
Abstract. Background: P53-mediated apoptosis involves a
complex process induced largely by p53 acting as a transcription
factor. We hypothesised that p53 expression would lead to
transcriptional events that rapidly change during apoptosis and
that protein array analysis would give a more comprehensive
picture of p53-mediated apoptosis than mRNA alone. Materials
and Methods: We over-expressed p53 in lymphoblastoid cell lines
and performed temporal analysis of functional apoptosis,
assessing mRNA levels by oligo microarray and protein levels by
novel antibody microarray and Western blot. Results: mRNA
levels varied over time. At least 10 genes that showed enhanced
expression, such as APAF-1 and GADD45, contained the p53
target sequence confirming their nature as primary p53 targets.
Changes in mRNA expression did not correlate directly with
changes in protein expression. Conclusion: Array analysis of
protein expression in addition to mRNA expression gave a more
complete assessment of p53-mediated apoptosis; for example,
enhanced levels of bcl-2 and E2F2 protein were detected which,
along with APAF-1, are involved in the mitochondrial apoptotic
process. These data extend existing p53 array findings to correlate
with protein microarray data and functional apoptosis.
Furthermore they emphasize the importance of combined

proteomic and genomic approaches to the investigation of p53-
mediated apoptosis and other cellular processes.

The tumour suppressor protein p53 is a central mediator of

cellular processes such as cell cycle arrest, apoptosis and DNA

damage repair (1). p53 null mice show increased tumour

progression (2) and, importantly, germ line mutations in the

p53 gene result in Li-Fraumeni syndrome, characterised by a

predisposition to cancer development (3). p53 is the most

commonly inactivated tumour suppressor gene in human

cancer (4) and, consequently, has been actively studied.

The main action of p53 is as a transcription factor. As

such, it binds to the promoter region of a large number of

genes which contain the p53 binding site (5) and induces

their transcription. p53 also acts to suppress the transcription

of a number of genes, although the mechanism of

suppression is unclear. 

The ability to detect alterations in gene expression by

microarray analysis has been a powerful tool to investigate

p53-mediated apoptosis. Targeted over-expression of p53 has

been used to identify known and novel primary and secondary

targets of p53 in different cell types by oligonucleotide and

DNA microarray approaches (6-11). These studies have

emphasised the variation in p53-targets in different cell types. 

A major limitation of DNA and oligo arrays is that they

only detect alterations in levels of mRNA within cells. It is

important to correlate these mRNA findings with protein

and functional outcomes. There have been no studies

looking at both protein and mRNA by microarray during

p53-mediated apoptosis.

We undertook to overexpress p53 in EBV-transformed B

cells (lymphoblastoid cell lines; LCL) by transfection with p53

recombinant Modified Vaccinia Ankara (p53-MVA). Firstly,

we confirmed that over-expression of p53 causes apoptosis of

LCL. By using both mRNA and protein arrays to analyse

changes at mRNA and protein level, we were able to obtain

further insights into the pathways of apoptosis in these cells
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than by use of either method alone. Our results confirm the

importance of a combined mRNA, protein and functional

approach to analysis of cellular pathways.

Materials and Methods

Construction of recombinant MVA. Wild-type human p53, containing

a kozak consensus sequence, was isolated by PCR from plasmid

p53pcmv (gift of C.Norbury), sequenced and cloned into the transfer

vector pSC11. This vector contains an ‘early’ and ‘late’ vaccinia

promoter (12). Chicken embryo fibroblast (CEF) cultures were

infected with MVA at multiplicity of infection (moi) of 1 plaque-

forming unit (pfu) per cell. The CEF were incubated for 90 minutes

at 37ÆC in Dulbecco’s modified medium containing 2% foetal calf

serum (FCS). Superfect (Qiagen) was used to transfect CEF with 

5 Ìg of pSC11p53. Following 2 days of culture at 37ÆC, the CEF were

harvested, freeze-thawed and sonicated. Galactosidase colour

screening was used for 5 repetitive plaque purifications of

recombinant virus. Virus stocks were then prepared in CEF and

purified by centrifugation through a 36% sucrose gradient. The virus

was resuspended in 10mM Tris and stored at –80ÆC.

Immunohistochemistry. CEF were infected with either purified 

p53-MVA or wild-type MVA. On day 3 after infection, cells were fixed

for 1 hour with 4% formaldehyde. The cells were then permeabilised

by incubation with 10%DMSO/0.4% NP40 for 15 minutes and then

blocked with 1% bovine serum albumin/0.1% serum at room

temperature for 1 hour. Anti-p53 FITC antibody or control

(Pharmingen) was added for 1 hour at room temperature. The nuclei

were stained with DAPI (Vector Laboratories) and viewed under a

florescent microscope. 

Infection of LCL. LCL were infected with either p53-MVA or 

wild-type MVA at moi of 1, 2, 4 or 20 pfu per cell for 2 hours in

RPMI (2% FCS). Cells were then incubated for 12, 24 or 48 hours at

37ÆC in RPMI 1640 (10% FCS). 

Flow cytometry. Infected LCL were permeabilised, fixed (Pharmingen)

and stained with either anti-p53 FITC or isotype control antibody

(Pharmingen). Analysis of apoptotic and dead cells was performed

using annexin V and 7AAD (Pharmingen). Flow cytometry was

performed on FACScalibur (Becton Dickinson) and analysed using

cell Quest software.

Oligonucleotide arrays. Cells were infected for 6, 12 and 24 hours with

either wild-type MVA or p53-MVA. RNA was extracted at each time

point with Trizol (Invitrogen) and purified using Rneasy kit (Qiagen).

RNA was then amplified using Message Amp (Ambion), reverse

transcribed and klenow labelled (Bioprime labelling, Invitrogen) with

either cy3 or cy5 (Amersham). Labelled RNA was hybridised to

oligonucleotide arrays (HGMP; spotted with approximately 19,000

oligonucleotides) for 14-16 hours and read on a microarray scanner

(ScanArray 4000, GSI lumonics). At each time point, RNA was

pooled from 3 independent experiments. In addition, each pooled

time point was arrayed 3 times including a dye swap. The data

generated has been successfully submitted to MIAME database

(submission #E-MEXP-69). Intensity dependent normalisation

(Lowess) was performed and data was analysed using GeneSpringR

software. Genes were stringently filtered at each time point according

to whether they were up- or down-regulated 1.8-fold or more in all 3

independent experiments. Genes altered in only 1 or 2 of the 3 arrays

(per time-point) were discounted.

Protein microarray. 108 LCL were infected as above with either 

p53-MVA or wild-type MVA. After 24 hours of infection, the cells

were lysed and split into two samples. The protein samples were

labelled with either cy3 or cy5 dye (Amersham Biosciences), and

unbound dye removed using PD10 desalting columns (Amersham

Biosciences). Cy3-labelled protein from the p53-MVA-infected

sample was mixed with cy5-labelled protein from wild-type MVA-

infected sample and vice versa. Labelled proteins were then

incubated with antibody microarray slides (BD Bioscience) for 30

minutes. These arrays consist of 378 antibody pairs bound to glass

chips and enable the comparison of protein abundance between two

labelled protein samples. After washing, the slides were read on a

microarray scanner (ScanArray 4000, GSI lumonics). Results were

analysed using Quantarray and Scanarray software and spreadsheet

provided by BD Bioscience. Proteins were considered likely to be

significantly up-regulated when values of 1.3 or more were obtained.

Conversely, proteins were likely to be down-regulated when values

of 0.7 or less were obtained (13).

Western blotting. Cell extract was obtained by lysing cells with Triton

X lysis buffer. Proteins were resolved by electophoresis in 10%

polyacrylamide gels. The proteins were transferred to a nitrocellulose

membrane (Amersham Life Science). The membrane was blocked

overnight at 4ÆC with phosphate-buffered saline (PBS) 5% milk and

then with specific antibodies (Becton Dickinson and ‚-actin from

Sigma) in the same buffer for 1 hour at room temperature. The

membrane was washed with PBS 0.05% Tween and then incubated

in PBS 5% milk buffer with anti-mouse immunoglobulin for 1 hour at

room temperature. Antibody binding was detected using ECL

reagent (Amersham Biosciences) for 5 minutes and exposure to 

X-ray film (Kodak) for between 5 minutes and 1 hour.

Results

Expression of p53 in LCL. In order to induce high expression of

p53 in LCL, we constructed MVA expressing human wild-type

p53 (p53-MVA). MVA is a highly attenuated vaccinia virus that

was used at the end of the smallpox eradication campaign.

MVA undergoes limited replication in human cells (14) and is

thought safe for use in immuno-compromised individuals (15).

Infection of CEF, human LCL, murine P815 B cells, T2 cells

and human dendritic cells with p53-MVA resulted in expression

of p53, as detected by flow cytometry and Western blot (Figures

1 and 2 and data not shown). The expression of p53 in LCL

began within 6 hours of infection and peaked at 24 hours post

infection with high expression using moi 2 and moi 4 (Figure

2). After 24 hours, p53 expression began to decline, probably

due to cell death at this time point (Figure 2). 

Apoptosis of LCL. The expression of high levels of p53 has

been shown to induce apoptosis (16-19) and, therefore, we

measured death of LCL infected with p53-MVA by staining

with annexin V and 7AAD. Annexin V stains both non-viable

and apoptotic cells, whilst 7AAD only stains cells that are non-
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viable. Infection with p53-MVA resulted in apoptosis and cell

death as assessed by this method. After 24-hour infection with

p53-MVA (moi 2), up to 58% of cells were dead or undergoing

apoptosis (Figure 3). These data confirmed previous studies

that show that, although B cells recently infected with EBV

transiently express high levels of p53 and do not undergo

apoptosis, established LCL do not express high levels of p53

and are sensitised to p53-mediated apoptosis (17, 19-21).

Temporal mRNA expression during apoptosis. The transcription

level of a number of genes was altered by infection with 

p53-MVA as compared to wild-type MVA (Figure 4 and

MIAME #E-MEXP-69). At each time point, in order to

validate any up- or down-regulation of mRNA, the arrays

were repeated twice plus a dye swap (using RNA pooled from

3 independent experiments). Only those genes altered in all 3

arrays were considered to be significantly changed following
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Figure 1. Expression of human p53 in CEF infected with p53-MVA. CEF
were infected for 24 hours with either A. Wild-type (WT) or B. p53-MVA.
Expression of p53 was measured by staining with FITC conjugated anti-
p53 antibody and viewed under a fluorescent microscope 20 times
objective C. p53 expression was confirmed by Western blotting following
24 hours infection.

Figure 3. Induction of cell death by p53-MVA. LCL were infected with
wild-type (WT) or p53-MVA. Cell death was measured after 48 hours.
Data are representative example of n=3.

Figure 2. Expression of p53 in LCL infected with p53-MVA. LCL were
infected with wild-type (WT) or p53-MVA. A. Expression of p53 was
determined at 24 and 48 hours post infection. B. Expression of p53 was
determined 24 hours post infection at moi 2 and moi 4. Data are
representative example of n=3.



p53 over-expression. After 12 hours of infection of LCL,

mRNA levels for 51 genes were up-regulated and 12 were

down-regulated. These levels peaked at 24 hours with 60 genes

up-regulated and 18 down-regulated. Twenty-five genes were

up-regulated at both 12 and 24 hour time points (Table I). 

mRNA down-regulated by p53 over-expression at 12 hours

included Vav oncogene, which has multiple transcription factor

targets and is cleaved by caspases during apoptosis (22), CBF1

interacting corepressor which is involved in notch signalling

and cell cycle regulation (23) and nuclear distribution gene C

(NudC), which regulates cellular proliferation (24).

At the 24-hour time point, down-regulated mRNA included

cyclin-dependent kinase inhibitor 2D and C-type lectin. mRNA

for the tumour suppressor thioredoxin interacting protein was

down-regulated at both 12- and 24- hour time-points.

Thioredoxin is a dithiol-reducing enzyme that is induced by

various oxidative stresses and has a role in apoptosis, including

enhancement of p53 function (25). Down-regulation of

thioredoxin interacting protein, which has an inhibitory effect

of thioredoxin, could enhance the apoptotic process.

mRNA sequences that have altered levels following p53

induction can be classed as either primary or secondary

targets of the transcription factor. Primary targets of p53 may

be identified due to the presence of p53-binding motifs in

their promoters (5, 26). Many of the up-regulated mRNA

sequences were known primary p53 targets and included

growth arrest and DNA-damage-inducible alpha

(GADD45A) (27), apoptotic protease activating factor

(APAF-1) (28), the GADD family member PA26 nuclear

protein (29), PIG3 (30), ferredoxin reductase (31), inositol

polyphosphate-1-phosphatase (26), homeo box B2 (26) and

ribosomal protein S6 kinase, 90kD, polypeptide (26). mRNA

for GADD45 was up-regulated at both 12- and 24- hour time

points. GADD45 is believed to be an important mediator of

apoptosis (32), cell cycle arrest and DNA damage repair (33)

by virtue of its ability to bind proteins such as proliferating

cell nuclear antigen (34) and p21/WAF (35). The mRNA for

APAF-1 was also up-regulated at both 12- and 24- hour post

p53-MVA infection. APAF-1 binds to cytochrome c after it

has been released from the mitochondria and forms the

apoptosome that is able to recruit procaspase 9. Following

auto-activation, caspase 9 triggers a caspase cascade involving

effector caspases such as caspases 3, 6 and 7, which ultimately

results in apoptosis (36). Although microarray studies have

emphasised great variation in p53 targets between different

cell types (8, 10, 11, 26), APAF-1 has previously been

identified as a p53 target by microarray analysis, underlining

its importance in p53-mediated apoptosis (9). Furthermore,
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Figure 4. mRNA regulation in LCL following infection with p53-MVA. LCL were infected with either p53-MVA or wild-type MVA (control) moi 2 for
the indicated times. Data represent genes up-regulated or down-regulated 1.8-fold or more in independent experiments at each time point.



cells deficient in APAF-1 have greatly reduced apoptotic

response and display increased tumourogenic potential (37). 

The level of mRNA for podocalyxin, which is involved in cell

adhesion and morphology, was increased 35- and 8-fold after

infection with p53-MVA for 12 and 24 hours, respectively. This

gene has been previously identified to be up-regulated by p53

due to p53 consensus sequence in its promoter (7). Another

highly induced gene at both 12 and 24 hours was prostate

differentiation factor, a member of the TGF-beta superfamily,

which is involved in apoptosis and also contains a p53 binding

site in its promoter (38, 39). Other genes highly up-regulated at

both 12- and 24-hour time points included v-Ha-ras, LNIR and

liver mitochondrial glutaminase. Ras can have both pro- and

anti- apoptotic effects depending on cell type and conditions

(40). In addition, one of the down-stream processes following

v-H-ras is p53 (41), suggesting a possible positive feedback

process. These data confirm that p53-MVA induces expression

of both primary and secondary targets within infected LCL and

that there is temporal association with functional apoptosis.

Protein microarray. Whilst longitudinal analysis of mRNA levels

during apoptosis is able to identify potential p53 targets and

give insights into mechanisms involved, it does not necessary

reflect expression at the protein level. Therefore, in addition

to assessment of mRNA levels at 3 time points, we wished to

directly compare protein expression using a system in which it

would be possible to measure changes in expression of a large

number of known proteins simultaneously. Using novel protein

microarrays, we identified proteins that were up-regulated at

24 hours by 1.3-fold or more or that were down-regulated 

0.7- fold or less (13) as listed in Tables II and III. Although the

majority of the proteins were expressed at similar levels in LCL

infected with p53-MVA and wild-type MVA, a number of

proteins that are known to be p53-regulated were induced or

suppressed in the p53-MVA-infected cells. Many of these

proteins have direct roles in apoptosis or cell cycle arrest and

have been shown to be regulated by p53 (Tables II and III). 

The protein level of the anti-apoptotic molecule bcl-2,

which has previously been shown to be repressed by p53 due

to a negative response element in the bcl-2 gene (42), was

down-regulated in LCL infected with p53-MVA (confirmed

by Western blot – data not shown). Down-regulation of bcl-2

positively regulates the APAF-1 apoptosis pathway as bcl-2

controls APAF-1 subcellular location (43) and, critically,
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Table I. mRNA up-regulated at both 12 and 24 hours post-infection with p53-MVA. LCL were infected with either p53-MVA or wild-type MVA (control)
moi 2. Data represent genes up-regulated in three independent experiments at both 12 and 24 hours post infection of LCL with p53-MVA compared with
wild-type-MVA. Values represent the mean up-regulation of the three experiments. Genes marked with an asterisk have previously been shown to contain
a p53 target sequence in their promoters. All genes that were up- or down-regulated at each time-point are listed in MIAME database #E-MEXP-69.

Name Fold increase Accession Function

12hr 24hr

podocalyxin-like (PODXL)* 35 8 NM_005397 Cation transport

prostate differentiation factor (MIC-1, NAG-1)* 12 4 NM_004864 TGF beta signalling

Harvey rat sarcoma viral oncogene homolog (v-H-ras) 3 15 NM_005343 Apoptosis

Ig superfamily receptor LNIR 9 8 AF160477 Virulence 

EPS8 related protein 2 8 6 AK025588 EGF receptor signalling

liver mitochondrial glutaminase (GLS2) 9 5 NM_013267 Amino acid metabolism

neuron-specific protein (D4S234E) 4 8 NM_014392 Unknown 

ferredoxin reductase (FDXR)* 6 2 NM_004110 Electron transport

protein phosphatase (DUSP13) 3 7 NM_016364 Meiosis

Ras-related associated with diabetes (RRAD) 9 4 NM_004165 Signal transduction

Chromosome 12 open reading frame 5 (C12orf5) 3 3 NM_020375 Glycolysis

hypothetical protein FLJ22757 4 2 AK026410 RNA-dependent DNA replication

Adrenomedullin (ADM) 3 4 NM_001124 Stress response 

Homo sapiens sialic acid-specific acetylesterase II mRNA 3 2 AF303378 Cell death

growth arrest and DNA-damage-inducible, alpha (GADD45A)* 2 4 NM_001924 Stress response cell cycle arrest

protein kinase, AMP-activated, beta 1 non-catalytic subunit (PRKAB1) 3 2 NM_006253 Signal transduction

centaurin, delta 2 3 4 AB018325 Unknown

solute carrier family 2 member 5 (SLC2A5) 3 3 NM_003039 Fructose transport

lysosomal-associated membrane protein 3 (LAMP3) 4 3 NM_014398 Oncogenesis

apoptotic protease activating factor (APAF1)* 4 5 NM_013229 Apoptosis

Homo sapiens full length insert cDNA clone ZD79H11. 3 5 AF086432 Signalling

regulator of G-protein signalling 16 (RGS16)* 3 4 NM_002928 Signalling

integral membrane protein 2A (ITM2A) 3 3 NM_004867 Neurogenesis

Transforming growth factor, beta receptor I (TGFBR1) 3 3 NM_004612 Signalling

Homo sapiens clone 23570 mRNA sequence 2 2 AF038202 Unknown



blocks release of cytochrome c from the mitochondria (44). In

a study by Allday et al. (17), enhanced p53 levels did not result

in change of bcl-2 levels in LCL, probably because lower levels

of p53 induced in their system did not overcome the ability of

the EBV proteins LMP-1 (45) and EBNA-2 (46) to increase

bcl-2 protein expression. We detected an increased protein

expression of E2F2 – a transcription factor involved in the

apoptosis pathway which can induce expression of APAF-1

(28) as well as p14(ARF) (47). E2F transcription factors play

a major role in apoptosis and cell cycle control (48) and there

is evidence that some E2F family proteins are inhibited by

LMP-1 (49), again suggesting that high levels of p53 may

overcome any EBV-mediated inhibition of apoptosis. 

We also detected up-regulation of protein levels of

p21/WAF1, one of the main effectors of p53 and a powerful

inhibitor of cyclin dependent kinases (50). This is consistent

with some previous studies (17, 19), but not a recent study that

suggests that EBV type III latency proteins interfere with 

p53-mediated p21 up-regulation (51). 

FADD binds to death receptors such as TRAIL or Fas,

recruits pro-caspase 8 and was up-regulated by p53 

over-expression. Auto-activation of capase-8 results in a

cascade of effector caspases, culminating in apoptosis (52).

It has been previously shown that Fas-mediated apoptosis is

partially dependent on the presence of wild-type p53 (53).

Cathepsin D is an aspartic protease with a well-known role

in proteolysis of lysosomal proteins. In addition, it has been

shown to have a role in Fas- and TNF-·-induced cell death

and the presence of two p53 DNA binding sites in the

promoter sequence of the gene encoding cathepsin D have

been identified (54), suggesting a mechanism for p53-mediated

expression.
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Table II. Proteins up-regulated in EBV-B cells 24 hours after infection with p53-MVA compared to wild-type MVA. LCL were infected with either 
p53-MVA or wild-type MVA (control) moi 2. Data represent proteins up-regulated 1.3-fold or more following 24 hours of infection.

Protein Accession Function

Kinesin-related motor protein (Eg5) P52732 Spindle formation

FUSE binding protein 1 (FBP) Q12828 c-myc transcription factor

Apoptosis stimulating of p53 protein 2 (53BP2) Q13625 Apoptosis and cell growth regulation

Nucleoporin (Nup88) Q99567 component of nuclear pore complex

FAS-associating death domain-containing protein (FADD / Mort-1) Q13158 Apoptosis 

Neurexin I Q9ULB1 Intracellular signalling

Protein kinase C-like 2 Q16513 Kinase

Hematopoietic lineage cell specific protein (LckBP1) P14317 Cell signalling

Calnexin P27824 Glycoprotein synthesis

E2F-2 Q14209 Transcription factor involved in cell cycle

Sorting nexin 1 (SNX 1) Q13596 Intracellular trafficking

Fnk serine/threonine-protein kinase Q9H4B4 Protein kinase involved in cell cycle regulation

PKC lambda P24723 Kinase

Nucleolysin TIAR Q01085 RNA-binding protein may be involved in apoptosis

Cathepsin D P07339 Protein degradation

DNA Polymerase e Q07864 DNA repair/replication

Ubiquitin-conjugating enzyme E2-32 kDa complementing (CDC34) P49427 Ubiquitination

Lck P06239 Src family kinase

Chromodomain helicase-DNA-binding protein 3 (CHD3) Q12873 Transcriptional regulation

p21 (Cip1/ WAF1) P38936 Mediates p53 function of cell cycle inhibitor/

DNA damage response

Diaphanous protein homolog 1 (DRF1) O60610 Actin polymerisation

c-Cbl P22681 Ubiquitination

Modifier 3 protein (M33) P30658 Transcriptional repression

Opioid (k) P41145 Neural transmission

Apolipoprotein E precursor (Apo E) P02649 Lipoprotein up-take

Interferon stimulated gene factor 3 gamma (ISGF3g) Q00978 IFN-a signalling 

MAP kinase kinase 7 O14733 Dual specificity kinase

Von Hippel-Lindau disease tumor suppressor (pVHL) P40337 Ubiquitination

Dual specificity protein phosphatase 3 (VHR) P51452 Phosphatase

IKKb /2 O14920 NF-kappa-B signalling

Vasodilator-stimulated phosphoprotein (VASP) P50552 Actin filament production

Sodium/hydrogen exchanger 3 (NHE-3) P48764 Sodium/hydrogen exchange

p53 P04637 Tumour suppressor

FK506-binding protein 5 (FKBP 51) Q13451 Progesterone signalling



The protein array data identify numerous components of

known p53-mediated apoptosis pathways showing temporal

association with functional apoptosis as defined by Annexin-V

and 7-AAD staining. 

Discussion

We wished to demonstrate the dynamic nature of 

p53-mediated apoptosis by assessing mRNA expression at 3

different time-points following p53 over-expression and,

importantly, to analyse changes in protein levels that occur in

parallel to mRNA regulation and functional apoptosis. 

The consequence of p53 activity may depend on the level

of p53 within the cell. Whereas low levels of p53 expression

are thought to induce cell cycle arrest, high levels of p53

expression result in apoptosis (16, 11). This has been

suggested to result from different p53 targets having different

affinities for p53. We chose to over-express p53 in LCL by use

of p53 recombinant MVA. As MVA is highly attenuated and

is unable to replicate in human cells (14), we were able to

synchronise p53 expression in infected LCL. This allowed us

to perform a time course analysis of gene expression following

p53-MVA infection. At 48 hours, the mRNA was not of

sufficient quality to perform analysis due to excessive cell

death (Figure 3). In addition, most transcriptional events

would be expected to take place before the peak of cell death

and at the peak of p53 expression. Hence, we assessed the

mRNA levels at 6, 12 and 24 hours post infection. 

In our system, more genes were up-regulated than 

down-regulated by the over-expression of p53 at all time

points. This observation is consistent with some previous

studies (8, 11) but not others (26), reflecting the difference in

p53 targets in different cell types (10, 11). Genes that had

altered expression during the time course were involved in a

wide variety of cellular processes such as apoptosis, cell cycle

arrest and DNA damage repair (Figure 4). Importantly,

although a number of genes show increased expression at both

12 and 24 hours post infection (Δable I), at all 3 time points

examined, there was a different profile of gene regulation,

illustrating the dynamic nature of the transcriptional process

triggered by p53 expression. 

The transcription of at least ten primary targets of p53,

characterised by the presence of p53 motif within their

promoters, was up-regulated by over-expression of p53 in LCL.

This suggests that at high levels p53 can act as a transcription

factor and is able to overcome any inhibitory effect of EBV

latent proteins on p53 function, as suggested by Chen et al. (19). 

Another important finding of this study is the ability of

MVA to deliver functional p53 to target cells. Previous studies

have used adenoviral-mediated transfer of p53 to analyse the

function of p53 in normal and tumour cells (55). A number of

clinical trials have been initiated using p53-recombinant

adenovirus to induce therapeutic apoptosis of tumour cells,

with mixed results (56-60). In the present study, we showed

that p53-MVA readily infects human cells and induces high

levels of expression of functional p53. This, together with the

good safety record of MVA, suggests possible therapeutic

applications using p53-MVA as a vector.

There have been few attempts to comprehensively compare

gene and protein array expression during p53-mediated

apoptosis. Gene transcription and translation are extremely

dynamic and mRNA levels do not necessarily correlate with

protein expression, for example due to variable translation

efficiency and protein half-life (61). 

Our data contribute to existing p53 mRNA array findings,

but add longitudinal temporal correlations with functional

apoptosis and protein arrays. For example, E2F2 and bcl-2

protein were regulated by p53, complementing our data

showing enhanced expression of APAF-1 mRNA at 12- and

24- hour time points. However, whilst both mRNA and protein

arrays detected known components of the p53 pathway, their

individual findings were very different. This raises the
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Table III. Proteins down-regulated in EBV-B cells 24 hours after infection with p53 MVA compared to wild-type MVA. LCL were infected with either
p53-MVA or wild-type MVA (control) moi 2. Data represent proteins down-regulated 0.7-fold or less following 24 hours of infection.

Protein Accession Function

Bcl-2 P10415 Apoptosis inhibitor

NEK2 P51955 Mitotic regulation

Synuclein-1 P37840 May be involved in regulation of dopamine release and transport

SH2-B Q9NRF1 Jak regulator

GPI-Phospholipase D P80108 Q15127 Releases proteins from the membrane

Signal-induced proliferation-associated 

protein 1 (SPA-1) O60484 GTPase activator for Ras-related regulatory proteins

L-Caldesmon Q05682 Actin/Myosin binding

Tensin NP_072174 Signal transduction

Protein phosphatase 2C gamma isoform O15355 Phosphoprotein

erbB-2 / HER-2 P04626 Component of neuregulin-receptor complex

Serine/threonine-protein kinase 4 (MST1) Q13043 Protein kinase



suggestion that the existing common practice of using mRNA

array data to guide detailed understanding of individual

proteins may not detect all relevant pathways. These data

demonstrate the completeness of combined genomic and

proteomic approaches at the initial screening phase before

committing significant research resource to subsequent

detailed analysis of specific pathways. 

We conclude that, at high levels, p53 can act as a

transcription factor and overcome EBV-mediated inhibition

of apoptosis, for example by induction of the mitochondrial

apoptotic pathway involving APAF-1 and bcl-2. By illustrating

the dynamic nature of p53-mediated apoptosis, our data show

the importance of comprehensive analysis of protein

expression in addition to gene expression. 
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