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Sp1 binds to the external promoter of the p73 gene and
induces the expression of TAp73y in lung cancer
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The p73 gene possesses an extrinsic P1 promoter and an intrinsic P2
promoter, resulting in TAp73 and ANp73 isoforms, respectively. The ulti-
mate effect of p73 in oncogenesis is thought to depend on the apoptotic
TA to antiapoptotic AN isoforms’ ratio. This study was aimed at identify-
ing novel transcription factors that affect TA isoform synthesis. With the
use of bioinformatics tools, in vitro binding assays, and chromatin immu-
noprecipitation analysis, a region extending —233 to —204 bp upstream of
the transcription start site of the human p73 P1 promoter, containing con-
served Spl-binding sites, was characterized. Treatment of cells with Spl
RNAIi and Spl inhibitor functionally suppress TAp73 expression, indicat-
ing positive regulation of P1 by the Spl protein. Notably Spl inhibition or
knockdown also reduces ANp73 protein levels. Therefore, Spl directly reg-
ulates TAp73 transcription and affects ANp73 levels in lung cancer.
TAp73y was shown to be the only TA isoform overexpressed in several
lung cancer cell lines and in 26 non-small cell lung cancers, consistent with
Spl overexpression, thereby questioning the apoptotic role of this specific
p73 isoform in lung cancer.

Introduction

Lung cancer is one of the most common and fatal
types of cancer in developed countries. Despite scien-
tific advances, the overall number of associated deaths
has only slightly decreased during the last 20 years [1].
The well-known tumour suppressor gene p53 has been
found to be mutated in 70-90% of lung cancer cases
and in less than 50% of all cancer cases [1]. However,
the involvement of p73, its structural and functional

Abbreviations

homologue, in this type of cancer is not clearly
understood [2].

The p73 gene is a member of the p53 family that
encodes an N-terminal transactivation domain (TA),
a highly conserved DNA-binding domain (DBD), and
a C-terminal oligomerization domain [3]. Despite its
high degree of sequence similarity with p53, especially
in the DBD, and its ability to activate various p53

ChIP, chromatin immunoprecipitation; DBD, DNA-binding domain; EMSA, electrophoretic mobility shift assay; NSCLC, non-small cell lung
cancer; siRNA, small interfering RNA; TA, transactivation domain; TSS, transcription start site; VEGF, vascular endothelial growth factor.
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targets [4] as well as to induce apoptosis in cancer cells
[5], p73 has unique characteristics that differentiate it
from a classical Knudson-type gene. Unlike p53, p73
rarely mutates in cancer [6], and p73~~ mice do not
develop spontaneous tumours, but show severe abnor-
malities in neuronal development [7]. The gene pro-
duces numerous isoforms as a result of: (a) alternative
splicing in the 3’-end (leading to the formation of a, B,
v, 8, & ( and m isoforms) [8—12]; (b) the use of an
extrinsic promoter (P1) and an alternative, intrinsic
promoter (P2) in the 5-end (leading to the formation
of TA and AN classes of isoforms, respectively) [13];
and (c) alternative splicing in the 5’-end (resulting in
truncated transcripts p73Aex2, p73Aex2/3, and AN’-
p73, which partially or entirely lack the TA, collec-
tively called ATA) [14]. The numerous isoforms derive
from several combinations between differential N-ter-
minal domain and C-terminal domain [15].

Despite the rarity of p73 mutations, overexpression
of p73 isoforms is common in several types of cancer
[14,16], including lung cancer [2]. Elevated levels of
expression of p73 isoforms have also been correlated
with lung cancer, as ANp73 overexpression predicts a
poorer prognosis in patients with squamous cell car-
cinoma and adenocarcinoma [17]. In addition, TAp73
is overexpressed in lung cancer tumour tissues
[18,19].

The ‘two genes in one’ idea has been suggested for
p73, whereby the same gene is thought to generate
products with opposing roles, mainly the apoptotic TA
isoform(s) and the antiapoptotic AN isoforms. In gen-
eral, TAp73 isoforms regulate the transcription of
ANp73 isoforms, which, in turn, act as dominant nega-
tive regulators of both TAp73 and p53, thus giving a
dominant negative feedback loop [13]. Consequently,
the ultimate effect of p73 isoforms in cancer progres-
sion is attributed to the TA/AN ratio, rather than the
overexpression of a specific p73 isoform or a specific
class of p73 isoforms per se [20,21].

In line with this concept, the selective promoter acti-
vation could result in the activation of either onco-
genic or tumour suppressor isoform(s) of this gene,
thereby shifting the TA/AN equilibrium towards an
oncogenic or a tumour suppressor direction. For
example, the p73 Pl promoter contains functional
E2F1-binding sites [22], through which the E2F1 tran-
scription factor induces TAp73 overexpression and
consequent apoptosis [23,24]. It has been reported that
the p73 P1 promoter is not completely inactivated by
site-directed mutagenesis of its functional E2F1 sites
[23], implying that additional transcription factor(s)
play a significant role in its regulation. This study
focused on the identification of novel transcriptional

FEBS Journal 277 (2010) 3014-3027 © 2010 National Hellenic Research Foundation. Journal compilation © 2010 FEBS

Sp1 activates p73 P1 promoter in lung cancer

factors that control the use of the p73 P1 promoter
and, subsequently, the relative expression of p73 iso-
forms in lung cancer by using lung cancer cell lines
and tumour samples. Spl was found to activate the
transcription of TAp73y in lung cancer via highly con-
served Spl-binding sites on the p73 P1 promoter. In
addition, TAp73y and Spl are co-overexpressed both
in vitro and in situ in lung cancer. Spl also affected the
ANp73 levels in lung cancer.

Results

The p73 P1 promoter has multiple putative
Sp1-binding sites

In order to identify transcription factors that control
the use of the p73 Pl promoter, we searched for con-
served binding sites located in regions of its sequence
that show high homology among various species,
including Bos taurus, Equus caballus, Erinaceus europa-
eus, Loxodonta africana, Macaca mulatta, Mus muscu-
lus, Ornithorhynchus anatinus, Otolemur garnettii, Pan
troglodytes, Rattus norvegicus and Tupaia belangeri.
The transcription start site (TSS) of the human
transcripts ENST00000346387, ENST00000354437,
ENST00000357733, ENST00000378290, and ENSTO00
000378295, which is located at chrl:3558989 (Ensem-
bl v54, May 2009), was selected. The analysis focused
on the first 250 bp upstream of the TSS, which shows
most conservation among mammals. Four conserved
human p73 Pl promoter regions (A-D), containing
potential Spl-binding sites, were identified (Fig. 1).
Region A is located —233 to —204 bp upstream of the
human p73 P1 TSS, and contains two putative Spl-
binding elements. Regions B, C, and D, which are
located —61 to —33, -20 to —1, and —4 to +20 bp
upstream of the TSS, respectively, all contain one
putative Spl-binding element. Our in silico prediction
of candidate Spl motifs in regions A, C and D is in
accordance with a previous study, in which MATINSPEC-
TOR V2.2 at the TRANSFAC website was used [25].
Furthermore, CONTRA analysis also suggested another
candidate Spl motif in region B. Our study demon-
strated a canonical, conserved TATA box at posi-
tion =32, based on the mapping of the TSS by
Ensembl, which is identical to the TATA box previ-
ously described for the human p73 P1 promoter [22].

Regions A, B and C on the p73 P1 promoter can
bind Sp1 in vitro

We evaluated the affinity of the in silico-identified
region A, B, C and D oligonucleotides for in vitro
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Region A
cgcgcgccabaaggcgg “““ cgggaaggaggcggggca-—-—-—-- gagcbcg—cccgg
cgcgcgccaaaagacgg--——--—-— cgggaaggaggcggggca--—-—-—-—-— gagtgcgcccegg
cgcgcgccaaaagacgg-—-—-——-—-— cgggaaggaagcggggcg-——-—-—-— gagcgcg-ccgge
cgcgcgecaaaaggcegg—- -ctgggaaggaggcggggc-------gagagcg-cccgg
tgcgcgccagacacggg--— -cgggaaggaggcgcccct------gaggccg--—---—
cgcgcgecaageggegg-—————- c€gggaaggaggcgggag——-—---- gagcggg-gccca
cacgtggcaggcggcagtgccgtcaggggagtcgecggagggctgaatgecgecgtg-ccecg
cgcgcgecaaacagegg-—-——-- €gggaaggaggcggggc——----- gggcgcg-teegyg
cgcgcgecaaaaggcegg-—-———-— cgggaaggaggcggggca-——-—-- gagcgcg-cccgg
cgcgcgceccaaacggegg-———--- cgggaaggaggcggggca--—-—--- gagcgcg-ccegg
cgcgcgccaage-——————-——————————— agaggcgggag--—--—---— gagcaga-gcccg
cgcgcgccaaac-gcgg-—-———-— cgggaaggaggcggggcg--———-—- gagcgcgccccag
gaccccgac-ttggacgcggccagctggagag-gcggagcgcecgggaggagaccttggee

gaccccgac-tcggacgcggccagectgggggg-gecggagcgeccggatggecgaccttggece
gaccccgacttcggacgecgtccagectgecggga-gecggagecgeccgggectgcaaccttggte
gaccccgac-tcggacgcggccagetgggggg-gcggagecgeccgecgeggcaaccecgggte
gatcccg-c-tctgcaaaggccagctgcgagg-gcggagcgcgaggagacagcctcggece
gaccccgac-tcgggcagagccagctggggag-gcggggcgcegecgtgggageccaggggee
gcccccggce-tecgggaggecgceccatggtttgg-gcgagacg-———-—--— agatggcgcggaac
a--cccgac-tcggaagcggccagetgggggg-gcggagcgcc—-—gaggagaccttggece
gaccccgac-ttggacgcggccccttggacagtgecggagcgeccgggaggagatcttgtee
gaccccgac-tcggacgcggccatctggggag-gecggagcgcecgggaggagaccttggee
gaccccgac-tcgggcagagccagctggggag-gcggggcgecgegtgggageccggggec
gaccctgac-ac-gacgcggccagcetggggg--gcggagcgccgggaggagaccttggee

———————————————————————————————————— ccgcc-gcgactcggtggecceg-c
ctagcct-gg---—-—- cgctgttgccccttgetecctecctgeccaacggectgagecggececg-c
ccggcctggg-——-—-—-- ccccgecgecccgegetecteececgec-acgecctgagecggeccg-¢
ccggcct-aa-——-—- ccgecgecg-ccagcccttcectccageg-cgggectgageggeccg-c
———————— ggggacccgccgeccegcecectgtceceecgectececge-gecggtecga-—-—-gcceg-¢
e cgggtgg-ccggccctectecegec-acggctgagt-geccecg-c
e e tttg-gcaataaagaaagctg-t
———————————————————————————————————— aggcc-------—--Ccggcccgcc
———————————————————————————————————— ccgcc-gcgactcggtggecceg-c
———————————————————————————————————— ccgcc-gcgactgggtggeccg-c
———————————————— ccggcgg-ccggcccectectecececgec-acggectgagt—-gecceg-c
tcggccec-gg-—---- cccggcag-cctggececctectcegeg-geggectgagtagececg-c
gctgcct-—--—---- tcccgecgegeccgggcta—-aaaaggcecgctaacgcecccgeggecg-cct
gctgcct-- —-tccecg-cecggecggctgecggaaggcgctaacgectggeggecta—-cee
gctgcect-- —-tccecgeeccagecgggctgecggaaggcgctaacgecccgecggeccg-cce
gctacct-——-—-—---- tcccgegeggeccggectgeggaaggcgetaactcc—gecggeca-cece
gccgect-—-—-—----— tcccgccecg-caggctcec-gaacagcgctaa———-——---— ggccg-tgc
gctgcct—-——————- tccecgececggtccgccaa-gaaaggcgctaa—gectgecggcag-tee
gcttgctggctaaatgcgacctccctegtca-gagggaccat—-———-—-—-—--—--—-— ctg-tct
gctccct----——---—-—----"-""-"""""""""""-"-"""""""—"—— -
gctgcct-—-—-—--- tcccgcgecgectggecta-taaaggtgctaacgcccgeggecg-cct
gctgcct-- —-tcccgcgecgceccgggcta-aaaaggcgctaacgeccggecggecg-cct
gctgcct-- —-tccecgececggtccgeccga—-gaaaggcgctaa—-gecctgecgeccag-cce
gctgcct———---- tccecgectgecgggctgcaaaaggcgctaacgecccgecggecgecee
Region B TATA Box
ac————ﬂccccgcggcgcctcccctccccgcgcccakat———aakccgcct ————— gg-
c————- tceccecgcecggcecgecteccectecececgegeccatat--—-aaccegeectt—-——-—-——- gg-
cc---ttcccecgecggegecteecececgeceecgecggeccatat-—-—aaccecgecte————-- ga-—
c————— tcceccgcagcgecteececteccegegeccatat---aactecgecte———--- gg-
c-——-- gcccecgc-ccgcecgecccctcaccgegeccgatat--—aacccge-————-——-—— g-
cc----tcgccgec--cgectcecctgecteccgecaccecttat---aaccege-——-—-——-———-—-—--—

ccgacgccctcaccccacaccccatctctacgcatgcatgggaggeccacttccagagga-—

ac----tccccgcggcgecteceecctecececgegeccatat--—aaceccgecta-——---— gg-
ac----tccccgcggcgectececctecececgegeccatat---aaccecgecta-——-——- gg-
cc----tcgcecgec--cgectecectgecccacgecccatat---aaccege———————-—-—---
cc--—-—-tctccacgacgcctecececctecceccgegecgecataa--—aatcegecte———-- tgc
Region C TSS i Region D

ggccgggcagcccgpcctpcctccccgcccg ———————————— cgcaccc¢cccggag—g

—cggccggagcccgecctgcecctccgecgecccgegeccgeccaggeccgcaccecgecteteg-t
-gccccgecgeccgcecctacctteccggececgecggeecgeccaggecgcageecgectegeg—-g
cggccecgecgeccgceccctgecteecececgeccgaggeccgececggecttcacecggteteteg-g
cgcccgccattctgee-——--—- tccegtcecg-——-—-—--- ccagcgcgtgececgeecgetceget
cgtcccgcatccag--—————————-—————————————-—-—-—————— - ——————————
aaccttgccctctceeccgacatec----———----"-"""""""""""-"-""-"-"-"—"—"—"—"—"—"————

ggccgggcagceccgecctggctegecgeccg-——————————— cgcgcccgcccagag-g
ggccgggccgeccgecctgectececegeccg-——————————— cgcacccgcceccgag—g
cgtcccgcagececcgece————— ctcagccca-————————————————————————————

cgcggggcagecccgccctgecttececececgeccgeggeccgcaggteccgcaceecgectetag-g
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synthesized Spl protein using electrophoretic mobility
shift assay (EMSA) experiments. In vitro, Spl can bind
to region A, B and C oligonucleotides (Fig. 2A,
lanes 6 and 11, and Fig. 2B, lane 6, respectively).
Self-competition experiments, as well as competi-
tion experiments using an excess of unlabelled control
oligonucleotide (containing a control Spl binding site)
for region A radiolabelled oligonucleotide, abolished
the formation of the Spl-radiolabelled region A oligo-
nucleotide complex (Fig. 2A, lanes 7 and 8, respec-
tively). The addition of the mSpl oligonucleotide
(containing a mutated Spl binding site) did not affect
protein—DNA binding (Fig. 2A, lane 9), whereas the
addition of antibody against Spl strongly supershifted
the Spl-DNA complex (Fig. 2A, lane 10). Similar
experiments for regions B (Fig. 2A) and C (Fig. 2B)
confirmed specific in vitro Spl-DNA binding. Notably,
the binding activity of the region A oligonucleotide
was markedly higher than those of all other oligonu-
cleotides that were tested, possibly indicating that both
putative Spl binding elements in region A are active.
Therefore, region A appears to be a better binding site
for Spl. In contrast, region D failed to bind in vitro
synthesized Spl protein (Fig. 2B, lanes 11-15), and it
was excluded from further analysis.

Binding of endogenous Sp1 from lung cancer
cell lines to the p73 P1 promoter

In order to validate the ability of endogenous Spl to
bind to the p73 Pl promoter within the cellular
environment, we performed additional EMSA experi-
ments using nuclear extracts from 11 representative
lung cancer cell lines. We used only region A radiola-
belled oligonucleotide, as it was found to bind in vitro
to Spl more effectively. We observed that the binding
of endogenous Spl to region A in the fibroblast cell
line IMR90 was almost equal to that in the normal
HNBE cells (Fig. 2C, lanes 1 and 2). A marked
increase in the level of region A oligonucleotide-Spl
complexes was noted in the anaplastic carcinoma cell
line (Fig. 2C, lane 3), and the levels of the complexes
appeared to remain equivalently high in the small cell
lung cancer cell line (Fig. 2C, lane 4), the squamous
cell carcinoma cell lines (Fig. 2C, lanes 5-7), the
adenocarcinoma cell lines (Fig. 2C, lanes 8-10), and
the large cell lung carcinoma cell line (Fig. 2C,
lane 11). The region A oligonucleotide-Spl complex

Sp1 activates p73 P1 promoter in lung cancer

was supershifted in the representative cell line A549
(Fig. 2C, lane 12), demonstrating the specificity of
region A for Spl of the nuclear cell lysates. The
Spl-DNA binding pattern for the region A oligonu-
cleotide is consistent with that of the control oligo-
nucleotide (Fig. 2D).

Binding of Spl to the p73 Pl promoter within the
cellular environment is further supported by chromatin
immunoprecipitation (ChIP) assays. Spl antibody
immunoprecipitated the p73 P1 promoter in A549 cells
in a dose-dependent manner (Fig. 2E). In contrast, no
PCR signal was observed when the irrelevant B-actin
antibody was used for ChIP. The sheared and cross-
linked DNA that was produced prior to the immuno-
precipitation step (input) was used as a positive
control PCR template.

TAp73 synthesis is regulated by Sp1 through
region A in lung cancer cell lines

Next, we tested the ability of Spl to regulate TAp73
expression in vivo by treating the standard TAp73-
expressing cell line A549 with either Spl small interfer-
ing RNA (siRNA) or an Spl protein inhibitor. The
resulting changes in TAp73 expression were monitored
by western blot analysis. The known Spl target vascu-
lar endothelial growth factor (VEGF) [26] was used as
a positive control. A549 cells were transiently trans-
fected with Spl siRNA, and the nonsilencing control
siRNA was the negative control for Spl siRNA inter-
ference. As shown in Fig. 3A, treatment with Spl
siRINA resulted in the downregulation of TAp73 and
VEGF levels as compared with the corresponding
levels in the siRNA-untreated cells, revealing positive
regulation of the p73 P1 promoter by Spl. In contrast,
TAp73 and VEGF levels were not affected by treat-
ment with negative control Spl siRNA. Similarly,
TAp73 levels gradually decreased after a 48 h treat-
ment of A549 cells with increasing concentrations of
the Spl inhibitor mithramycin A (Fig. 3B), which
not only interferes with the transcription of genes
containing GC-rich regions in their promoters, but
also, at high concentrations, reduces recruitment of
Spl to its own promoter [27].

We then performed transient transfection of AS549
cells with region A double-stranded phosphorothioate
oligonucleotides, which are able to antagonize
region A for Spl binding, in order to examine whether

Fig. 1. The P1 p73 promoter has multiple putative Sp1-binding sites, conserved among 12 mammalian species. Alignment using CONTRA
analysis revealed four conserved, putative Sp1 element-containing regions, spanning from —-233 to —204 bp (region A), —-61 to —-33 bp
(region B), =20 to -1 bp (region C) and —4 to +20 bp (region D) relative to the TSS of the human p73 P1 promoter. The four regions are
box-highlighted, and the human Sp1-binding sites are yellow-shaded. The TATA box is also box-highlighted.
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Fig. 2. Sp1 binds to the p73 P1 promoter both in vitro and in vivo. (A) The 3?P-labelled region A target was incubated with the in vitro
Sp1 protein either alone (lane 6) or in the presence of cold region A oligonucleotide (self-competition reaction) (lane 7), cold control oligo-
nucleotide (CON) (competition reaction with positive control) (lane 8), or cold mutant Sp1 oligonucleotide (mSp1) (competition reaction with
negative control) (lane 9). In lane 10, the protein-DNA complexes are supershifted with polyclonal antibody against Sp1 (supershift reaction).
Lanes 11-15 correspond to a similar set of reactions for the *?P-labelled region B target. Lanes 1-5 correspond to the positive control reac-
tions for the Sp1-containing oligonucleotide (CON). (B) Lanes 6-10 correspond to a similar set of reactions for the *2P-labelled region C tar-
get, and lanes 11-15 correspond to a similar set of reactions for the ?P-labelled region D target. Lanes 1-5 correspond to the positive
control reactions for the Sp1-containing oligonucleotide (CON). EMSAs using in vitro Sp1 and region A, B, C or D oligonucleotides revealed
that regions A, B and C can bind to Sp1. (C) Lanes 1-11 contain radiolabelled region A oligonucleotide incubated with nuclear extracts from
11 lung cancer cell lines and electrophoresed on polyacrylamide gel. The specificity of the region A oligonucleotide-Sp1 protein complex is
confirmed by a supershift reaction with polyclonal antibody against Sp1 in the representative A549 cell line (lane 12). (D) Lanes 1-11 show
the corresponding positive control EMSA experiments demonstrating specific binding of endogenous Sp1 of the same cell lines to radiola-
belled control Sp1 oligonucleotide (CON). The CON-Sp1 protein complex was supershifted in the representative cell line, A549 (lane 12).
Unlabel., unlabelled oligonucleotides; *2P-label, ?P-labelled oligonucleotides; N/S, nonspecific DNA-protein complexes. (E) ChIP assay with
DNA from A549 cells. Immunoprecipitation was performed with 2 pug and 6 pg of antibody against Sp1. PCR primer pairs were specific for
the —265 to +61 bp region of the p73 P1 promoter. Chromatin incubated with antibody against B-actin was used as a negative immunopre-
cipitation control, whereas input was used as a positive PCR control.
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Fig. 3. Sp1 mediates TAp73 overexpression through P1 activation. (A) Transient transfection with Sp1 siRNA results in the reduction of Sp1
and TAp73 levels in A549 cells. VEGF levels were used as a positive control for Sp1 siRNA interference. p-actin levels were used as a load-
ing control. Nonspecific Sp1 siRNA was used as a negative control. (B) A 48-h treatment of Ab49 cells with increasing concentrations of the
Sp1 inhibitor mithramycin A results in reductions in Sp1 and TAp73 levels. VEGF levels were used as a positive control (C) A549 cells were
transiently transfected with region A decoy, total protein extracts were prepared from these cells after 4, 12 and 24 h of decoy treatment,
and the TAp73 levels were estimated by western blot analysis. (D) Similar transient transfection experiments with mutant Sp1 (mSp1)
decoys were performed as a negative control of interference. The experiment was performed in triplicate. (E) TAp73 levels were quantified
by IMAGEQUANT and compared with the corresponding levels of the untreated cells. As shown in the graph, TAp73 levels decreased with time
upon region A decoy treatment. (F) Quantification of the TAp73 levels and comparison with the corresponding levels of decoy-untreated cells
(black bars) demonstrated no change in TAp73 levels of mSp1-treated cells over time (grey bars). The protein amounts in all experiments
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region A of the p73 Pl promoter is specifically
responsible for Spl-mediated TAp73 expression in lung
cancer cells. Mutant (mSpl) double-stranded phosp-
horothioate oligonucleotides were used as the corre-
sponding negative control. Region A phosphorothioate
oligonucleotides were able to reduce TAp73 expression
over a 24 h treatment period (Fig. 3C,E), whereas
mSpl phosphorothioate oligonucleotides failed to

a negligible effect on TAp73 expression, even after
48 h of treatment (data not shown).

TAp73y and Sp1 are co-overexpressed in lung
cancer cell lines and non-small cell lung cancers
(NSCLCs)

Western blot analysis for TAp73 isoforms using total

affect TAp73 expression (Fig. 3D,F). In contrast,
region B and C phosphorothioate oligonucleotides had
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protein extracts from 15 lung cancer cell lines revealed
that the abundantly expressed TAp73 isoform in all
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tested cell lines was TAp73y, whereas TAp73a and
TAp73p were not detected. The level of TAp73y was
low in the normal HNBE cells, slightly increased in
the fetal lung fibroblast cell lines (CCLI171 and
IMR90), and substantially increased in the lung epithe-
lial anaplastic carcinoma cell line (CALUG6), the small
cell carcinoma cell line (DMS53), the squamous lung
cancer cell lines (CRL5802, HTB182, HTB58, HTB59,
and SKMESI), the adenocarcinoma cell lines (A549,
CALU3, CRL5935, and SKLU1), and the large cell lung
cancer cell line (CORL23). The corresponding Spl
expression pattern was consistent with that of TAp73y
(Fig. 4A), as well as with the SpI-DNA binding pattern
revealed by the EMSA experiments. Quantification of
TAp73y and Spl levels is shown in Fig. 4B.

To verify our findings in situ, we analysed the
expression of TAp73 isoforms in a group of 26 lung
cancer patients. TAp73y was exclusively overexpres-
sed in 68.42% (13/19) of squamous cell lung cancer

S. Logotheti et al.

samples and in 57.14% (4/7) of adenocarcinoma sam-
ples as compared with their corresponding adjacent
normal tissues. TAp73a and TAp73B were undetect-
able in the tumour tissues of all patients. Spl levels
were also examined, and Spl was found to be overex-
pressed in 57.89% (11/19) of squamous cell lung can-
cer samples and in 42.86% (3/7) of adenocarcinoma
samples. Spl and TAp73y were co-overexpressed in
42.86% (3/7) of adenocarcinoma samples, in 52.63%
(10/19) of squamous cell lung cancer samples, and in
50% (13/26) of total lung cancer samples. Figure 4C
shows TAp73 and Spl levels in representative squa-
mous cell carcinoma and adenocarcinoma samples
(Fig. S1). The mean TAp73y levels showed an
approximately 12-fold increase in tumour tissues with
respect to the corresponding normal levels. Similarly,
an approximately eight-fold increase in the mean Spl
levels was observed in the examined tumour samples
(Fig. 4D).
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Fig. 4. TAp73y and Sp1 are co-overexpressed in lung cancer cell lines and tumour samples. (A) Western blot analysis of total extracts from
15 lung cancer cell lines revealed coelevation of Sp1 and TAp73y protein levels in these cells. In vitro-translated TAp73a, TAp73f and
TAp73y were used as controls for the identification of TAp73 isoforms, in vitro Sp1 was used as a control for the expression of Sp1, and
B-actin was used as a loading control. (B) Sp1 and TAp73y levels were quantified by IMAGEQUANT and expressed relative to the normal HNBE
cell line. (C) Western blot analysis demonstrated a significant increase in both TAp73y and Sp1 levels in the representative squamous cell
carcinoma (patient No. 1) and adenocarcinoma (patient No. 18) samples as compared with the corresponding normal tissues. In vitro-synthe-
sized TAp73p and TAp73y were used as controls, for the identification of the exact TAp73 isoform expressed in these samples. (D)
The mean levels of TAp73y and Sp1 in 26 NSCLCs samples were compared with the corresponding mean levels in the normal samples. Rel-
ative mean TAp73y levels showed an almost 12-fold increase (grey bars), and relative mean Sp1 levels showed a greater than eight-fold
increase (black bars). The experiment was performed in triplicate.
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tissues.

ANp73 levels are affected by Sp1 and enhanced
in lung cancer cells

As the outcome of the action of TAp73 is dependent
on the presence of the dominant negative ANp73 [13],
an important issue to be considered is whether Spl
also affects ANp73 levels in the context of lung cancer.
It is also important to investigate whether ANp73 is
co-overexpressed, along with TAp73y, in lung cancer.
In this respect, we first assessed the effect of Spl
siRNA treatment of A549 cells on ANp73 levels. As
shown in Fig. 5A, ANp73 levels were markedly
reduced in the Spl siRNA-treated A549 cells as com-
pared with the untreated cells, in contrast to the
ANp73 levels of nonsilencing control-treated A549
cells, which remained unchanged. Similarly, ANp73
levels showed a marked decrease upon treatment of
the A549 «cell line with 400 nM mithramycin A
(Fig. 5A). A CONTRA analysis was performed in order
to examine whether a direct interaction of Spl with
the p73 P2 promoter is possible. Interestingly, our
analysis showed a conserved region of 124 bp
upstream of the AN-TP73 TSS. A highly conserved
Spl candidate site was found at position —17 to —26.
This sequence was flanked by two candidate TATA
boxes at positions —3 to —9 and —26 to +32. Another
Spl site was identified at the 5-end of the conserved
promoter region (—115 to —124). The TSS was located
at chrl:3597096 (Ensemble v54, May 2009) of the
AN-TP73 promoter (transcripts ENST00000378280
and ENST00000378285) (data not shown).
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Next, ANp73 levels were monitored in 12 lung can-
cer cell lines, as well as in four representative paired
samples of the 26-membered panel of lung cancer
patients. Figure 5B shows that ANp73 protein expres-
sion was low in the normal HNBE and fetal lung
fibroblast CCL171 cell lines, whereas it was signifi-
cantly increased in the lung epithelial anaplastic
carcinoma cell line (CALUG6), in the squamous lung
cancer cell lines (HTB59, HTBS8, and SKMESI), in
the adenocarcinoma cell lines (CALU3, CRL5935,
A549, and SKLUI), and in the large cell lung cancer
cell line (CORL23). In agreement with the data con-
cerning cell lines, as well as previous data on clinical
samples [17,19], ANp73 was also overexpressed in the
representative tumour samples as compared with their
corresponding normal tissues (Fig. 5C). Thus, ANp73
levels are not only enhanced in lung cancer cells, along
with those of TAp73y, but are also affected by Spl.

Discussion

In the search for transcription factors that affect the use
of the p73 P1 promoter, we identified a region —233 to
—204 bp upstream of the TSS of the human p73 P1 pro-
moter containing conserved, functional Spl-binding
sites. Reduction of the endogenous Spl levels or inhibi-
tion of Sp1 binding to this region downregulates TAp73
expression in lung cancer cells. Importantly, Spl also
affected the expression of ANp73 in lung cancer cells.
Spl has traditionally been considered to be a ubiqui-
tous transcription factor, responsible for the basal/
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constitutive activation of a wide range of viral and
mammalian genes. However, novel data strongly corre-
late deregulated Spl expression with tumour develop-
ment, growth and metastasis, as it is significantly
overexpressed in pancreatic, breast, thyroid and colon
tumours, and it transactivates genes with a substantial
role in cancer progression, cell cycle regulation, and
antiapoptotic procedures [28]. Our study makes Sp1 the
second transcription factor identified, so far, after
E2F1 as directly controlling the p73 Pl promoter. In
addition, it indicates an association between Spl over-
expression and TAp73 overexpression in lung cancer.

Sp families of transcription factors can form com-
plexes with TAp73 isoforms [29]. Recently, it was
shown that TAp73 isoforms interfere with Spl tran-
scriptional activity, thus acting as repressors of Spl-
mediated activation of genes, such as those encoding
enhancer I of the core protein of hepatitis B virus
[30], human telomerase reverse transcriptase [31,32],
the potent angiogenic factor VEGF [33] and the cell
cycle Go/M checkpoint controller cyclin B [34]. Tt is
proposed that this repression may be achieved via for-
mation of Spl-TAp73 complexes, resulting in the
abrogation of Spl binding to corresponding elements
on target gene promoters [30,32]. This tumour suppres-
sion mechanism parallels that of p53 [35,36]. The
above-mentioned negative effect of p73 on Spl-medi-
ated transcription is specific only to the TAp73 iso-
forms, and not the ANp73 [31] or ATAp73 isoforms
[30,32], and its efficiency fluctuates depending on the
type of TAp73 isoform, with TAp73p being the most
effective suppressor and TAp73y being the least effec-
tive [32]. It remains to be elucidated whether TAp73
interference in the Spl-mediated transactivation of
oncogenes also applies to lung cancer, suggesting that
the interactions between Spl and TAp73 isoforms
extend beyond the level of transcriptional control of
the p73 P1 promoter.

In this study, we also demonstrated that the full-
length p73 isoform overexpressed in cancer cells both
in vitro and in situ is TAp73y. TA isoforms were found
to be elevated in lung cancer samples in the past, but
the exact TAp73 isoform(s) overexpressed were not
determined [2,19]. To the best of our knowledge, this
is the first time that this particular isoform has been
found to be specifically and exclusively overexpressed
in cancer cells. Typically, TAp73 isoforms activate
genes that mediate either cell cycle arrest or apoptosis,
such as p2l, bax, mdm2, gadd4s, cyclin G, IGFBP3,
and [/4-3-3, and trigger cell death [5]. In vivo evidence
supports the proposed role of TA isoforms as tumour
Suppressors, as TAp73’/ ~ mice are tumour-prone and
develop tumours upon treatment with carcinogens,
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Fig. 6. Comparison between the primary structure of TAp73a,
TAp73P, and TAp73y. Alternative splicing results in the loss of the
Pro-rich domain and in the truncation of the Glu/Pro-rich domain,
which contains a newly identified N-terminal transactivation domain.
OD, oligodimerization domain; SAM, sterile a-motif (based on [40]).

with lung adenocarcinoma being the most frequent
cancer diagnosed in these knockout animals [37].
Therefore, our finding raises questions about the pre-
sumed role of TAp73y in cancer, suggesting that its
function may diverge from the traditionally proposed
apoptotic function of TAp73 isoforms. Indeed,
TAp73y has been almost ineffective in activating the
p21Wafl/Cipl promoter and inhibiting colony forma-
tion of Saos cells, in contrast to the more efficient
TAp73a and TAp73f [9]. Similarly, it only poorly
transactivates a p53-binding consensus sequence-con-
taining promoter in p53-null cell lines [11].

The failure of TAp73y to exert the same drastic
transactivation activities as the more extensively stud-
ied TAp73a and TAp73p might be associated with dif-
ferences in its C-terminal domain (Fig. 6). In this
respect, a newly highlighted difference in TAp73y is
that its C-terminal domain is basic and forms weak
sequence-specific DNA—protein complexes, whereas the
corresponding domains of TAp73a and TAp73p are
neutral and form strong DNA-protein complexes,
reflecting differential promoter binding and target gene
transactivation [38]. Another difference in the C-termi-
nal domain of TAp73y is that, owing to the excision
of exon 11 during alternative splicing, it lacks most of
the Glu/Pro-rich domain and the Pro-rich domain,
which are located in a region extending from 382 to
491 amino acids and are thought to enhance the trans-
activation activities of TAp73a and TAp73p [39.,40]. In
addition, lack of exon 11 in TAp73y results in the
truncation of a second transactivation domain, located
within amino acids 381-399, which was recently shown
to regulate genes involved in cell cycle progression
[41]. The above data imply a transactivational deficit
for TAp73y as compared with other TAp73 isoforms,
which could influence its apoptotic function.

In agreement with previous clinical studies [19], we
demonstrated that ANp73 levels are also elevated in
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lung cancer cell lines and in exemplary tumour sam-
ples. Furthermore, and for the first time, we showed
that ANp73 levels are reduced in vitro upon inhibition
or knockdown of the Spl transcription factor. The
effect of Spl on ANp73 expression may be direct, as
highly conserved, putative Spl-binding sites on the p73
P2 promoter were identified by bioinformatic analysis.
This possibly means that Spl controls both TAp73
and ANp73 expression via regulation of their respec-
tive promoters. Alternatively, it is possible that this
effect may be indirect, as the overexpression of
P2-derived AN isoforms could be attributed to the
overexpression of TAp73, which is known to activate
the P2 promoter [13]. In this case, downregulation of
ANp73 expression upon Spl inhibition or reduction
could be caused by subsequent downregulation of
TAp73 expression. Furthermore, the possibility that
the p73 P1 promoter is able to produce a fraction of
ANp73 molecules in lung cancer cannot be excluded,
as the Pl-derived AN’ transcripts, which have been
reported to be expressed in lung cancer tumours [19],
are also translated to ANp73 [14]. In other words, as
ANp73 proteins are the translational products of both
Pl-derived AN’ and P2-derived AN transcripts, the
decreased ANp73 levels may be attributed, at least in
part, to the reduced activity of the p73 P1 promoter.
Finally, it is also possible that the influence of Spl on
ANp73 levels might be the combinational and/or syn-
ergistic result of all the above-mentioned processes.
Therefore, all of these issues should be addressed in
the future.

Taken together, our findings make it clear that there
is a link between the expression of Spl and p73
isoforms in lung cancer. Not only does Spl have the
potential to affect the TA and AN protein isoform
levels, but its deregulated expression is also implicated
in lung cancer. On the other hand, TAp73 overexpres-
sion in lung cancer could be linked to oncogene-
induced DNA damage, as induction of p73 is DNA
damage response-dependent [42,43]. The mechanisms
that underlie the interplay between Spl and full-length
or N-terminal-truncated p73 isoform(s) should be fur-
ther investigated.

Experimental procedures

Bioinformatics

The CONTRA [44] web tool was used for ¢p73 P1 promoter
analysis, as follows. The direction of transcription of
tp73 was identified, and the most upstream TSS of all #p73
Ensembl [45] transcripts was selected. One thousand base
pairs of the UCSC multiz 28-way 5000 upstream alignment,

Sp1 activates p73 P1 promoter in lung cancer

homologous to the human #p73 P1 promoter genomic
sequences, were used for the initial analysis. The sequences
were compared against the V$SP1_Q2 01 TRANSFAC
position weight matrix of Spl target motifs with a core cut-
off of 0.90 and a similarity matrix cut-off of 0.75. The
sequence alignment and its accompanying information
regarding potential Spl sites were downloaded and viewed
by JALVIEW [46]. Through BIOEDIT [47], the alignments were
imported to Microsoft Word 2003 (http://www.micro
soft.com/) for further manipulation.

Cell lines and culture conditions

The following human lung carcinoma cell lines used in this
study were obtained from the American Type Culture Col-
lection (Rockville, MD, USA): HNBE, CCL171, IMR90,
CALU6, DMS53, CRL5802, HTB182, HTB58, HTBS59,
SKMESI, AS549, CALU3, CRL5935, SKLUI and
CORL23. All cell lines were maintained in DMEM supple-
mented with 10% fetal bovine serum (Invitrogen, Carlsbad,
CA, USA). To evaluate the effects of mithramycin A
(Sigma-Aldrich, St Louis, MO, USA), 60-70% confluent
cells were incubated with 50-400 nM mithramycin A in
60-mm cell culture dishes for 48 h.

Patient characteristics and tumour specimens

Tumour specimens and their corresponding normal tissues
were derived from 26 lung cancer patients, 18 males and
eight females. Of the 26 patients, 19 were diagnosed with
squamous cell carcinoma and seven with adenocarcinoma.
The patients’ mean age was 68.6 years. All of the above-
mentioned patients underwent surgical tumour excision at
the Cardiothoracic Centre of Broadgreen, Liverpool, UK.
The study protocol was approved by the Liverpool Ethics
Committee and all of the patients provided written,
informed consent.

Preparation of total cell lysates and nuclear
extracts

For the preparation of total cell lysates, cells were lysed in
lysis buffer (20 mmol-L™" Tris, pH 7.6, 0.5% Triton X-100,
250 mmol'L™' NaCl, 3 mmol'L™' EDTA, 3 mmol-L™!
EGTA, 10 gmL™" Pefabloc, 2 mmol-L™" sodium ortho-
vanadate, 10 gmL™! aprotinin, 10 gmL™"' leupeptin, and
1 mmol-L™! dithiothreitol). Lysates were incubated on ice
for 30 min and then centrifuged at 8000 x g at 4 °C for
10 min. The supernatant was aliquoted and stored at
=70 °C.

For the preparation of nuclear extracts, cells were pel-
leted and homogenized in ice-cold hypotonic buffer (25 mm
Tris, pH 7.5, 5 mMm KCl, 0.5 mm MgCl,, 0.5 mm dithiothre-
itol, 0.5 mM phenylmethanesulfonyl fluoride) with a Teflon—
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glass homogenizer. The nuclear fraction was pelleted,
washed with isotonic buffer (25 mm Tris, pH 7.5, 5 mm
KCl, 0.5 mm MgCl,, 0.5 mMm dithiothreitol, 1 mm phen-
ylmethanesulfonyl fluoride, 0.2 mM sucrose) and lysed
with extraction buffer (25 mm Tris, pH 7.5, 1 mm EDTA,
0.1% Triton X-100, 0.5 mMm dithiothreitol, 0.5 mM phen-
ylmethanesulfonyl fluoride). Nuclear debris was removed
by centrifugation at 55 000 g for 1 h at 4 °C. Estimations
of the protein concentrations for both total cell lysates and
nuclear extracts were performed using the Bio-Rad protein
assay (Bio-Rad Laboratories, Hercules, CA, USA).

Protein extraction from tumour samples

Frozen tissue samples mixed with ice-cold RIPA buffer
[1 x NaCl/P;, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium
deoxycholate, 0.1% (v/v) SDS] (Sigma-Aldrich) containing
protease inhibitors (Roche Applied Science, Hague Road,
IN, USA) at a tissue/buffer volume ratio of 1 : 1. The mix-
ture was incubated on ice for 1 h and homogenized with
frequent vortexing. The homogenate was centrifuged at
13 000 g for 15 min at 4 °C, and the resulting supernatant
was collected in a clean Eppendorf tube.

In vitro proteins

In vitro Spl was purchased from Promega (Madison, WI,
USA). TAp73a, TAp73B and TAp73y were synthesized
from the corresponding expression plasmids [9], using the
TnT in vitro translation system (Promega).

EMSAs

Annealed oligonucleotides representing regions A, B, C and
D of the human p73 P1 promoter were used (Invitrogen).
A consensus Spl-binding site and a mutant Spl-binding site
were used as positive and negative control, respectively
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Oligo-
nucleotide sequences are summarized in Table 1. Annealed
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oligonucleotides were end-labelled with [*?PJATP[yP], using
T4 polynucleotide kinase (New England Biolabs, Ipwich,
MA, USA), following the manufacturer’s instructions.
Radiolabelled products were purified on Microspin G-25
columns (GE Healthcare, Little Chalfont, UK), according
to the manufacturer’s instructions. The reaction mixture
was prepared by mixing 2000 c.p.m. of y->*P-labelled oligo-
nucleotide with 20 pg of nuclear cell protein in binding buf-
fer (50 mm Hepes, pH 8.0, 500 mmM NaCl, 0.5m
phenylmethanesulfonyl fluoride, 0.5 mgmL™" BSA, 20%
glycerol, 1 mmM EDTA) plus 1 mm dithiothreitol and
150 pgmL™" poly(dI-dC) (Sigma-Aldrich), and left at room
temperature for 30 min. The reaction mixtures were subse-
quently electrophoresed on a 6% polyacrylamide gel at
150 V for 90 min, and the gel was dried and visualized by
autoradiography. For the supershift assay, the reaction
mixture was incubated with antibody against human Spl
(PEP2) (Santa Cruz Biotechnology) for 30 min at 4 °C.

ChIP assay

Cells were crosslinked at a final concentration of 1% form-
aldehyde for 10 min at 37 °C. Crosslinked cells were
washed twice in ice-cold NaCl/P; and collected by centrifu-
gation for 5 min at 300 x g The pellet was resuspended in
600 pL. of buffer (50 mm Tris/HCI, pH 8.0, 85 mm KCI,
0.5% NP40) and incubated for 10 min on ice. The solution
was centrifuged for 5 min at 1700 x g, and the pellet was
resuspended in 600 pL of lysis buffer (50 mMm Hepes/KOH,
pH 7.5, 150 mm NaCl, 1 mm EDTA, pH 8.0, 1% Tri-
ton X-100, 0.1% sodium deoxycholate, 0.1% SDS) contain-
ing protease inhibitors. Lysate was sonicated to shear DNA
to an average fragment size of 500-1000 bp, and the debris
was pelleted by centrifugation for 5 min at 11 000 x g and
4 °C. The soluble chromatin material was further treated
with salmon sperm DNA/protein A agarose 50% slurry
(Upstate Biotechnology, Lake Placid, NY, USA). After
overnight incubation with antibody against Spl (sc-59x)
(Santa Cruz Biotechnology), the immune complexes were

Table 1. Oligonucleotides used in EMSA experiments. F, forward; R, reverse.

Name Position (relative to the TSS) Direction Oligonucleotides (5 to 3')
Region A —233 to —204 bp F aaaggcggcgggaaggaggcggggcagage
R gctctgccececgecteccttecececgecgecttt
Region B —61 to —33 bp F ccecgeggegectecectececcgegecca
R tgggcgcggggaggggaggcgecgcggyg
Region C -20to -1 bp F aggggccgggcagcccgecct
R agggcgggctgcccggeccct
Region D -4 to +20 bp F ccctgcctecccgeccgegecacce
R gggtgcgcgggeggggaggcaggg
Cold control oligonucleotide None F attcgatcggggcggggcgag
R ctcgccececgecccgatcgaat
mSp1 None F attcgatcggttcggggcgag
R ctcgcececcgaaccgatcgaat
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treated with 60 pL of salmon sperm DNA/protein A aga-
rose 50% slurry (Upstate Biotechnology) for 2 h at 4 °C.
The beads were then washed sequentially for 5 min at room
temperature in 1 mL of lysis buffer without SDS, in 1 mL
of lysis buffer plus 500 mm NaCl, in 1 mL of buffer
(10 mm Tris/HCI, pH 8.0, 1 mm EDTA, pH 8.0, 250 mm
LiCl, 1% NP40, 1% sodium deoxycholate), and finally
twice in Tris/EDTA. Immune complexes were eluted with
200 uL of elution buffer (1% SDS, 50 mm Tris/HCI,
pH 7.5, 10 mm EDTA) and incubated for 5 min at 65 °C.
The pooled elutes were incubated with RNase for 1 h and
with proteinase K for 4 h at 65 °C to reverse crosslinks.
DNA was extracted by phenol/chloroform treatment and
precipitated with 10 pg of glycogen and ethanol overnight
at — 20 °C. The pelleted DNA was resuspended in 10 pL of
nuclease free water and amplified by PCR. The PCR
primers used were as follows: forward, 5-TCG CCG GGC
TCT GCA GGA G-3; and reverse, 5-GTT TCG CTG
CGT CCC CTT CGC-3".

siRNA transient transfection

Spl Validated Stealth RNAi DuoPak and its medium-GC
content siRNA control (Invitrogen) were used for knock-
down of p73 and VEGF. A549 cells were harvested in six-
well plates and transfected with Lipofectamine RNAIMAX
according to the manufacturer’s instructions. Lipofecta-
mine-containing medium was replaced after 6 h. Cells were
collected following a 48-h incubation at 37 °C, and total
proteins were isolated for western blot analysis.

Double-stranded oligonucleotide functional
analysis

We used phosphorothioate oligonucleotides for regions A, B
and C (Invitrogen) to transiently transfect the A549 cell line,
as previously described [48]. Cells were harvested in six-well
plates and transfected with 150 nm Spl-decoy oligonucleo-
tides, using Fugene transfection reagent (Roche Applied Sci-
ence), according to the manufacturer’s instructions. After
4 h, the medium was replaced with fresh medium, without
Fugene and oligonucleotides. The cells were collected 4, 12
and 24 h after transfection, and total proteins extracted
from these cells were subjected to western blot analysis.

Western blot analysis

Protein extracts (10 pg) were electrophoresed on an 8%
SDS/polyacrylamide gel under reducing conditions, trans-
ferred to nitrocellulose membranes, and blocked for 2 h at
room temperature. The blots were subsequently incubated
overnight at 4 °C with the following primary antibodies: rab-
bit immunoglobulin against human Spl (PEP2) (Santa Cruz
Biotechnology), mouse immunoglobulin against human
B-actin (Abcam, Cambridge, UK), mouse immunoglobulin
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against human full length p73 (which has been shown to rec-
ognize TAp73a, TAp73B, and TAp73y [49]), rabbit immuno-
globulin against human VEGF (sc-507) (Santa Cruz
Biotechnology), and mouse immunoglobulin against human
ANp73 (Abcam), in 1 : 600, 1 : 1000, 1 : 4000, 1 : 500 and
1 : 500 dilutions, respectively. The blots were incubated with
the appropriate secondary horseradish peroxidase-conju-
gated antibodies (Santa Cruz, Santa Cruz, CA, USA) in cor-
responding dilutions of 1:8000, 1:5000, 1 :10 000,
1 :3000 and 1 : 10 000 for 2 h at room temperature. Detec-
tion of protein levels was carried out using an enhanced
chemiluminescence system (Pierce, Rockford, IL, USA). The
protein amounts were normalized to B-actin and quantified
using IMAGEQUANT software (GE Healthcare, Little
Chalfont, UK).

Acknowledgements

We thank G. Melino for kindly providing us with the
TAp73 constructs. S. Logotheti and V. Zoumpourlis
were supported by 05NON-EU-3. A. Daskalos, T.
Liloglou and J. K. Field were supported by the Roy
Castle Lung Cancer Foundation, UK. B. Vojtesek was
supported by grants IGA MZ CR NS/9812-4 and
MZOMOU2005. V Gorgoulis is financially supported
by European commition grants FP-7 GENICA and
FP-7 INLACARE.

References

1 Minna JD, Roth JA & Gazdar AF (2002) Focus on
lung cancer. Cancer Cell 1, 49-52.

2 Tokuchi Y, Hashimoto T, Kobayashi Y, Hayashi M,
Nishida K, Hayashi S, Imai K, Nakachi K, Ishikawa
Y, Nakagawa K et al. (1999) The expression of p73 is
increased in lung cancer, independent of p53 alteration.
Br J Cancer 80, 1623-1629.

3 Melino G, Lu X, Gasco M, Crook T & Knight RA
(2003) Functional regulation of p73 and p63:
development and cancer. Trends Biochem Sci 28,
663-670.

4 De Laurenzi V & Melino G (2000) Evolution of func-
tions within the p53/p63/p73 family. Ann NY Acad Sci
926, 90-100.

5 Melino G, Bernassola F, Ranalli M, Yee K, Zong WX,
Corazzari M, Knight RA, Green DR, Thompson C &
Vousden KH (2004) p73 Induces apoptosis via PUMA
transactivation and Bax mitochondrial translocation.

J Biol Chem 279, 8076-8083.

6 Nomoto S, Haruki N, Kondo M, Konishi H, Takah-
ashi T, Takahashi T & Takahashi T (1998) Search for
mutations and examination of allelic expression imbal-
ance of the p73 gene at 1p36.33 in human lung cancers.
Cancer Res 58, 1380—-1383.

FEBS Journal 277 (2010) 3014-3027 © 2010 National Hellenic Research Foundation. Journal compilation © 2010 FEBS 3025



Sp1 activates p73 P1 promoter in lung cancer

7

3026

Yang A, Walker N, Bronson R, Kaghad M, Oosterwe-
gel M, Bonnin J, Vagner C, Bonnet H, Dikkes P,
Sharpe A et al. (2000) p73-deficient mice have neuro-
logical, pheromonal and inflammatory defects but lack
spontaneous tumours. Nature 404, 99—-103.

Kaghad M, Bonnet H, Yang A, Creancier L, Biscan
JC, Valent A, Minty A, Chalon P, Lelias JM, Dumont X
et al. (1997) Monoallelically expressed gene related

to p53 at 1p36, a region frequently deleted in neuro-
blastoma and other human cancers. Cell 90, 809-819.
De Laurenzi V, Costanzo A, Barcaroli D, Terrinoni A,
Falco M, Annicchiarico-Petruzzelli M, Levrero M &
Melino G (1998) Two new p73 splice variants, gamma
and delta, with different transcriptional activity. J Exp
Med 188, 1763-1768.

De Laurenzi VD, Catani MV, Terrinoni A, Corazzari
M, Melino G, Costanzo A, Levrero M & Knight RA
(1999) Additional complexity in p73: induction by
mitogens in lymphoid cells and identification of two
new splicing variants epsilon and zeta. Cell Death Differ
6, 389-390.

Ueda Y, Hijikata M, Takagi S, Chiba T & Shimotohno
K (1999) New p73 variants with altered C-terminal
structures have varied transcriptional activities.
Oncogene 18, 4993-4998.

Ishimoto O, Kawahara C, Enjo K, Obinata M, Nukiwa
T & Ikawa S (2002) Possible oncogenic potential of
DeltaNp73: a newly identified isoform of human p73.
Cancer Res 62, 636-641.

Grob TJ, Novak U, Maisse C, Barcaroli D, Liithi AU,
Pirnia F, Hiigli B, Graber HU, De Laurenzi V, Fey
MF et al. (2001) Human ANp73 regulates a dominant
negative feedback loop for TAp73 and p53. Cell Death
Differ 8, 1213-1223.

Stiewe T, Tuve S, Peter M, Tannapfel A, Elmaagacli
AH & Putzer BM (2004) Quantitative TP73 transcript
analysis in hepatocellular carcinomas. Clin Cancer Res
10, 626-633.

Marabese M, Vikhanskaya F & Broggini M (2007) p73:
a chiaroscuro gene in cancer. Eur J Cancer 43, 1361—
1372.

Tuve S, Wagner SN, Schittek B & Putzer BM (2004)
Alterations of DeltaTA-p73 splice transcripts during
melanoma development and progression. Int J Cancer
108, 162—-166.

Uramoto H, Sugio K, Oyama T, Nakata S, Ono K,
Morita M, Funa K & Yasumoto K (2004) Expression
of deltaNp73 predicts poor prognosis in lung cancer.
Clin Cancer Res 10, 6905-6911.

Mai M, Yokomizo A, Qian C, Yang P, Tindall DJ,
Smith DI & Liu W (1998) Activation of p73 silent allele
in lung cancer. Cancer Res 58, 2347-2349.

Di Vinci A, Sessa F, Casciano I, Banelli B, Franzi F,
Brigati C, Allemanni G, Russo P, Dominioni L &
Romani M (2009) Different intracellular compartmen-

20

21

22

23

24

25

26

27

28

29

30

31

S. Logotheti et al.

talization of TA and ANp73 in non-small cell lung
cancer. Int J Oncol 34, 449-456.

Nyman U, Sobczak-Pluta A, Vlachos P, Perlmann T,
Zhivotovsky B & Joseph B (2005) Full-length
p73alpha represses drug-induced apoptosis in small
cell lung carcinoma cells. J Biol Chem 280, 34159—
341609.

Muller M, Schilling T, Sayan AE, Kairat A, Lorenz K,
Schulze-Bergkamen H, Oren M, Koch A, Tannapfel A,
Stremmel W et al. (2005) TAp73/DNp73 influences
apoptotic response, chemosensitivity and prognosis in
hepatocellular carcinoma. Cell Death Differ 12, 1564—
1577.

Seelan RS, Irwin M, van der Stoop P, Qian C, Kaelin
WG & Liu W (2002) The human p73 promoter: charac-
terization and identification of functional E2F binding
sites. Neoplasia 4, 195-203.

Irwin M, Marin MC, Phillips AC, Seelan RS, Smith
DI, Liu W, Flores ER, Tsai KY, Jacks T, Vousden KH
et al. (2000) Role for the p53 homologue p73 in E2F-1-
induced apoptosis. Nature 407, 645-648.

Stiewe T & Piitzer BM (2001) Role of the pS3-homo-
logue p73 in E2F1-induced apoptosis. Nat Genet 26,
464-469.

Ding Y, Inoue T, Kamiyama J, Tamura Y, Ohtani-
Fujita N, Igata E & Sakai T (1999) Molecular clon-
ing and functional characterization of the upstream
promoter region of the human p73 gene. DNA Res 6,
347-351.

Shi Q, Le X, Abbruzzese JL, Peng Z, Qian CN, Tang
H, Xiong Q, Wang B, Li XC & Xie K (2001) Constitu-
tive Spl activity is essential for differential constitutive
expression of vascular endothelial growth factor in
human pancreatic adenocarcinoma. Cancer Res 61,
4143-4154.

Jia Z, Zhang J, Wei D, Wang L, Yuan P, Le X, Li Q,
Yao J & Xie K (2007) Molecular basis of the
synergistic antioncogenic activity of bevacizumab and
mithramycin A. Cancer Res 67, 4878-4885.

Safe S & Abdelrahim M (2005) Sp transcription factor
family and its role in cancer. Eur J Cancer 41, 2438—
2448.

Koutsodontis G, Vasilaki E, Chou WC, Papakosta P &
Kardassis D (2005) Physical and functional interactions
between members of the tumour suppressor p53 and
the Sp families of transcription factors: importance for
the regulation of genes involved in cell-cycle arrest and
apoptosis. Biochem J 389, 443-455.

Buhlmann S, Racek T, Schwarz A, Schaefer S & Piitzer
BM (2008) Molecular mechanism of p73-mediated regu-
lation of hepatitis B virus core promoter/enhancer II:
implications for hepatocarcinogenesis. J Mol Biol 378,
20-30.

Beitzinger M, Oswald C, Beinoraviciute-Kellner R &
Stiewe T (2006) Regulation of telomerase activity by

FEBS Journal 277 (2010) 3014-3027 © 2010 National Hellenic Research Foundation. Journal compilation © 2010 FEBS



S. Logotheti et al.

the p53 family member p73. Oncogene 25, 813—
826.

32 Racek T, Mise N, Li Z, Stoll A & Piitzer BM (2005)
C-terminal p73 isoforms repress transcriptional activity
of the human telomerase reverse transcriptase (W"TERT)
promoter. J Biol Chem 280, 40402-40405.

33 Salimath B, Marmé D & Finkenzeller G (2000) Expres-
sion of the vascular endothelial growth factor gene is
inhibited by p73. Oncogene 19, 3470-3476.

34 Innocente SA & Lee JM (2005) p73 is a pS3-indepen-
dent, Spl-dependent repressor of cyclin Bl transcrip-
tion. Biochem Biophys Res Commun 329, 713-718.

35 Kanaya T, Kyo S, Hamada K, Takakura M, Kitagawa
Y, Harada H & Inoue M (2000) Adenoviral expression
of p53 represses telomerase activity through down-regu
lation of human telomerase reverse transcriptase tran-
scription. Clin Cancer Res 6, 1239-1247.

36 Xu D, Wang Q, Gruber A, Bjérkholm M, Chen Z,
Zaid A, Selivanova G, Peterson C, Wiman KG & Pisa
P (2000) Downregulation of telomerase reverse trans-
criptase mRNA expression by wild type p53 in human
tumor cells. Oncogene 19, 5123-5133.

37 Tomasini R, Tsuchihara K, Wilhelm M, Fujitani M,
Rufini A, Cheung CC, Khan F, Itie-Youten A,
Wakeham A, Tsao MS et al. (2008) TAp73 knockout
shows genomic instability with infertility and tumor
suppressor functions. Genes Dev 22, 2677-2691.

38 Sauer M, Bretz AC, Beinoraviciute-Kellner R, Beitzin-
ger M, Burek C, Rosenwald A, Harms GS & Stiewe
T (2008) C-terminal diversity within the p53 family
members account for differences in DNA binding and
transcriptional activity. Nucleic Acids Res 36, 1900—
1912.

39 Takada N, Ozaki T, Ichimiya S, Todo S & Nakagawara
A (1999) Identification of a transactivation activity in
the COOH-terminal region of p73 which is impaired in
the naturally occurring mutants found in human neu-
roblastomas. Cancer Res 59, 2810-2814.

40 Ozaki T, Naka M, Takada N, Tada M, Sakiyama S &
Nakagawara A (1999) Deletion of the COOH-terminal
region of p73a enhances both its transactivation func-
tion and DNA-binding activity but inhibits induction of
apoptosis in mammalian cells. Cancer Res 59, 5902—
5907.

41 Nyman U, Vlachos P, Cascante A, Hermanson O,
Zhivotovsky B & Joseph B (2009) Protein
kinase C-dependent phosphorylation regulates the cell
cycle-inhibitory function of the p73 carboxy terminus
transactivation domain. Mol Cell Biol 29, 1814-1825.

42 Liontos M, Niforou K, Velimezi G, Vougas K,
Evangelou K, Apostolopoulou K, Vrtel R, Damalas

Sp1 activates p73 P1 promoter in lung cancer

A, Kontovazenitis P, Kotsinas A et al. (2009) Modu-
lation of the E2F1-driven cancer cell fate by the
DNA damage response machinery and potential novel
E2F1 targets in osteosarcomas. Am J Pathol 175,
376-391.

43 Halazonetis TD, Gorgoulis VG & Bartek J (2008) An
oncogene-induced DNA damage model for cancer
development. Science 319, 1352—1355.

44 Hooghe B, Hulpiau P, van Roy F & De Bleser P (2008)
ConTra: a promoter alignment analysis tool for
identification of transcription factor binding sites across
species. Nucleic Acids Res 36, W128-W132.

45 Hubbard TJ, Aken BL, Ayling S, Ballester B, Beal K,
Bragin E, Brent S, Chen Y, Clapham P, Clarke L ez al.
(2009) Ensembl 2009. Nucleic Acids Res 37, D690—
D697.

46 Waterhouse AM, Procter JB, Martin DM, Clamp M &
Barton GJ (2009) Jalview Version 2 — a multiple
sequence alignment editor and analysis workbench.
Bioinformatics 25, 1189-1191.

47 Hall TA (1999) BioEdit: a user-friendly biological
sequence alignment editor and analysis program
for Windows 95/98/NT. Nucleic Acids Symp Ser 41,
95-98.

48 Park YG, Nesterova M, Agrawal S & Cho-Chung YS
(1999) Dual blockade of cyclic AMP response element-
(CRE) and AP-1-directed transcription by CRE-tran-
scription factor decoy oligonucleotide. J Biol Chem 274,
1573-1580.

49 Sayan AE, Paradisi A, Vojtesek B, Knight RA, Melino
G & Candi E (2005) New antibodies recognizing p73:
comparison with commercial antibodies. Biochem
Biophys Res Commun 330, 186-193.

Supporting information

The following supplementary material is available:

Fig. S1. (A) TAp73 and Spl protein expression in 26
lung cancer patients. N, normal tissue; T, tumour
tissue; PNo, patient number. (B) TAp73vy/Spl ratio in
lung cancer patient samples.

This supplementary material can be found in the
online version of this article.

Please note: As a service to our authors and readers,
this journal provides supporting information supplied
by the authors. Such materials are peer-reviewed and
may be re-organized for online delivery, but are not
copy-edited or typeset. Technical support issues arising
from supporting information (other than missing files)
should be addressed to the authors.

FEBS Journal 277 (2010) 3014-3027 © 2010 National Hellenic Research Foundation. Journal compilation © 2010 FEBS 3027



