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Abstract

Sequence-specific DNA binding is the key function through
which tumor suppressor p53 exerts transactivation of the
downstream target genes, often being impaired in cancer
cells by mutations in the TP53 gene. Functional protein
microarray technology enables a high-throughput parallel
analysis of protein properties within one experiment under
the same conditions. Using an array approach, we analyzed
the DNA binding activity of wild type p53 protein and of
49 variants. Our results show significant differences in the
binding properties between the p53 mutants. The C-terminal
mutant R337C displayed the highest DNA binding activity
on the array. However, the same mutant showed only a par-
tial activation in the reporter gene assay and almost no acti-
vation of downstream target genes after transfection of
expression vector into cells lacking endogenous p53. These
observations demonstrate that DNA binding itself is not suf-
ficient for activating the p53 target genes in at least some of
the p53 mutants and, therefore, in vitro studies might not
always reflect in vivo conditions.

Keywords: R337C; real-time PCR; reporter gene assay;
transactivation.

Introduction

Antioncogene p53 plays a crucial role in preventing cancer
development by enabling cells to avoid the accumulation of
genomic alterations (Lane, 1992). The p53 protein is acti-
vated in response to various stress stimuli and triggers cell
cycle arrest, apoptosis, DNA repair, recombination, and

senescence. p53 acts predominantly as a sequence-specific
transcription factor binding the DNA consensus sequence in
the responsive elements (REs) of the several hundred genes
involved in various cellular processes (el-Deiry et al., 1992).
The p53 downstream effector genes are differentially mod-
ulated depending on the cell type, the nature of stress, and
the extent of cell damage (for a recent review see Vousden
and Lane, 2007; Murray-Zmijewski et al., 2008; Riley et al.,
2008). Homo-tetramerization of p53 through the carboxy-
terminal oligomerization domain is essential for DNA bind-
ing (Friedman et al., 1993; Chene, 2001).

The TP53 gene was shown to be lost or to contain muta-
tions in approximately half of all human cancer cases arising
from a wide spectrum of tissues. More than 75% of the alter-
ations are missense mutations resulting in amino acid sub-
stitutions in the encoded protein. The mutant p53 proteins
are extremely diverse both structurally and functionally. Dif-
ferent mutations can have a different clinical impact, and
therefore the functional properties of the individual mutant
variants have been intensively studied (reviewed in Petitjean
et al., 2007; Olivier et al., 2009).

In total, 95% of mutations are localized in the DNA-
binding domain. However, mutations in the C-terminal
domain, which are defective in oligomer formation, can also
abrogate the p53 function and are therefore also pathogenic
(Ishioka et al., 1995; Waterman et al., 1995; Chene et al.,
1997; Mateu and Fersht, 1998; Kawaguchi et al., 2005).
Mutation localized in the tetramerization domain changing
arginine at codon 337 to cysteine (R337C) was first identi-
fied in a Li-Fraumeni-like family (Lomax et al., 1997) by
the use of the functional assay of separated alleles in yeast
(FASAY). In the FASAY analysis, the expression of the wild
type p53 results in white colonies and mutant p53 in red
colonies, and the R337C was described to be partially func-
tional with temperature independent activity towards the
RGC promoter (Lomax et al., 1998). Smardova and col-
leagues similarly confirmed this result (Smardova et al.,
2001), and recently the same group found the R337C to be
slightly temperature dependent towards CDKN1A and BAX
responsive elements (Grochova et al., 2008). In contradic-
tion, Kato and colleagues found all six mutants in residue
337 including R337C to be transcriptionally inactive towards
all tested promoters wWAF1 (p21), MDM2, BAX, 14-3-3s,
AIP1, GADD45, NOXA, p53R2x (Kato et al., 2003). Further
studies involving investigation of oligomerization, DNA
binding, and transactivation of R337C showed other discor-
dances in mutant properties (Rollenhagen and Chene, 1998;
Atz et al., 2000; Kato et al., 2003; Kawaguchi et al., 2005).
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DNA binding of both wild type and mutant p53 has been
intensively studied since the discovery of p53 30 years ago.
Most of the studies used the electrophoretic mobility shift
assay (EMSA) to determine the ability of p53 mutant pro-
teins to bind DNA. However, EMSA is a low-throughput
approach allowing analysis of only individual proteins.
Therefore, we used the functional protein microarray tech-
nology, which enables functional analysis of multiple p53
variants in parallel (Boutell et al., 2004). The results obtained
were compared with molecular modeling of the p53-DNA
interactions and previously published data. The mutant
R337C showed the highest DNA-binding ability. Transacti-
vation properties of this mutant were studied using reporter
gene assay. Activation of endogenous genes was investigated
by the real-time PCR of downstream target genes. Real-time
PCR has never been used to study the function of R337C
p53 mutant, to the best of our knowledge.

Results

Functional microarray for DNA-binding analysis

of p53 mutant proteins

For the DNA-binding analyses, we used a Panorama Hu-
man� Protein Function Microarray (Sigma-Aldrich, St. Louis,
MO, USA) containing 50 different p53 variants, originally
described by Boutell et al. (2004). Binding of Cy3-labeled
DNA fragments containing the p53 responsive elements of
p53 downstream target genes was tested. We tested p53 bind-
ing to promoters of genes CDKN1A (coding for p21WAF pro-
tein), MDM2, and BAX, representing the three major p53-
dependent pathways: cell cycle arrest, apoptosis, and auto-
regulation. Our results were in general comparable to those
obtained in the study of Boutell et al. (2004), where the
binding of DNA containing the responsive element of the
GADD45 gene was tested. Similar to the Boutell study, all
nonsense mutant proteins displayed a loss of DNA-
binding activity. Three mutants – W23A/G and P82L – and
polymorphism R72P, localized within the N-terminal
domain, showed a DNA binding similar to wild type p53.
The majority of mutants localized in the DNA-binding
domain had significantly decreased binding capacity except
for R181C/H, S227T, H233N/D, and N235S (Figure 1). The
differences in DNA binding between various amino acid sub-
stitutions in the same codon were observed for mutations
occurring in S8 b-sheet codons – histidine 233 and aspara-
gine 235. Mutants bearing asparagine at position 233
(H233N) and serine at position 235 (N235S) bind the DNA
with similar efficiency to the wild type p53, whereas change
to aspartic acid both at 233 (H233D) and 235 (N235D)
resulted in significantly decreased activity – 50% and -50%
of wild type activity, respectively (Figure 1). Molecular
modeling provided an interpretation of this result: the sub-
stitution of histidine at the position 233 and asparagine at
the position 235 by aspartic acid is strongly predicted to
disrupt the b-sheet.

DNA binding of p53 mutants in the tetramerization

domain: R337C and L344P

Two proteins with mutations within the tetramerization
domain of the p53 protein are spotted on the functional
microarray: R337C and L344P. Both mutants are localized
in the a-helix of the C-terminal oligomerization domain.
Interestingly enough, whereas the L344P had a markedly
reduced DNA-binding ability, the mutant R337C unexpect-
edly showed significantly higher DNA-binding activity in
comparison with the wild type p53 protein (Figure 2). Earlier
publications reported that R337C tetramerization might be
temperature dependent, i.e., the mutant has the capacity to
oligomerize at lower temperatures, whereas the tetramers
disintegrate at physiological temperatures (Davison et al.,
1998). We therefore repeated the assay for BAX and
CDKN1A promoters binding at 378C, and the relative DNA
binding of R337C decreased significantly – 76% and 50%
of wild type p53 activity, respectively (Figure 2) – which
proved that the activity of R337C is temperature dependent.

R337C shows partial transcriptional activation

towards artificial constructs in reporter assays but

not towards natural endogenous promoters

DNA-binding activity temperature dependence could be
responsible for different results obtained from in vitro and
in vivo assays. Therefore, the aim of this study was to exam-
ine the transcriptional potential of p53-R337C in the cellular
context. We performed the luciferase reporter gene assay
comparing wild type and mutant p53 activity in SK-N-MC
and SAOS2 cell lines lacking endogenous p53 protein
expression. The p53 expressing vectors were cotransfected
together with a luciferase reporter vector containing respon-
sive elements of BAX, MDM2, and CDKN1A. As illustrated
in Figure 3, the reporter assays showed a partial promoter
activation by p53 mutant R337C: 38%, 35%, and 21% of
the wild type p53 activity in the SK-N-MC cell line and
58%, 26%, and 53% of the wild type p53 activity in the
SAOS2 cell line, respectively (differences between empty
and R337C expressing vector were statistically significant;
p-0.0001).

We then performed real-time PCR of downstream p53
target genes after transfection of wild type 53, R337C, and
inactive mutant R248Q. The wild type or mutant p53
expressing vectors were transfected into SK-N-MC and
SAOS2 cells with the same amount as in the luciferase
reporter assays (1 mg of expression vector). We studied the
transcriptional activation of BAX, MDM2, CDKN1A, and, in
addition, PIG3 and GADD45, representing the p53-
dependent DNA repair pathway. mRNA expression was
measured 5 h, 10 h, 16 h, and 22 h after nucleofection. The
highest activation of the endogenous target genes by wild
type p53 was observed 10 h after transfection in both cell
lines. Mutant expressing vectors did not show any delay in
transactivational activity in comparison with the wild type
p53-expressing vector.
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Figure 1 DNA-binding activity of p53 and its mutants assessed by functional protein microarray.
(A) Fluorescence intensity quantifying the DNA binding of the Cy3-labeled BAX responsive element to individual p53 variants. (B) Fluo-
rescence intensity quantifying binding of the conformational independent Cy5-labeled antibody to individual p53 variants; one subarray
corresponding to the microarray in panel (A) is shown. (C) Array map showing arrangement of the spots on the microarray. (D) Binding
of the BAX responsive element to individual p53 variants; columns represent mean of the relative fluorescence units of four spots "SD.
(E) DNA binding of individual responsive elements relative to wild type p53; columns represent mean fluorescence intensity of four spots
normalized to antibody binding, relative to wild type p53. NC1: negative control (immobilization tag only).

Brought to you by | Nanyang Technological University
Authenticated

Download Date | 5/22/15 11:24 PM



200 J. Malcikova et al.

Article in press - uncorrected proof

Figure 2 DNA binding of p53 C-terminal mutants R337C and L344P relative to wild type p53.
Left: assay performed at standard conditions at 48C. Right: assay performed at 378C. Columns represent mean fluorescence intensity of
four spots normalized to antibody binding, relative to wild type p53. NC: negative control (immobilization tag only).

Figure 3 Transcriptional activity of p53 and its mutants assessed
by the luciferase gene reporter assay.
Activity of mutant R337C relative to wild type p53 on BAX, MDM2,
and CDKN1A promoters. One mg of expression and reporter vector
was used; luciferase activity was measured 15 h post-transfection.
Values represent the average of three independent experiments
"SD. ‘Control’: transfection of pT-Rex-DEST vector lacking p53
gene.

Surprisingly, almost no elevation of mRNA levels was
detected after the transfection of the vector expressing
mutant R337C. In the SK-N-MC cell line, the R337C sig-
nificantly activated only CDKN1A. The activation was
approximately nine times over basal level, but it represented
only 5% of wild type activity. In the SAOS2 cell line, the
mRNA levels of CDKN1A and MDM2 slightly increased
in comparison with the empty vector. However, neither dif-
ference was statistically significant (Figure 4, Table 1).
GADD45 and PIG3 transcription was not induced to any
extent after the R337C transfection. These results show that
DNA-binding activity of p53 protein detected in vitro need
not be reflected in vivo within a cellular context.

Discussion

The tumor suppressor p53 acts predominantly as a transcrip-
tion factor, and DNA binding is therefore essential for its
ability to activate the expression of target genes. DNA bind-
ing is usually studied using EMSA. However, EMSA limits
investigation to individual proteins only. To study DNA-
binding activity in a high-throughput manner, we introduced
an array-based technology. The functional array contains
wild type p53 protein and 49 p53 variants, which can be
studied in one experiment under the same conditions. The
proteins are immobilized on a glass slide via an affinity tag
and properly folded (Boutell et al., 2004).

We tested p53 mutant binding to responsive elements of
the p53 downstream genes CDKN1A, MDM2, and BAX,
which were chosen as representatives of different p53 down-
stream pathways. We have shown that the functional
microarray is reliable for protein function fast screening. The
spotted proteins are able to maintain structure and their
functional state.

Our results confirm significantly reduced activity in most
of the proteins bearing mutations within the DNA-binding
domain. There were differences, however, in the binding
properties between the p53 mutants. Mutant H233N binds
DNA more effectively than H233D, and a similar difference
was observed in the case of mutants N235S and N235D. This
interpretation is in concordance with the transactivation
properties described using FASAY. The substitution of his-
tidine by aspartic acid at codon 233 was found to be non-
functional in comparison with a substitution by asparagine,
which was partially functional. In the case of mutants at
position 235, the mutation changing asparagine by aspartic
acid was partially functional, whereas the substitution by ser-
ine was fully functional (Kato et al., 2003).

Surprisingly, C-terminal mutant R337C bound DNA with
even higher activity than wild type p53 at 48C and with
partial activity at 378C. Arginine in the position 337 is local-
ized within the a-helix of the p53 protein tetramerization
domain and is involved in monomer-monomer interaction
making a salt bridge with aspartate in the position 352 from
the other monomer (Clore et al., 1994, 1995). The mutation
changing arginine to cysteine results in a disruption of the
salt bridge and hydrophobic interactions, which are required
to stabilize the dimer. L344P mutant localized in the same
structural motif showed significantly reduced DNA binding
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Figure 4 Relative expression of endogenous p53 target genes after transfection of wild type p53 and its mutants R337C and R248Q.
Negative control (control) refers to empty vector pT-Rex-DEST lacking p53. One mg of expression vector was used; cells were harvested
10 h post-transfection. mRNA levels were detected using quantitative real-time PCR. mRNA levels were normalized to the mRNA level of
endogenous control GAPDH. Values represent the average of triplicate independent experiments "SD.

on the array. Leucine at codon 344 is localized within the
hydrophobic core and is crucial for the stability of the tetra-
mer (Mateu and Fersht, 1998). L344P was proven to be
a monomeric non-functional mutant (Ishioka et al., 1995;
Lomax et al., 1998; Rollenhagen and Chene, 1998; Chene

and Bechter, 1999; Kawaguchi et al., 2005), which is in con-
cordance with our findings. However, any functional data
regarding mutant R337C is much more inconsistent when
compared with the mutant L344P. The ability to oligomerize
with either itself or with wild type p53 was studied, but the
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Table 1 Statistical analysis of the data describing induction of the expression of endogenous p53
target genes by wild type and selected mutants of p53.

SK-N-MC SAOS2

R337C R248Q Wild type p53 R337C R248Q Wild type p53

CDKN1A 0.0004407 0.4225 2.036e-06 0.07057 0.8758 0.0009925
MDM2 0.7267 0.1975 0.01634 0.1087 0.4887 0.001376
BAX 0.8335 0.2841 0.517 0.808 0.976 0.1111
PIG3 0.9758 0.7679 0.03965 0.6099 0.876 0.01066
GADD45 0.4006 0.4419 0.004387 0.2854 0.3017 0.0006983

p-Values represent statistical significance of the difference between mRNA levels after transfection of
the empty vector and wild type or mutant p53 expressing vectors. p-Values were calculated using the
Welch two sample t-test. Statistically significant differences are indicated in bold font.

exact impact of this mutation on the oligomerization prop-
erties is still not clear (Davison et al., 1998; Lomax et al.,
1998; Rollenhagen and Chene, 1998; Atz et al., 2000; Kawa-
guchi et al., 2005). Most probably, R337C is able to form
dimers and tetramers. However, oligomerization is temper-
ature dependent and at physiological temperatures more than
half of this mutant is less than tetrameric (Davison et al.,
1998). The level of expression is also crucial, because the
Kd value for R337C tetramer formation is higher than that
for the wild type and therefore higher amounts of mutant
protein are required for efficient tetramerization (Rollenha-
gen and Chene, 1998; Atz et al., 2000).

Several research groups have also previously studied the
DNA-binding ability of this p53 mutant with contrary results.
Lomax et al. and similarly Davison et al. showed that p53-
R337C recombinant protein expressed in Escherichia coli
can bind the p53 consensus in a gel retardation assay (Davi-
son et al., 1998; Lomax et al., 1998). In contrast, two study
groups used in vitro translated p53 proteins in a gel retar-
dation assay and recorded that the R337C is not able to bind
the p53 recognition motif (Rollenhagen and Chene, 1998;
Atz et al., 2000). These discrepancies might be caused by
differences in the expression systems. R337C expressed in
E. coli is able to recognize the target sequence, whereas pro-
tein translated in vitro is unable to do so. Tetramerization
and DNA binding might not be realized in the case of in
vitro translation, because the amount of protein produced by
this technique could be insufficient. As the p53 variants spot-
ted on the array are also expressed in E. coli, we can presume
that both the amount of the protein and the low temperature
used during the assay were convenient to form tetramers and
bind the DNA. This presumption is supported by the reduced
binding at 378C. Based on our observations, care should be
taken when interpreting the results from studies performed
under non-physiological conditions.

Despite observed high DNA binding in vitro, we noted
only partial transactivation in reporter gene assays by mutant
R337C. This was in concordance with a previous study,
where a reporter gene assay in mammalian cells was used
(Lomax et al., 1998). Subsequently, two other groups
described dose-dependent activity in the luciferase reporter
assays. At low expression levels, R337C did not activate the
CDKN1A promoter in SAOS2 and Hep3B cells and did not

induce Hep3B cell apoptosis. At high expression levels,
however, the mutant became partially active (Rollenhagen
and Chene, 1998; Atz et al., 2000). Because higher expres-
sion levels were used in our study (1 mg of expression vec-
tor), a partial transactivation ability was observed.

As reporter gene assay exploits artificial REs, our aim was
to investigate the transactivation ability of the p53-R337C
mutant towards natural cell promoters. We therefore studied
endogenous genes expression activation using quantitative
real-time PCR. The mutant exerted almost no activation of
endogenous genes, and this shows that the DNA-binding
ability itself might not be sufficient for the effective activa-
tion of the appropriate responsive element. A similar finding
was published previously for mutants in the DNA-binding
domain (Brazda et al., 2006). In addition to this, we proved
that even partial activation of the artificial promoter contain-
ing p53 responsive elements in reporter gene assays need
not result in in vivo activation of the particular promoter.
Cooperation with cofactors and other proteins is essential for
efficient transcriptional activation of the full-length natural
promoters in the context of chromatin (Braithwaite et al.,
2006; Laptenko and Prives, 2006). As the p53 C-terminal
domain often participates in protein-protein interactions,
mutations such as R337C might disrupt such cooperation.

The pathogenicity of mutation R337C has been proven by
its occurrence in 17 sporadic cancer cases and in 3 of 419
Li-Fraumeni and Li-Fraumeni-like families (Petitjean et al.,
2007), where disease severity was not different from that of
the family affected by completely inactive C-terminal muta-
tion L344P (Barnes et al., 1992; Varley et al., 1996; Lomax
et al., 1998). Moreover, R337C protein accumulation was
proven (Barnes et al., 1992; Lomax et al., 1997; Smardova
et al., 2001) pointing to the inability of activating the MDM2
promoter in vivo (Blagosklonny, 2000).

In summary, many researchers using different approaches
have studied the biological impact of R337C mutation, and
their findings remain inconclusive. We could show that spe-
cific protein activity is dependent on multiple conditions. In
vitro techniques such as mechanistic DNA-binding studies
and reporter gene assays do not always reflect endogenous
promoter activity. In conclusion, in vivo functional impair-
ment might be more fatal when compared with findings from
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in vitro functionality studies. Thus, studies within the intact
cellular context are strongly advisable.

Materials and methods

Cell lines and plasmids

SK-N-MC (Ewing sarcoma) and SAOS2 (Osteosarcoma) cell lines
were purchased from DSMZ (Braunschweig, Germany). pT-Rex-
DEST vectors expressing wild type and mutant p53 were created
using Gateway� Technology (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The accuracy of the
TP53 cloned sequence was verified by sequencing, and the expres-
sion of the protein was validated using Western blotting. The lucif-
erase reporter plasmids carrying MDM2, BAX, and CDKN1A
developed by Dr. J.-C. Bourdon (University of Dundee, Dundee,
UK) were kindly provided by Dr. Borivoj Vojtesek (Masaryk
Memorial Cancer Institute, Brno, Czech Republic).

Functional protein microarrays

The Panorama� Human Protein Function Microarray developed by
Procognia (Sigma-Aldrich) was used for analysis of DNA-binding
ability of p53 mutants. The set of p53 variants spotted on the array
was the same as in the study of Boutell et al. (2004), where devel-
opment of the commercially available array was described. Briefly,
the proteins are expressed in a recombinant form in E. coli. The
full-length p53 genes are cloned into the expression vector and
tagged to biotin carboxyl carrier protein (BCCP) of E. coli. BCCP
tag is only folded if the p53 protein is folded. Only correctly folded
BCCP is biotinylated by endogenous biotin protein ligase with the
free biotin added to cultured cells. The cleared cellular lysates from
expression cultures are directly spotted onto streptavidin-coated
glass slides using a commercially available robotic system. The bio-
tinylated proteins are bound via biotin:streptavidin linkage, and
unbiotinylated proteins are washed away. This process ensures cor-
rect protein folding and consistent orientation away from the sur-
face. Each p53 variant is printed in quadruplicate – two spots in
two subarrays.

Promoter sequences used for the DNA-binding assays were as
follows: MDM2: 59-GAG CTG GTC AAG TTC AGA CAC GTT
CCG AAA CTG CAG TAA AAG GAG TTA AGT CCT GAC TTG
TCT CCA GC-39 (Szak et al., 2001); BAX: 59-TGG GCT CAC AAG
TTA GAG ACA AGC CTG GGC GTG GGC TAT ATT GCT A-39

(Falke et al., 2003); CDKN1A (p21): 59-TGG CCA TCA GGA ACA
TGT CCC AAC ATG TTG AGC TCT GGC A-39 (Szak et al.,
2001). Oligonucleotides containing p53 recognition sequences were
synthesized with 59 Cy3 label, HPLC purified, and complementary
oligonucleotides were annealed. Then, 1.5 mM Cy3-oligo diluted in
cold DNA Assay Buffer (25 mM HEPES pH 7.6 with 200 mM KCl,
1 mg/ml bovine serum albumin, 20% glycerol 0.1% Triton X-100,
1 mM dithiothreitol) was incubated on the protein array in gasket
slides (SureHyb Technology, Agilent, Santa Clara, CA, USA) for
30 min at 48C. Arrays were then washed three times in ice-cold
DNA Assay Buffer for 5 min, DNA was fixed on the slides using
70% ice-cold ethanol. Arrays were dried by centrifugation at 48C
for 2 min at 240 g and scanned using ScanArray (Canberra Packard,
Mississauga, Ontario, Canada). The quality of the spots and the
quantity of the spotted proteins were evaluated using Cy5-labeled
monoclonal antibody BP53-12 that binds to all p53 variants. After
the DNA-binding assay, the array was washed in phosphate buffered
saline (PBS) with 0.1% Tween 20. Cy5-labeled anti-p53 antibody,

provided with a kit, was diluted 1:1000 in 5% milk with 0.1%
Tween-20 in PBS and incubated on the slide for 30 min at room
temperature. The slide was then washed three times in PBS with
0.1% Tween 20, dried by centrifugation and scanned again. The
scanned images were analyzed using ScanArray Express software.
The ability of the p53 variants to bind the individual oligonucleo-
tides or antibody was quantified as the Cy3 or Cy5 fluorescence of
the appropriate spot. The ScanArray Express software calculates the
fluorescence intensity of each spot as a median intensity of its pixels
and subtracts the local background calculated as median fluores-
cence intensity of pixels neighboring the spot. The mean of the four
spots corresponding to the particular p53 variant was used for
reporting. To reduce the influence of variability in the amount of
the spotted proteins (2- to 3-fold differences), the DNA binding was
normalized to the binding of the conformational-independent anti-
body (by dividing Cy3 fluorescence intensity with Cy5 fluorescence
intensity).

Molecular modeling

Structure-function relationships were studied with the structure of
the p53 DNA-binding domain (Cho et al., 1994) and solved by
crystallographic analysis (PDB ID 1TSR) using the visualization
software PyMOL v0.99 (DeLano Scientific LLC, Palo Alto, CA,
USA).

Transfections and reporter gene assays

One mg of plasmid DNA was nucleofected into logarithmically
growing cells (1–5=106 cells) using Amaxa nucleofector I (Lonza,
Basel, Switzerland). The following Cell Line Nucleofector� Solu-
tions and transfection programs were used: solution V and program
A-23 for SK-N-MC cells, and solution R and program T-1 for
SAOS2 cells. Transfection efficiency for individual cell lines was
evaluated by transfection of green fluorescent protein (GFP)
expressing vector pmaxGFP and subsequent flow cytometric anal-
ysis. The average transfection efficiency was 70% for SK-N-MC
cell line and 60% for SAOS2 cell line. After 15 h of incubation in
RPMI medium with 10% fetal bovine serum the cells were washed
with PBS, trypsinized, and counted using a Z2 Coulter Particle
Count and Size Analyzer (Beckman-Coulter, Fullerton, CA, USA).
Luciferase activity was measured with the Bright-Glo Luciferase
Assay System (Promega, Madison, WI, USA) using a Sirius Lumi-
nometer (Berthold Detection Systems, Pforzheim, Germany). The
relative fluorescence was normalized to the total cell number in the
sample.

Real-time quantitative PCR

Total RNA was isolated using an RNeasy Mini Kit and digested
with DNase I (Qiagen, Hilden, Germany). First-strand cDNA syn-
thesis was performed using the SuperScript� II Reverse Transcrip-
tase with oligo(dT)12–18 primer (Invitrogen). A total of 500 ng
RNA was used for each 20 ml of RT reaction, and the cDNA was
diluted with water to a total volume of 80 ml. Each cDNA sample
was analyzed in triplicate using the TaqMan� Gene Expression
Assay (Applied Biosystems, Foster City, CA, USA) according to
the manufacturer’s instructions. DNA amplification was detected
using the 7300 Real-Time PCR System (Applied Biosystems). Data
were analyzed using Sequence Detection System (Applied Biosys-
tems) software version 1.3.1. The expression of the analyzed genes
was quantified relatively to GAPDH expression. Statistical differ-
ences between the mRNA levels were evaluated using the Welch
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two-sample t-test. A p-value -0.05 was considered statistically
significant.
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