacetate via glutamate and 2-oxoglutarate.81 
Coordination between gene transcript and metabolite levels was 
observed in nucleotide metabolism, revealing a robust association 
between increased nucleotide synthesis and tumor cell platinum 
chemosensitivity.81

Increased expression of nucleotide pathway enzymes (e.g., 
uracil phosphoribosyl transferase, hypoxanthine-guanine phos-
phoribosyl transferase) in platinum-sensitive cells was accompa-
nied by decrease in purine and pyrimidines (guanine, guanosine, 
hypoxanthine, inosine, uracil and uridine) and increase in cyti-
dine monophosphate.81 Adding the extracellular purines to cells 
abolished cisplatin cytotoxicity, suggesting that the metabo-
lome may have a causal influence on platinum sensitivity.81 
Apolipoprotein E and low-density lipoprotein receptor as well 
as methionine derivatives may contribute to platinum resistance, 
while β-alanine derivatives were associated with platinum sensi-
tivity.80 Since chemotherapeutic sensitivity is in part determined 
by the metabolic phenotype that suggests metabolic enzymes 
may be potential targets for both drug naive and chemoresistant 
patients.45,62,65,81-84

Materials and Methods

Antibodies. We used a rabbit polyclonal antibody Ab-1 directed 
against human ΔNp63 (EMD Chemicals), rabbit anti-human 
p63 (p73L) monoclonal antibody (clone Y289, #NB110–57309) 
obtained from Novus Biologicals. A mouse monoclonal antibody 
to p63 (4A4, sc-8431, Santa Cruz Biotechnology) and a mono-
clonal antibody against human β-actin (Sigma) were also used. 
Anti-wild type p53 (clone DO-1, #554293), anti-sterol respon-
sive element binding factor (SREBF1, clone IgG-2A4, #557036) 
and anti-E2F1 (#554213, clone KH95/E2F) antibodies were 
obtained from BD PharMingen. We also used the rabbit poly-
clonal antibody against human NF-YA (NBP1–19146, Novus 
Biologicals) and a mouse monoclonal antibody against TATA-
binding protein (TBP, 1TBP18, ab818, Abcam). Custom rabbit 
polyclonal antibody against phosphorylated peptide encompass-
ing the ΔNp63α protein sequence (ATM motif, NKLPSV-
pS-QLINPQQ, residues 379–392) was prepared and purified 

metabolic mRNA would lead to alterations in cell viability upon 
cisplatin treatment.

Previous studies showed that l-arginine deprivation enhances 
apoptosis.65 Mitochondrial membrane permeabilization is a rate-
limiting step of cell death.61 Proteomics/mass spectrometry anal-
ysis of proteins released from purified mitochondria shows a total 
of 79 known proteins.66 Among known proteins, several may 
have indirect or direct pro-apoptotic properties (e.g., arginase 1 
enzyme that turns arginine into ornithine and urea).66 Similarly, 
ARG1 mRNA and protein were upregulated during cisplatin-
induced hepatotoxicity shown by an integrative expression array/
mass spectrometry analysis.67 While the cytosolic CPT1 pro-
duces acetyl-CoA carnitine (from acetyl-CoA and L-carnitine), 
the mitochondrial inner membranal CPT2 degrades acetyl-CoA 
carnitine back to acetyl-CoA and L-carnitine.20,62,63 The fatty 
acid palmitate can induce apoptosis, which could be inhibited by 
overexpression of anti-apoptotic Bcl-2 and exacerbated by carni-
tine suggesting the pro-apoptotic role for CPT2 (refs. 60 and 61).

On the other hand, the doxorubicin-resistant cancer cells 
exhibited a decreased doxorubicin accumulation, increased 
reduced glutathione, increased activity of the pentose phos-
phate pathway and G6PD.68 G6PD is the principal source of the 
NADPH, which is required by many enzymes of the antioxidant 
pathway.69,70 Inactivation of both G6PD and FASN with siRNA 
or inhibitors led to increased reactive oxygen species and apopto-
sis and decreased proliferation.69-72 FASN forced expression pro-
tected cells from apoptosis induced by camptothecin and caused 
drug resistance, while reducing the FASN expression increased 
drug sensitivity of cancer cells.71-73 Both G6PD and FASN are 
direct targets of TP53 family members, including TP63 and 
TP73.18,30,64,74,75 Knockdown of ΔNp63 decreased cell viability 
by inducing apoptosis via reduction of FASN expression.75 The 
FASN forced expression partially rescues cells from cell death 
induced by ΔNp63 silencing, while inhibition of FASN triggers 
apoptosis in human cancer cells.74,75

We showed that siRNA silencing of ARG1 and CPT2 led to 
a partial reduction of the cell death phenotype of cisplatin-sensi-
tive SCC‑11 cells, while siRNA knockdown of G6PD and FASN 
partially increased the sensitivity of resistant SCC‑11M cells to 
cisplatin-induced cell death.

We further evaluated the role for p-ΔNp63α and SREBF1 in 
transcriptional regulation of gene expression in SCC‑11 cells or 
non-p-ΔNp63α, TP53 and E2F1 in transcriptional regulation 
of gene expression in SCC‑11M cells and found that the cispla-
tin exposure induced protein complexes between p-ΔNp63α, 
SREBF1 and NF-YA proteins in nuclear lysates of SCC‑11 
cells. However, cisplatin treatment greatly enhanced the non-
p-ΔNp63α nuclear protein complexes with TP53, NF-YA and 
E2F1 in SCC‑11M cells.

SREBF-1 and -2 were found to serve as regulatory hubs that 
control lipid metabolism, cell growth or cell death.76,77 Casp2 and 
Casp7 were found to be the SREBF-responsive gene, raising the 
possibility for caspase cascade to participate in the control of cho-
lesterol/ triacylglycerol levels.78,79 Activated caspases were shown 
to release SREBF from the endoplasmic reticulum membrane, 
leading to induction of sterol-regulated genes at an early stage in 
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(Hs01005622_m1). The reaction (20 μl) was performed at 
50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 sec 
and 60°C for 1 min. The independent biological experiments 
were performed twice and in triplicate. Each RNA sample was 
amplified in triplicate. Expression was normalized to the 18S 
RNA TaqMan probe (4319413E, Applied Biosystems) and 
expression levels were be determined as the average Ct of this 
control. This averaged value was then used to normalize the 
sample’s Ct. The average mRNA expression was be determined 
using the Mann-Whitney U test. Values obtained from the 
control samples (untreated SCC‑11 cells) were designated as 1 
(refs. 42 and 51).

Chromatin immunoprecipitation (ChIP). Five × 106 cell 
equivalents of chromatin (2–2.5 kbp in size) were immuno-
precipitated (IP) with 10 μg of anti-ΔNp63 antibody (or anti-
p-ΔNp63α antibody as described elsewhere).42,51 After reversal 
of formaldehyde cross-linking, RNA-ase A and proteinase K 
treatments, IP-enriched DNAs were used for PCR amplifica-
tion. PCR consisted of 40 cycles of 94°C for 30 s, 60°C for 30 
s, and 72°C for 30 s using Taq DNA polymerase (Invitrogen). 
Although the tested promoters contain multiple potential TP63 
binding sites, the regions for PCR were selected based on the 
efficiency of amplification, choosing the highest PCR outcome. 
The specific regions (containing tested binding sites defined by 
the web browser: http://www.cbrc.jp/ research/db/TFSEARCH) 
and non-specific regions (containing no tested binding sites) of 
selected gene promoters (ARG1, GAPDH, PKM2, CPT2, CAD, 
G6PD, PFKFB3 and FASN) were amplified for ChIP-PCR assay 
(primers are underlined in Figs. S10–17). To quantify the bind-
ing of the specific transcription factors (e.g., p-ΔNp63α, non-
p-ΔNp63α, SREBF1 and E2F1) to the selected gene promoter 
sequences (enrichment), we used qPCR. ChIP-PCR values were 
obtained from the ChIP, and input samples and were normal-
ized to GAPDH PCR values. For each transcription factor, values 
obtained from the Input samples were designated as 1. ChIP/
input ratio was plotted from all biological experiments using 
the Microsoft Excel software. Experiments were performed in 
triplicate.

Luciferase reporter assay. We used the following promoter-
reporter plasmids for: ARG1 (S711640), GAPDH (S721624), 
PKM2 (S721648), CPT2 (S714498), FASN (S721853), PFKFB3 
(S722433), G6PD (S720234), CAD (S704691) purchased from 
SwitchGear Genomics. For the promoter-mediated luciferase 
activity assay, a total of 5 × 104 cells/well in a 24-well plate were 
transfected with the control (empty) pLightSwitch_Prom vec-
tor [#S707592, a fully optimized reporter system that includes 
an improved luminescent reporter gene (RenSP)] using Fugene 
HD reagent (Roche) as previously described.51 The LightSwitch 
Luciferase Assay Reagent (SwitchGear Genomics) enables the 
monitoring of luciferase reporter signal. At 36 h, cells were 
treated without or with 10 μg/ml cisplatin for an additional 12 
h. The RenSP Renilla luciferase activity was measured at 480 nm 
using a luminometer.

Transfection. Cells were transiently transfected with the 
scrambled siRNA and the following siRNAs (SREBF1 siRNA 
(h), sc-36557; E2F-1 siRNA (h), sc-29297; arginase I siRNA 

against the phosphorylated peptide vs. non-phosphorylated pep-
tide with the aid of Sigma Genosys.39 We then used the follow-
ing antibodies: anti-arginase 1 (ARG1, sc-365547) from Santa 
Cruz Biotechnology; anti-glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, NB300–322), anti-pyruvate kinase M2 
(PKM2, AT4M3, NBP1–48531); anti-carnitine palmitoyltrans-
fecrase 2 (CPT2, H00001376-B01P), anti-carbamoyl-phosphate 
synthetase 2 (CAD, NB100–61614), anti-glucoso-6-phosphate 
dehydrogenase (G6PD, NB100–236), anti-fructose-2, 6-biphos-
phatase (PFKFB3, H00005209-M08) and anti-fatty acid syn-
thase (FASN, NBP1–84733), all from Novus Biologicals.

Cells and reagents. The squamous cell carcinoma (SCC) cell 
line JHU-011 (formerly known as JHU-029, expressing wt-TP53, 
wt-TP63 is amplified and ΔNp63α is overexpressed) was iso-
lated from primary tissue at the Department of Otolaryngology/
Head and Neck Surgery (JHMI) then obtained from the Head 
and Neck Cancer Research Division Tissue Bank, as described 
elsewhere.44,59 The original cell line was authenticated by a 
short tandem repeat profiling analysis using the AmpFISTR 
Identifiler PCR Amplification Lit (Applied Biosystems) with the 
following markers: amelogenin, CSF1PO, D12S317, D16S539, 
D18S51, D19S433, D21S11, D2S1338, D3S1358, D5S818, 
D7S820, D8S1179, FGA, THO1, TPOX and VWA at the JHMI 
Fragment Analysis Facility. The stable SCC cell lines expressing 
ΔNp63α-wt or ΔNp63α-S385G were generated using Flp-In 
technology.39,40 Cells were maintained in RPMI medium 1640 
and 10% fetal bovine serum and incubated with control medium 
without cis-diamminedichloroplatinum (cisplatin, CIS, Sigma) 
or medium with 10 μg/ml cisplatin (Sigma) for the indicated 
time periods. Cells were lysed with 50mM Tris, pH 7.5, 100mM 
NaCl, 2 mM EDTA, 0.5% Triton X-100, 0.5% Brij-50, 1 mM 
PMSF, 0.5 mM NaF, 0.1 mM Na

3
VO

4
, 2X complete protease 

inhibitor cocktail, sonicated for 10 sec intervals and spun for 30 
min at 15,000 × g. Total and nuclear supernatants were analyzed 
by immunoblotting, and the levels of tested proteins were nor-
malized against β-actin or TATA-binding protein (TBP) levels, 
respectively.

Isolation of nuclear fractions. 1–2 × 106 cells were resus-
pended in hypotonic lysis buffer (10 mM HEPES pH 7.9, 10 
mM KCl, 0.1 mM EDTA, 0.1 mM EGTA) added with protease 
inhibitors (Sigma). After resuspension, 0.6% Triton X-100 (final 
concentration) was added, and the nuclei were pelleted by cen-
trifugation at 2,500–3,000 × g for 10 min at 4°C. Nuclear pellets 
were resuspended in the extract buffer (20 mM HEPES pH 7.9, 
25% glycerol, 0.4 M NaCl, 0.1 mM EDTA, 0.1 mM EGTA), 
rocked for 15 min at 4°C and nuclear lysate (supernatant) was 
recovered by centrifugation at 10,000 × g for 5 min at 4°C.

qPCR assay. We used the High Capacity cDNA Reverse 
Transcription Kit (#4374966, Applied Biosystems) to produce 
single-stranded cDNA probes. Next, we performed a qPCR 
using the TaqMan® PreAmp Master Mix Kit (includes Gene 
Expression Master Mix) (#4387406, Applied Biosystems). The 
following mRNA assays were used: ARG1 (Hs00968979_
m1), GAPDH (Hs02758991_g1), PKM2 (Hs00761782_s1), 
CPT2 (Hs00988962_m1), CAD (Hs00983188_m1), G6PD 
(Hs00166169_m1), PFKFB3 (Hs00998700_m1) and FASN 
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that involved in cell death response through regulation of cell 
cycle arrest, apoptosis, autophagy, RNA splicing, chromatin 
modifications. Here, we observed that the p-ΔNp63α-dependent 
regulatory mechanisms implicated in modulation of plethora of 
pathways, including amino acid, carbohydrate, lipid and nucleo-
tide metabolisms, thereby affecting tumor cell response to cispl-
atin-induced cell death.

Understanding the multiple mechanisms by which p-ΔNp63α 
modulates the response of SCC cells to cisplatin, including those 
that affect metabolic pathways, will support a notion that the 
ATM-dependent ΔNp63α pathway plays a role in the resistance 
of tumor cells to platinum therapy. (AUTHOR: Please cite refs. 
85 and 86)
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(h), sc-45206; glucose-6-phosphate dehydrogenase siRNA (h): 
sc-60667; and fatty acid synthase siRNA (h): sc-43758 obtained 
from Santa Cruz Biotechnology. Human glyceraldehyde-3-phos-
phate dehydrogenase siRNA (H00002597-R01), carnitine palmi-
toyltarnsferase-2 siRNA (H00001376-R01), and pyruvate kinase 
M2 siRNA (H00005315-R09) were purchased from Novus 
Biologicals. Transfection with 20 nM of siRNA was carried-out 
using Lipofectamine SiRNAMAX (Invitrogen) for 32 h post-
transfection.52 Resulting cells were treated with control medium 
or 10 μg/ml cisplatin for 16 h.

Cell viability assay. 104 cells/well in 96-well plates were incu-
bated in serum-free medium with 5 μg/ml of the 3-(4,5-dimethyl 
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT assay, 
American Tissue Culture Collection) in the dark for 4 h at 37°C. 
Cells were lysed and incubated for 2 h at 37°C, and the measure-
ments (A

570
 nm to A

650
 nm) were obtained on a Spectra Max 250 

plate reader (Molecular Devices) as described elsewhere.52 Each 
assay was repeated three times in triplicate. Diagrams indicated 
the extent of cell viability expressed as a portion of control cells 
without cisplatin represented as 1.

Statistical analysis. Results were expressed as means ± SD 
from three independent experiments in triplicate. Differences in 
variables between experimental and control group were assessed 
by using the Student’s t test. Statistically significant difference 
was accepted at p < 0.05.

Concluding Remarks

In the series of reports, we showed the critical importance of 
cisplatin-induced ATM-mediated phoshorylation of ΔNp63α, 
member of p53 family, to function as a transcriptional regulator 
of gene expression for mRNAs and microRNAs. We established 
that the knock-in mutation S385G in ΔNp63α that altered the 
ΔNp63α ability to be phosphorylated by ATM kinase ultimately 
affects cellular response of SCC cells to cisplatin exposure ren-
dering cells more resistant to cell death consequences. We found 
that p-ΔNp63α forms complexes with a number of proteins 
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