
The p53 protein and its signal transduction pathway re-
spond to a wide variety of intrinsic and extrinsic cellular
stresses. Among these stresses are DNA damage, telo-
mere length shortening, hypoxia, reduction in ribonucle-
oside triphosphate pools and ribosomal biogenesis, spin-
dle damage, and even mutational activation of oncogenes
(Vogelstein et al. 2000). These stress signals are commu-
nicated to the p53 protein and its ubiquitin ligase,
MDM2, via an extensive set of protein modifications that
result in reduced expression or activity of the MDM2 pro-
tein, a negative regulator of p53 (Appella and Anderson
2001). In response to stress, the stability of p53 is in-
creased and it becomes an active transcription factor.
This in turn results in the transcription of a set of genes
whose products bring about cell cycle arrest, senescence,
or apoptosis. This provides time to either reverse the
stress before cell duplication or kill the cell and its off-
spring that have duplicated under stressful conditions and
made errors in that process. The replication of damaged
DNA can increase the mutation rate by hundreds of fold.
In this fashion, p53 and the signal transduction pathway
it controls prevent errors in cell division that could give
rise to mutations and changes in ploidy in a clone of cells.
Several lines of evidence support this explanation; indi-
viduals that inherit a mutation in one of their p53 alleles
develop multiple cancers at a young age and at a high rate
(Li 1990; Malkin et al. 1990), a set of phenotypes now
known as Li-Fraumeni syndrome, and up to 50% of all
cancers harbor somatic p53 mutations that inactivate its
function as a transcription factor (Soussi and Beroud
2001). Thus, there is a good deal of evidence that the p53
protein and its signal transduction pathway act in humans
to suppress the development of tumors. 

Several years ago, the sequencing of the human
genome was completed, and it became clear that humans

are a young species, with any two individuals being
99.8% identical (Lander et al. 2001; Venter et al. 2001).
Among the differences between individuals are up to 10
million single-nucleotide polymorphisms (SNPs) dis-
tributed throughout the genome (Sachidanandam et al.
2001), and these differences may contribute to many of
the individual traits that make us unique. This includes
predispositions to diseases, responses to drugs or thera-
pies, or even interactions with known mutations that pre-
dispose patients to diseases. Thus, we might anticipate
that p53, and those genes which encode the proteins that
make up the p53 pathway, would contain SNPs which
would either enhance or decrease the ability of this net-
work to suppress tumor development. Indeed, some of
these SNPs have been identified. There are two common
alleles of p53 that encode different amino acids at codon
72, either proline or arginine, and allele frequencies
within populations differ as one goes from the equator to
northern latitudes (Beckman et al. 1994), suggesting se-
lective forces play a role in maintaining both alleles. In-
deed, the arginine form of p53 is associated with a
stronger apoptotic response (Dumont et al. 2003), and the
arginine-encoding allele of p53 is preferentially mutated
and maintained in squamous cell tumors (Marin et al.
2000). Recently, a SNP in the human MDM2 gene was
shown to influence the number of independent cancers
developed by Li-Fraumeni patients and to lower the age
of onset of both familial and sporadic soft-tissue sarco-
mas (Bond et al. 2004).

To identify SNPs populating the p53 pathway that af-
fect cancers in humans, we have used the candidate sig-
nal transduction pathway approach. From the growing list
of genes within the p53 pathway, we have selected 82
genes and have identified 1335 SNPs within these genes.
Although it might be possible to choose from among
these SNPs those with the highest probability of altering
the efficiency or functions of the p53 pathway, it became
clear that a cell-based assay to test for the efficiency of

Single-Nucleotide Polymorphisms in the p53 Pathway

S.L. HARRIS,*† G. GIL,*† W. HU,* H. ROBINS,‡ E. BOND,* K. HIRSHFIELD,* Z. FENG,* X. YU,*
A.K. TERESKY,* G. BOND,‡ AND A.J. LEVINE*‡

*The Cancer Institute of New Jersey, Robert Wood Johnson Medical School, New Brunswick, New Jersey 08903;
‡Institute for Advanced Study, School of Natural Sciences, Princeton, New Jersey 08540

Cold Spring Harbor Symposia on Quantitative Biology, Volume LXX. © 2005 Cold Spring Harbor Laboratory Press 0-87969-773-3. 111

†These authors contributed equally to this work.

A cell culture assay has been developed that detects and validates single-nucleotide polymorphisms (SNPs) in genes that pop-

ulate the p53 pathway. One hundred thirteen EBV-transformed human B-lymphocyte cell lines obtained from a diverse pop-

ulation were employed to measure the apoptotic response to gamma radiation. Each cell line undergoes a reproducible, char-

acteristic frequency of apoptosis, and the response of the population forms a normal distribution around a median of 35.5%

apoptosis with a range from 12% to 58% apoptosis. Polymorphisms in the AKT1 and Perp genes significantly affect the fre-

quency of apoptosis. The assay can detect both racial and sexual dimorphisms in these genes and has the ability to demon-

strate epistatic relationships within the p53 pathway. The cell lines used in this assay provide biological materials to explore

the molecular basis of the polymorphisms.  



p53 function should be developed which would permit an
assessment of the impact of a SNP or gene upon the func-
tions of the p53 pathway. This paper describes the devel-
opment of an assay that, in addition to providing a method
to demonstrate which SNPs alter the efficiency of the p53
pathway, provides cell lines that permit one to determine
the molecular and cellular mechanism of the SNP. As the
genotypes from multiple SNPs are determined within the
same group of cell lines, this provides, for the first time,
the chance to examine epistasis in the pathway and the
combinatorial impact of several SNPs in the same cell.
This assay has uncovered both sexual and racial dimor-
phisms in the p53 pathway.

The assay employed 113 EBV-transformed B-cell lines
(LCLs) that were derived from unrelated, healthy volun-
teers. The input stress signal employed to activate the p53
protein was 5 Gy of gamma radiation (γ IR), and the out-
put or phenotype measured was the percentage of cells
that underwent apoptosis 24 hours after the radiation. The
results demonstrate that the p53 pathway plays a central
role in determining this phenotype. Interestingly, each
cell line undergoes a reproducible frequency of apoptosis
with a small standard error, whereas the population re-
sponds with a range of 12.3–58.9% apoptosis around a
median of 35.5% apoptosis. The tails of this distribution
(high and low ends) are two standard deviations from the
mean, providing a statistically robust method to charac-
terize the distributions of any SNP in this population of
cell lines. This assay has uncovered SNPs or haplotypes
in two genes in the p53 pathway (Jin and Levine 2001):
AKT1 and Perp, each of which alters the distribution of
apoptotic response to irradiation. Because the cell lines
are available to any investigator and have been previously
classified for a phenotype (apoptosis after γ IR), other re-
searchers can now test for the impact of a SNP (or haplo-
type) by genotyping the DNA samples obtained from this
collection. Furthermore, this approach can be adapted to
many other phenotypes that can be measured in B cells in
culture.

MATERIALS AND METHODS

Response of EBV-transformed B cells to γγ radiation.

A total of 120 EBV-transformed lymphoblast cell lines
(LCLs) derived from anonymous, unrelated healthy vol-
unteers were purchased from the Coriell Institute for
Medical Research (Camden, New Jersey). Cells were cul-
tured in RPMI supplemented with L-glutamine and 15%
FBS (Sigma). Cells were seeded into T25 flasks at a den-
sity of 2 x 105 cells/ml and were grown at 37°C at 5%
CO2 until the density reached 1 x 106 cells/ml (defined as
one passage). Once the cultures reached a viability of
90% or greater, response to radiation was measured. For
each cell line, two 10-ml cultures were seeded into T25
flasks at a density of 2 x 105 cells/ml and were grown for
48 hours. One culture was irradiated with 5 Gy radiation
(CIS BioInternational IBL 437C137Cs γ-radiation
source), and the control culture was mock-irradiated. Cell
death was measured in both cultures 24 hours post-radia-
tion using a Guava Personal Cell Analysis flow cytome-

ter (Hayward, California). Guava Viacount reagent,
which differentially stains viable and nonviable cells
based on their permeability to two dyes, was used to mea-
sure apoptosis. Control experiments on four LCLs
demonstrated that assays of multicaspase activation,
TUNEL staining and nexin staining, gave very similar re-
sults to Viacount (data not shown). The radiation-induced
percent apoptotic cell death for a culture was obtained by
comparison of the irradiated to the mock-treated control
culture. The average apoptotic response for each cell line
was calculated from at least three measurements, each
taken from a different passage. The total number of cell
lines in our analysis was reduced to 113 after elimination
of data from cell lines that never reached 90% viability,
grew very slowly, underwent crisis during the experi-
ment, or did not give reproducible results in the assay. 

Genotyping. Genomic DNAs corresponding to the 113
LCLs were purchased from Coriell Institute (Camden,
New Jersey). The five polymorphisms in AKT1

(Emamian et al. 2004) (rs3803300, rs1130214,
rs3730358, rs2498799, rs2494732) and the Perp poly-
morphism (rs2484067) were genotyped on an ABI Prism
7000 using Applied Biosystems (Foster City, California)
allelic discrimination assays. All genotype frequencies
were in Hardy-Weinberg equilibrium.

siRNA gene silencing. To prepare cells for transfec-
tion, LCLs were grown to a density of 1 x 106 cells/ml and
then centrifuged at 300g for 10 minutes, and the medium
was removed. Cells were resuspended at room tempera-
ture in Nucleofector solution included with the Nucleo-
fector kit V (Amaxa, Maryland). A culture (100 µl) at a
density of 4 x 106 to 5 x 106 cells/ml was mixed with
siRNA and transferred to the provided cuvette and elec-
troporated with an Amaxa Nucleofector device (Amaxa,
Germany) set with the A-30 pulsing parameter, and cells
were immediately transferred into a flask containing pre-
warmed (37°C) culture medium. Transfection efficiency
was determined by fluorescent microscopy using Alexa
Fluor 546 control nonsilencing duplex siRNAs (Qiagen).
Typical transfection efficiency was 70–80%, and viabil-
ity at 48 hours post-transfection was near 90%. AKT1

siRNA Smartpool (Dharmacon) was used to silence Akt1

expression. A p53 siRNA Smartpool (Dharmacon) was
used to reduce p53 expression. Lamin A/C and control
nonsilencing duplex siRNAs (Qiagen) were used at the
same concentration as AKT1 and p53 siRNAs (600 pico-
moles). For radiation studies of siRNA-transfected cells,
cells were irradiated (5 Gy) 24 hours post-transfection,
and percent cell death was measured 24 hours after radi-
ation by comparing irradiated and mock-irradiated trans-
fected cultures. Subsequently, the cells were lysed, and
protein levels were analyzed as described below.

Western analysis. Protein levels were analyzed from
total cell extracts prepared by lysis in RIPA buffer (Sigma
Aldrich) in the presence of a protease and phosphatase in-
hibitor cocktail (Sigma Aldrich). Protein concentration
was measured using Bio-Rad’s protein assay and spec-
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the 113 LCLs included in the study, 77 are derived from
females and 36 from males. To increase the genetic di-
versity, roughly half (58) of the LCLs are derived from
African-American donors and half (55) are from Cau-
casian donors. Each cell line was irradiated with 5 Gy of
gamma radiation (γ IR), and 24 hours later the percent of
cells in the culture undergoing apoptotic cell death was
measured. Radiation-induced apoptosis was measured at
least three times for each LCL. The average standard er-
ror was 2.2% apoptosis and ranged from 0.2% to 5.3%.
Thus, the response of each individual LCL was very re-
producible. When the percent of apoptosis was measured
at 48 hours, the frequency of apoptosis increased, but the
relative order of responses of different LCLs remained
substantially the same. In Figure 1, data for the 113 LCLs
are plotted as the number of cell lines as a function of the
frequency of apoptosis at 24 hours. Response varied with
a range of 12.3–58.9% apoptosis forming a Gaussian dis-
tribution with an average apoptotic frequency of 34.9%, a
median of 35.5%, and a standard deviation of 9.9%. On
the basis of the standard error and the standard deviation,
we chose to bin the responses into 10% intervals of apo-
ptosis (Fig. 1). The midpoints of the highest (8 LCLs) and
lowest (11 LCLs) bins of this distribution are two stan-
dard deviations removed from the median. This experi-
ment demonstrates that heterogeneity exists in the re-
sponse of individual B-cell lines to DNA damage induced
by γ IR. In addition, these data suggest that it should be
possible to identify, in a statistically valid fashion, indi-
vidual traits or SNPs that generate some of this variation. 

Although the presence of Epstein-Barr virus in these
cells may alter some of their properties, it is unlikely that
the distribution of apoptotic response is drastically al-
tered. The results presented in Figure 1 are similar to
those of Camplejohn (Camplejohn et al. 2003) and K.
Onel and A.J. Levine (unpubl.), whereby peripheral
blood lymphocytes, isolated directly from donors, were
tested in a similar assay. Second, when an EBV-trans-
formed LCL derived from a Li-Fraumeni patient (cell line
051-019) was tested in this assay, the frequency of apo-
ptosis was only 13.3% (Fig. 2A), similar to that found us-
ing peripheral blood lymphocytes from Li-Fraumeni pa-

trometry at 595 nm. Total protein (40 µg) was separated
on a 4–20% Tris-glycine gel and transferred to a PVDF
membrane. The AKT1 (2H10), Lamin A/C (#2032), and
phospho-MDM2 Ser166 (#3521) antibodies were pur-
chased from Cell Signaling Tech, α-Tubulin (DM1A) an-
tibody was from Sigma Aldrich, the p53 (DO-1) and
MDM2 (SMP14) antibodies were from Santa Cruz. 

The proteins were visualized using HRP-conjugated
secondary antibodies (Pierce Biotech) and SuperSignal
West Fento (Pierce Biotech).

Determination of AKT1 protein concentration by

ELISA. For each cell line, cultures were seeded into T25
flasks at a density of 2 x 105 cells/ml and were grown for
72 hours. Total cell protein extracts were prepared and
quantitated as described above. AKT1 protein in each ex-
tract was determined using the PathScan Total AKT1
Sandwich ELISA kit from Cell Signaling Technology
(Beverly, Massachusetts) according to the manufac-
turer’s recommendations. The results of the ELISA assay
were confirmed by western analysis (data not shown). 

RNA analysis. To measure basal Perp mRNA levels,
total RNA was isolated from cell pellets using Rneasy
(Qiagen). cDNAs were made using TaqMan reverse tran-
scription reagents from Applied Biosystems. Real-time
PCR was carried out on an ABI Prism 7000 sequence de-
tection system. Probe and primer sets were as follows: hu-
man Perp (catalog number Hs00751717_s1) and human
GAPDH (catalog number Hs99999905_m1) (Applied
Biosystems). 

Statistical analysis. Means and standard deviations of
total protein were compared by unpaired two-tailed t-
tests. Means and standard deviations of apoptotic re-
sponses of cell lines were compared by unpaired t-tests,
one- or two-tailed as indicated in the text, or by the
Fisher’s exact test when appropriate. 

Determination of haplotype structure. Haplotypes
were determined by Expectation Maximization using the
SNPHAP software (www-gene.cimr.cam.as.uk/clayton). 

RESULTS

The Response of LCLs to Radiation Is

Heterogeneous

To measure the response of cells from different indi-
viduals to DNA damage, we chose to irradiate EBV-
transformed B cells derived from those individuals. It has
been demonstrated in both mice (Lowe et al. 1993) and
humans (Camplejohn et al. 2000) that apoptotic re-
sponses in lymphocytes are significantly reduced by p53

mutations. EBV-transformed B-cell lines were chosen to
reduce the cell type heterogeneity and environmental
variables that are observed when peripheral blood lym-
phocytes are taken directly from an individual and placed
in culture (Camplejohn et al. 2003). In addition, the LCLs
provide a permanent source of cells that can be tested
multiple times for a given phenotype or phenotypes. Of

Figure 1. The response of LCLs to radiation is heterogeneous.
113 LCLs from unrelated individuals were irradiated with 5 Gy
γ IR to induce DNA damage, and apoptosis was measured 24 hr
later. Each cell line was measured at least three times; the aver-
age standard error for all cell lines was 2.2%. Each cell line was
placed in a bin based on its average apoptotic response. The bin
size of 10% represents one standard deviation (9.9%) for the
population.



tients (Camplejohn and Rutherford 2001) and markedly
different from a second LCL (051-100) derived from a
volunteer with wild-type p53 that underwent consider-
able apoptosis (44%). To further demonstrate the central
role of the p53 pathway in this assay, two LCLs with high
apoptotic responses were transfected with p53 siRNA to
reduce the expression of p53 and test whether this would
affect the efficiency of apoptosis. As shown in Figure 2A,
transfection of the GM09948 cell line, shown previously
to have an apoptotic frequency of 53.6%, with a nonspe-
cific siRNA or with a siRNA directed against lamin, re-
sulted in no change in the response to γ IR. Transfection
of the same cell line with a p53 siRNA that lowered the
amount of p53 expression (Fig. 2B) resulted in a reduc-
tion of apoptotic response to about 10% (Fig. 2A). A sim-
ilar result was obtained with a second LCL, GM17202;
p53 siRNA reduced apoptosis from 44.4% to below 10%
(Fig. 2A). It is clear from these experiments that this as-
say measures p53-mediated apoptosis in response to γ IR
and that the efficiency of that response is quite heteroge-
neous in the population.

The Genetic Background of the LCLs

Plays a Role in the Heterogeneity of Their

Responses to DNA Damage

Of the 113 cell lines shown in Figure 1, 55 are derived
from the B cells of self-identified Caucasians and 58 are
derived from self-identified African-American donors.
The LCLs were chosen this way to maximize the number
of polymorphisms that would be present. The African and
African-American populations have been shown to have
a greater number of unique or population-specific poly-
morphisms compared to the European Caucasian popula-
tion (Hinds et al. 2005). Figure 3 presents the 113 cell
lines separated by the race of the donor as a function of
apoptotic cell death. Both the Caucasian and the African-
American LCLs produced a similar normal distribution
of responses between 20% and 60% apoptosis, but all of
the 11 LCLs exhibiting between 10% and 20% apoptosis
were of Caucasian origin (p = 0.0002; Fisher’s exact test,
two-tailed). This significant overrepresentation of Cau-
casians in the lowest response group is seen for both fe-
male and male LCLs (p = 0.005 and 0.04, Fisher’s exact,
two-tailed, respectively). Since the culture conditions
employed in this assay are relatively constant for all cell
lines, these data support the idea that genetic factors are
contributing to the heterogeneity of the p53 response to
radiation damage.

A Haplotype in AKT1 Affects

Radiation-induced Cell Death

Recently, a haplotype composed of five SNPs in AKT1

was reported to reduce the amount of AKT1 protein in
lymphocytes and brain tissue of schizophrenic patients,
and this haplotype was found in higher than expected fre-
quencies in individuals with schizophrenia (Emamian et al.
2004). AKT1 is an antiapoptotic protein kinase (Bellacosa
et al. 2004), and one of its substrates is the MDM2 protein
(Mayo and Donner 2001; Zhou et al. 2001; Gottlieb et al.
2002; Ogawara et al. 2002). Phosphorylation of MDM2 by
AKT1 at serine residues 166 and 188 inhibits MDM2 auto-
ubiquitination leading to the stabilization of MDM2
(Ogawara et al. 2002; Feng et al. 2004). In some cells,
phosphorylation also promotes the movement of MDM2
into the nucleus (Zhou et al. 2001) where it can act to desta-
bilize p53 protein levels and lower apoptosis. Thus, AKT1
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Figure 2. Reduction in p53 function results in reduced apoptotic
response in LCLs. (A) An LCL (051-019) derived from a patient
with Li-Fraumeni syndrome (p53 mutant) and an LCL from an
unrelated individual with wild-type p53 alleles (051-100) were
irradiated with 5 Gy γ IR to induce DNA damage; apoptotic cell
death was measured 24 hr later. Each cell line was measured
four times; the average cell death and standard error are shown.
LCLs GM09948 and GM17202 were transfected with siRNAs
specific for p53, lamin A/C, or a nonspecific siRNA (NS). Cells
were treated with γ IR 24 hr after transfection with siRNAs, and
cell death was measured 24 hr post-radiation. Shown are the
mean and standard deviation from two separate experiments.
(B) Shown are western blots of basal (no radiation) whole-cell
extracts made from the GM09948 cell line 48 hr post-transfec-
tion with the indicated siRNAs.

Figure 3. The response of LCLs to radiation is influenced by ge-
netic factors. LCLs are grouped by average response to radiation
and by the race of the donor. 55 LCLs are derived from self-
identified Caucasian donors, and 58 are derived from self-iden-
tified African-American donors. 
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can act epistatically to MDM2 and functions to control the
amount of MDM2 in a cell. To determine whether AKT1
activity affects apoptotic frequency in B cells, two LCLs
(both in the lowest response group) were transfected with
siRNAs that were either nonspecific, directed against
Lamin, or directed against the AKT1 transcript. Transfec-
tion with AKT1 siRNA lowered the levels of AKT1 pro-
tein, lamin siRNA reduced the expression of the lamin pro-
tein, and so both of these siRNAs were specific for their
targets (Fig. 4B). Knock-down of AKT1 resulted in an in-
creased apoptotic response (37% and 38%) compared to
mock or control-treated transfectants (11% and 12% apo-
ptosis) (Fig. 4A). These data suggest that AKT1 expression
can affect the frequency of apoptosis in B cells. 

The LCLs were genotyped for five SNPs in the AKT1

gene (Emamian et al. 2004), and their positions are dia-
gramed in Figure 5A. The pair-wise linkage disequilib-
rium (LD) is presented as D´. A D´ value of 1.0 indicates
complete LD, whereas a D´ value of 0 indicates that his-
torical recombination events have occurred between the
two SNPs such that they are only randomly present on the
same chromosome. The predicted haplotypes and their
calculated frequencies are presented in Table 1. AKT1

SNP3 and SNP4 are in almost complete LD in Cau-
casians but are not in LD in the African-American popu-
lation. Because haplotypes that include SNP3 have been

shown to associate with the amount of AKT1 protein in
lymphocytes, and our data show that these SNPs are
linked in Caucasians but not in African-Americans, we
can make the prediction that a core SNP3-SNP4 haplo-
type in AKT1 will be associated with apoptosis in Cau-
casian LCLs but not in African-American LCLs and that
this haplotype may have a significant impact on the re-
sponse of the 11 Caucasian cell lines in the lowest re-
sponding group. 

In Figure 5B, 50 Caucasian LCLs are separated on the
basis of their genotypes at AKT1 SNP3 and SNP4 and
their response to γ IR. LCLs homozygous for the minor
alleles at both SNP3 (TT) and SNP4 (AA) populate the
high response end of the distribution, LCLs heterozygous
for both SNP3 (CT) and SNP4 (GA) populate the middle
of the distribution, whereas those LCLs homozygous for
the major alleles at both SNP3 (CC) and SNP4 (GG) are
found in a broad or biphasic distribution encompassing
the lower half of the graph that includes the 11 lowest
apoptotic LCLs. The Caucasian LCLs homozygous for
the major alleles (SNP3 CC, SNP4 GG) undergo, on av-
erage, less apoptosis in response to γ IR than do the het-
erozygous (CT, GA) LCLs (p = 0.017, t-test, one-tailed).
A similar comparison of the African-American homozy-
gous (CC, GG) LCLs to the heterozygous (CT, GA)
LCLs reveals that these genotypes are not associated with
apoptosis in this group (p = 0.95, t-test, two-tailed). All
11 of the Caucasian LCLs in the 10–20% apoptotic re-
sponse group share the major SNP3-SNP4 haplotype
(CC, GG) (p = 0.014, Fisher’s exact, one-tailed), sug-
gesting that this haplotype is necessary, but not sufficient
to lower the apoptotic index of LCLs to the 10–20%
range because the same haplotype populates LCLs in the
20–30% and 30–40% region of the distribution in Figure
5B. Notably, the broad distribution of cell death for Cau-
casian LCLs with the major AKT1 SNP3-SNP4 haplotype
suggests that the low-apoptosis phenotype may be modi-
fied by other genetic factors. 

Because AKT1 is an antiapoptotic kinase, we predicted
that the LCLs with the highest apoptotic responses would
exhibit the lowest levels of cellular AKT1 protein and,
conversely, LCLs with the lowest responses to γ IR would
have the highest levels of AKT1 protein or activity. As
shown in Figure 5C, this is indeed true. Caucasian LCLs
that are homozygous for the major SNP3-SNP4 haplo-
type (CC/GG) have higher amounts of AKT1 protein than
do the LCLs harboring the minor haplotype (TT/AA) (p
= 8.0 x 10–8, unpaired t-test, two-tailed), and LCLs that
are heterozygous at both positions have intermediate
amounts of AKT1 protein (p = 1.7 x 10–9). Thus, it ap-
pears that the SNP3-SNP4 haplotype controls the level of
AKT1 in lymphocytes and affects the magnitude of a
cell’s response to DNA damage. 

To determine whether the level of AKT1 affects apo-
ptosis by altering MDM2 stability, AKT1 expression was
reduced in an LCL by siRNA. LCL GM17206 was trans-
fected with siRNAs for AKT1, Lamin, and a nonspecific
siRNA. Cultures were split after transfection, and half of
each culture was irradiated (5 Gy) and half remained un-
treated. 24 hours post-radiation, the cells were harvested
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Figure 4. Reduction in expression of AKT1 by siRNA results in
increased apoptotic response in LCLs. (A) LCLs GM17206 and
GM17218 were transfected with siRNAs specific for AKT1,
lamin A/C, or a nonspecific siRNA (NS). Cells were treated with
γ IR (5 Gy) 24 hr after transfection with siRNAs, and apoptotic
cell death was measured 24 hr post-radiation. Shown are the
mean and standard deviation from three separate experiments.
(B) Shown are western blots of basal (no radiation) whole-cell
extracts made from cell line GM17206 48 hr post-transfection
with the indicated siRNAs.
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Figure 5. The major AKT1 SNP3-4 haplotype is associated with
higher basal AKT1 protein levels and decreased apoptotic re-
sponse. (A) Genomic structure of the AKT1 locus and polymor-
phic sites used. Exons (boxes) and introns are not drawn to scale;
gray boxes represent noncoding sequences, black boxes represent
coding sequences. Pair-wise linkage disequilibrium between the
SNPs calculated as D´ is shown. Allele frequencies for individual
SNPs are as follows: (Caucasian) SNP1 (A = 94.5, G = 5.5) SNP2
(G = 70.0, T = 30.0) SNP3 (C = 88.2, T = 11.8) SNP4 (G = 81.8,
A=18.2) SNP5 (A = 60.9, G = 39.1); African-American SNP1 (A
= 75.0, G = 25.0) SNP2 (G = 64.7, T = 35.3) SNP3 (C = 83.6, T
= 16.4) SNP4 (G = 85.3, A = 14.7) SNP5 (A = 45.7, G = 54.3).
(B) The major AKT1 haplotype (CC/GG) is associated with lower
apoptosis. 50 Caucasian LCLs are grouped by average response
to radiation and genotype at AKT1 SNPs 3 and 4. Five cell lines
were eliminated from the analysis because they had AKT1 SNP3-
4 genotype combinations other than those shown in Fig. 5B. (C)
The AKT1 major SNP3-4 haplotype is associated with higher
basal AKT1 protein levels. Mean ± S.E.M. optical densities from
an AKT1-specific ELISA are shown. The data include the results
from two separate experiments. (D) Reduction in expression of
AKT1 by siRNA results in decreased phosphorylation and stabil-
ity of MDM2. GM17206 was transfected with siRNAs specific
for AKT1, lamin A/C, or a nonspecific siRNA (NS). Transfected
cells were exposed to γ IR (5 Gy) 24 hours after transfection.
Shown is a western blot of whole-cell protein extracts that were
prepared 24 hr after irradiation. 

Table 1. Haplotype Frequencies for AKT1 SNP1-5 in
Caucasians and African-Americans

Caucasian African-American
haplotype frequency haplotype frequency

AGCGA 0.53 AGCGG 0.21
ATCGG 0.14 AGCGA 0.19
ATTAG 0.098 GTCGG 0.088
AGCGG 0.054 ATCGA 0.084
GGCGG 0.039 GGCGG 0.075
AGCAA 0.037 ATTGA 0.074
ATCGA 0.033 AGCAG 0.070

GGTGA 0.032

and prepared for western blot analysis employing anti-
bodies that detected total MDM2 protein, MDM2 phos-
pho-Ser-166, and total p53. These results are presented in
Figure 5D. The AKT1- and lamin-specific siRNAs acted
in a gene-specific fashion to reduce expression of each
gene product accordingly. As expected, because activa-
tion of p53 by DNA-damage-induced signals leads to in-
creased expression of the p53-target gene MDM2, radia-
tion increased the concentration of MDM2 in the
mock-treated, lamin siRNA transfected, and the nonspe-
cific siRNA transfected cells. In irradiated cells with re-
duced AKT1 expression, MDM2 levels were much lower,
and phosphorylation of MDM2 at Ser-166 was much re-
duced. At the same time, p53 levels were elevated in the
AKT1 siRNA transfected cells. This supports the hypoth-

esis that AKT1 functions in B cells to phosphorylate and
stabilize MDM2, leading to the decreased stability and
activity of p53. 
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In African-Americans, SNP3 and 4 are not in linkage
disequilibrium, and thus it is not possible to define a
SNP3-SNP4 haplotype in this population. However, ex-
amined independently, SNP3 (p = 0.63, t-test, two-tailed)
and SNP4 (p = 0.90, t-test, two-tailed) appear to make no
contribution to the apoptotic response of African-Ameri-
can LCLs. Thus, it appears that the functional SNP in
AKT1 (as yet unidentified) that results in altered apopto-
sis is not in LD with either SNP3 or SNP4 in the African-
American population, whereas it is in LD with these
SNPs in the Caucasian population. Alternatively, the
same functional SNP may be present in both groups but
may occur at a much lower frequency in the African-
American population. 

A SNP in Perp Affects Response to

Radiation in LCLs

Having established that measurement of apoptotic fre-
quency in LCLs provides a good assay for identifying
SNPs in genes that both lower the apoptotic index of a
cell line and have clinical correlates that reflect this phe-
notype, this approach was employed to test a number of
SNPs in genes that populate the p53 pathway, and this led
to the identification of a SNP in Perp. Perp is a p53-in-
ducible gene whose transcript is increased in p53-acti-
vated cells undergoing apoptosis, but not in cells under-
going p53-mediated G1 growth arrest (Attardi et al.
2000). Perp is a tetraspanin membrane protein whose
functions include the promotion of apoptosis in lympho-
cytes and neuronal cells, adhesion of epithelial cells, and
the development of skin and notochord (Ihrie and Attardi
2004; Ihrie et al. 2005; Nowak et al. 2005). The overex-
pression of the Perp protein in cells will induce apoptosis
even in the absence of a p53 response (Ihrie et al. 2003).
The SNP in Perp that we have identified is located in the
second intron, 76 nucleotides 3´ to the boundary of exon
2, and the SNP changes a G residue to an A residue (IVS2
+ 76G>A). This polymorphism will be referred to as Perp

SNP 2-76. This SNP may be in linkage disequilibrium
with several other SNPs, forming a haplotype that gives
rise to the mechanism of action to be described here. The
genotypes for this SNP occur at different frequencies in
Caucasians (AA, 20%; AG, 57%; GG, 23%) and African-
Americans (AA, 56%; AG, 37%; GG, 7%). In female
LCLs, homozygosity for the G allele of Perp SNP 2-76 is
closely correlated with a low apoptotic frequency (p =
0.0000021; t-test, two-tailed) as shown in Figure 6A. The
G allele appears to act in a recessive fashion because
LCLs with the AG genotype behave the same as LCLs
with the AA genotype. Independently, Caucasian female
LCLs and African-American female LCLs each show a
significant correlation of the GG genotype with low fre-
quencies of apoptosis (p = 0.002 and 0.004, respectively,
t-test, two tailed). Thus, the polymorphism acts indepen-
dently of race. In contrast, this SNP has no significant im-
pact on apoptosis in male LCLs (p = 0.39), and so Perp

SNP 2-76, like the MDM2 SNP309, shows a sexual di-
morphism whereby females are affected and not males.
The Perp SNP 2-76 GG genotype appears to contribute to

the phenotype of the seven female LCLs that populate the
low-response group (10–20% apoptosis) observed in Fig-
ures 1 and 3. Six of the seven female LCLs in this bin are
GG at Perp SNP 2-76 (p = 0.001, Fisher’s exact test, two-
tailed).

The basal levels of Perp transcript were determined,
using real-time PCR, in 17 female cell lines that were AA
(6), AG (5), or GG (6), and the results of this analysis are
presented in Figure 6B. Interestingly, the basal amounts
of Perp mRNA from AA and AG cell lines were similar,
whereas the GG cell lines had about 2–3-fold lower ex-
pression of Perp. A comparison of the Perp transcript ex-
pressed in the 11 measured LCLs that have one or two
copies of the A allele to the 6 LCLs with the GG genotype
reveals that this difference is significant (p = 0.01, t-test,
one-tailed). Again, this suggests that the G allele is reces-
sive to the A allele. Thus, low expression of Perp and a
reduced apoptotic response correlate well with the Perp

SNP 2-76 GG genotype. The mechanism that may con-
tribute to this result remains to be elucidated.

DISCUSSION

One of the immediate benefits from the DNA sequence
and map of the human genome was the identification of
SNPs that can affect or modify a wide variety of diseases.
Today there are almost ten million human SNPs anno-
tated in several databases, and a number of approaches
have been devised to identify which SNPs might have a
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Figure 6. Female LCLs homozygous for a polymorphism in
Perp, SNP 2-76 exhibit reduced response to DNA damage. (A)
Female LCLs grouped by average response to radiation and
genotype at Perp SNP 2-76. LCLs homozygous for the G allele
at Perp SNP 2-76 (GG) are grouped together; heterozygous
(AG) LCLs are grouped with LCLs homozygous for the A allele
at Perp SNP 2-76 (AA). (B) The average basal levels of Perp
RNA from LCLs with AA, AG, or GG genotypes at Perp SNP
2-76 are shown as measured by real-time PCR (Taqman). All
values (arbitrary units) have been normalized to the level of
GAPDH and are the average of three independent measure-
ments. The standard errors are shown. 

A

B



phenotype that could correlate with a clinical outcome.
We have chosen to narrow the number of SNPs for study
by developing several guidelines for our choice of SNPs:
(1) Identify SNPs in genes that populate a signal trans-
duction pathway which is clearly involved in a disease
process (the candidate pathway approach). (2) Where
possible, select genes at central nodes in the pathway that
have the greatest capacity to affect the functions of the
pathway. (3) Select SNPs that occur at a reasonably high
frequency in a population to facilitate clinical testing. (4)
Where possible, identify SNPs that may alter the expres-
sion or function of the gene products in the pathway. (5)
Develop an assay that can test the functional significance
of a SNP in cell culture. This paper describes an assay
employing lymphoblastoid cell lines in culture that mea-
sures the efficiency of p53-mediated apoptosis in the pop-
ulation. The assay is reproducible and has been used to
identify SNPs in p53 pathway genes that affect one of the
functions (apoptosis) of this network that is central to the
development of cancer. This assay has several advantages
for future studies. Using the apoptotic frequencies in Fig-
ure 1, all one has to do to test for a functional SNP is to
genotype the DNA from these cell lines. In addition, this
assay can be adapted to any input (DNA damage, re-
sponse to hormones, etc.) or the measurement of other
outputs (phenotypes) which are reproducible and impor-
tant to clinical outcomes. This assay has also elucidated
several properties of the p53 pathway for which there
were some indications in the literature. The ability to em-
ploy siRNA knock-down experiments in selected LCLs
confirmed, at the molecular level, that AKT1 acts on
MDM2 to increase its stability and thereby reduce p53-
mediated apoptosis in lymphocytes, thus demonstrating
epistatic relationships between the AKT1 and MDM2

genes. AKT1 haplotype analysis has helped to explain at
least a portion of the racial dimorphism observed in this
assay. Linkage disequilibrium of AKT1 SNP3 and SNP4
is only observed in LCLs derived from Caucasians, and
all of the LCLs within the lowest apoptotic response
group harbor the same major haplotype. Thus, the major
AKT1 SNP3-SNP4 haplotype is necessary but not suffi-
cient to produce the low response seen in this group. Ad-
ditional SNPs remain to be uncovered. In addition to
these demonstrated epistatic relationships and racial di-
morphisms, sexual dimorphism in the behavior of the
Perp SNP 2-76 was demonstrated. This SNP functions to
reduce apoptosis in female LCLs to a much greater extent
than in male LCLs. However, we analyzed many more
LCLs derived from females (n = 77) than from males (n
= 36), and so this conclusion will await some confirma-
tion. However, sexual dimorphism has been observed in
the p53 pathway previously. In p53 mutant mice, the in-
cidence of osteosarcoma was observed to be consistently
higher in female mice than in male mice, regardless of ge-
netic background (Donehower et al. 1995). In humans
with Li-Fraumeni syndrome, tumors appear at higher fre-
quencies in females than in males, even eliminating
breast cancers from the calculation (Hwang et al. 2003).
Both of these phenotypes could relate to SNPs that can
lower the efficiency of apoptosis in females to a greater
extent than in males. 

Examination of the role of these SNPs provides a num-
ber of important lessons about the p53 pathway. Com-
plexity will result from the epistatic relationships of
genes and their products in a signal transduction pathway,
as well as from the sexual dimorphism observed in the
p53 pathway. Sexual dimorphism may arise from the
presence of sex-hormone-specific transcription-factor-
binding sites in the genes under study, and polymor-
phisms may create or destroy such sites. Sexual dimor-
phism can also arise from transcription-factor-binding
sites that bind transcription factors encoded by genes lo-
cated on the Y chromosome. It is notable that the SNPs
presented here in AKT1 and Perp are located in potential
regulatory regions of genes and result in altered expres-
sion of mRNA or protein. Second, it is important to point
out that the phenotype of the p53 pathway that was ex-
plored in this study, in vitro apoptosis, may not be the
only relevant phenotype when translating cell culture
studies to in vivo tests. The p53 pathway is thought to act
as a checkpoint for the surveillance of physical stress
such as DNA damage. The loss of this checkpoint results
in a high mutation rate and the increased likelihood of
early-onset tumors and the development of multiple inde-
pendent tumors. We have demonstrated that SNPs in the
genes that populate the p53 pathway will combine to de-
termine the efficiency of this surveillance system.  
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