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Abstract
With the exception of ApoE4, genome-wide association studies have failed to identify strong

genetic risk factors for late-onset Alzheimer’s disease, despite strong evidence of heritability,

suggesting that many low penetrance genes may be involved. Additionally, the nature of the

identified genetic risk factors and their relation to disease pathology is also largely obscure.

Previous studies have found that a cancer-associated variant of the cell cycle inhibitor gene

p21cip1 is associated with increased risk of Alzheimer’s disease. The aim of this study was to

confirm this association and to elucidate the effects of the variant on protein function and

Alzheimer-type pathology. We examined the association of the p21cip1 variant with Alzheimer’s

disease and Parkinson’s disease with dementia. The genotyping studies were performed

on 719 participants of the Oxford Project to Investigate Memory and Ageing, 225 partici-

pants of a Parkinson’s disease DNA bank, and 477 participants of the Human Random

Control collection available from the European Collection of Cell Cultures. The post mortem

studies were carried out on 190 participants. In the in-vitro study, human embryonic kidney

cells were transfected with either the common or rare p21cip1 variant; and cytometry was

used to assess cell cycle kinetics, p21cip1 protein expression and sub-cellular localisation.

The variant was associated with an increased risk of Alzheimer’s disease, and Parkinson’s

disease with dementia, relative to age matched controls. Furthermore, the variant was asso-

ciated with an earlier age of onset of Alzheimer’s disease, and a more severe phenotype,

with a primary influence on the accumulation of tangle pathology. In the in-vitro study, we

found that the SNPs reduced the cell cycle inhibitory and anti-apoptotic activity of p21cip1.

The results suggest that the cancer-associated variant of p21cip1 may contribute to the loss

of cell cycle control in neurons that may lead to Alzheimer-type neurodegeneration.

PLOS ONE | DOI:10.1371/journal.pone.0114050 January 27, 2015 1 / 23

OPEN ACCESS

Citation: Yates SC, Zafar A, Rabai EM, Foxall JB,
Nagy S, Morrison KE, et al. (2015) The Effects of Two
Polymorphisms on p21cip1 Function and Their
Association with Alzheimer’s Disease in a Population
of European Descent. PLoS ONE 10(1): e0114050.
doi:10.1371/journal.pone.0114050

Academic Editor: Jaya Padmanabhan, University of
S. Florida College of Medicine, UNITED STATES

Received: May 14, 2014

Accepted: October 9, 2014

Published: January 27, 2015

Copyright: © 2015 Yates et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: The study was supported by grants from
The Sir Jules Thorn Charitable Trust (http://www.
julesthorntrust.org.uk/) (ZN), CytOx Ltd (http://www.
cytoxgroup.com/) (ZN), and the University of
Birmingham (ZN). Funding for the PDGEN DNA bank
was from the Medical Research Council UK (http://
www.mrc.ac.uk/) (KEM and CC), Midlands
Neuroscience Teaching and Research Fund (https://
sites.google.com/site/mntrfund/projects) (KEM and
CC), and Movement Disorders Research Charity

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0114050&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Introduction
Late-onset Alzheimer’s disease (AD) is a neurodegenerative disorder of the elderly that mani-
fests in a myriad of symptoms including memory loss, confusion, and a reduced capacity for
learning [1]. Whilst the heritability of AD is up to 80% [2], so far, only one genetic risk factor,
the E4 variant of the Apolipoprotein E gene (ApoE), is consistently shown to be associated
with an increased risk and reduced age of onset. Genome-wide association studies (GWAS)
have identified additional genetic variants, on genes involved in a variety of pathways, which
may lead to a small increase in AD risk [3–15]; however the individual contribution of each
variant is small. It is likely that the variants work in combination to increase the risk of AD;
and that the exact complement of variants differs from patient to patient.

One possible genetic risk factor for AD is a variant of p21cip1, a cyclin-dependent kinase
inhibitor (CDKI) gene, which is already established to be associated with an increased risk of
some cancers [16–22]. In a preliminary study, the variant (present in ~7% of populations of
European descent according to the Ensembl genome database) was found to be associated with
an increased risk and reduced age of onset of AD [23]. Furthermore, a number of GWAS
[6,24–26] identify the 6p21 loci, on which the p21cip1 gene is located, as associated with AD
risk: compatible with the hypothesis that the p21cip1 variant is a risk factor for AD development
[23].

The G1/S checkpoint is partly regulated by the CDKIs: p21cip1, p27kip1 and p57kip2. P21cip1

inhibits the activity of cyclin/CDK4 and cyclin/CDK2 complexes, which are required for cell
cycle progression through the G1 phase and G1/S checkpoint respectively. It suppresses E2F-
dependent transcription of cell cycle proteins by binding to E2F transcription factor 1 (E2F1)
[27]. It also inhibits the activity of proliferating cell nuclear antigen (PCNA), a protein required
for DNA replication and repair. In addition, p21cip1 has been shown to regulate the G2/M
checkpoint when expressed independently of p53 [28–31]. P21cip1 has an anti-apoptotic role
by inhibiting the stress activated protein kinase (SAPK) and apoptosis signal-regulating kinase
1 (ASK1), as well as inhibiting Fas-mediated apoptosis [32]. A number of additional proteins
interact with p21cip1 to alter its activity. For example, WISp39 has been shown to stabilise the
p21cip1 protein [33]; whilst tumour susceptibility gene 101 (TSG101) enhances the cyclin/CDK
inhibitory activity of p21cip1 by stabilising the p21cip1/cyclin/CDK complexes [33,34].

The association of the rare p21cip1 variant with cancer suggests that the variant has reduced
function or expression: although this has not been experimentally verified. The genetic variant
has substitutions at two DNA bases [19,21]: a cytosine to adenine substitution that induces a
serine to arginine change at codon 31 of p21cip1 (p21 C98A, dbSNP rs1801270); and a cytosine
to thymine change in the 30-untranslated region (UTR) (p21 C70T, dbSNP rs1059234). The
single nucleotide polymorphisms (SNPs) are only associated with cancer when they occur to-
gether [19,21]. The SNP at codon 31 of p21cip1 induces an amino acid change in the zinc finger
domain [20,35] that lies between a cyclin (amino acids: aa 17–24) and CDK binding sites (aa
53–58) [33]. The SNP is located within the binding domains of TSG101 (aa 1–86), WISp39 (aa
28–56), E2F1 (aa 1–90) and the pro-apoptotic proteins: procaspase 3 (aa 1–33), SAPK (aa
1–84) and ASK1 (aa 1–140). It is not within the binding domain of the cyclins (aa 17–24 and
155–157), CDKs (aa 53–58 and 74–79), PCNA (aa 143–160), or various other proteins (re-
viewed in [33]). It is plausible that the SNP may reduce the cell cycle inhibitory activity of
p21cip1 by reducing the strength of binding of p21cip1 to TSG101 and/or E2F1; and may reduce
the anti-apoptotic activity of p21cip1 by reducing the strength of binding to the pro-apoptotic
proteins. The SNP may also reduce the stability of the p21cip1 protein by interfering with
WISp39 binding. Whilst the p21cip1 protein is intrinsically unstructured [36], the serine (polar
uncharged) to arginine (positively charged) change induced by the SNP may alter the
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preference of the p21cip1 protein for certain tertiary structures, potentially altering its interac-
tion with any of its protein targets. The SNP in the 30-UTR of p21cip1 may alter expression, as
this region of the mRNA interacts with various non-coding RNAs and proteins that regulate
mRNA stability and translation efficiency [32].

The reported association of the p21cip1 variant with AD [23] is not surprising when inter-
preted in light of the cell cycle theory of AD, which postulates that neurons degenerate second-
ary to aberrant cell cycle activity [37–39]; and specifically loss of G1/S checkpoint control [23].
To investigate this further, we examine the association of the p21cip1 SNPs with AD and with
Parkinson’s disease (PD) with dementia. We also investigate the association of the p21cip1

SNPs with various phenotypic features of a large AD cohort, including the accumulation of
AD-related pathology in the brain. Furthermore, we investigate the effect of the SNPs on the
function and expression of p21cip1 in vitro, by transiently transfecting human embryonic kid-
ney cells (HEK-293) with either the common or rare p21cip1 variant.

Methods and Materials

Ethics Statement
Full ethical approval and written informed consent were obtained for all studies (NHS Re-
search Ethics Committee approvals: 09/H0107/9, 07/Q2707/98, MREC/00/7/56a).

Subjects
The genotyping studies were performed on 719 participants of the Oxford Project to Investigate
Memory and Ageing (OPTIMA), 225 participants of PD GEN (a Parkinson’s disease DNA bank)
and 477 participants of the Human Random Control (HRC) collections available from the
European Collection of Cell Cultures (ECACC) (HRC plates 1–5). The OPTIMA, PD GEN and
ECACC donors were all of European descent. The clinical diagnoses of the participants of
OPTIMA and PD GEN are summarised in Table 1. Post-mortem brain tissue was available from
190 participants of the OPTIMA cohort through the ThomasWillis Oxford Brain Collection.

The clinical information provided by the OPTIMA team included: age of onset of dementia;
age at death; and the results of annual cognitive performance tests (CAMCOG) [40]. Clinical
diagnosis of AD was made using the NINCDS-ARDRA criteria [41]. The diagnosis of PD was
made using the UK Parkinson’s Disease Society Brain Bank criteria [42]. Dementia in PD pa-
tients (PDGEN cohort) was established based on the presence of progressive deterioration in
intellectual abilities that interferes with activities of daily living [43]. The post mortem brain
tissues were characterised in detail by a clinical neuropathologist. The information available in-
cluded the pathological diagnosis (CERAD protocol) [44] and the severity of AD as defined by
Braak [45]. Subjects where pathologies other than AD were regarded as severe enough to con-
tribute to the clinical dementia syndrome were excluded from the clinico-pathological analyses
[46–48]. Demographic data on these patient groups is in S1 Table and S2 Table.

Table 1. The total number of subjects in each diagnostic category.

Control AD OD AD/PD MCI PD PD D TOTAL

OPTIMA 242 292 84 20 65 4 12 719

PD GEN 0 0 0 0 0 112 113 225

TOTAL 242 292 84 20 65 116 125 944

(AD: Alzheimer’s disease; OD: Other dementia; AD/PD: Alzheimer’s disease with Parkinson’s disease; MCI: Mild cognitive impairment; PD: Parkinson’s

disease; PD D: Parkinson’s disease with dementia; OPTIMA: Oxford Project to Investigate Memory and Ageing; PD GEN: Parkinson’s disease DNA bank).

doi:10.1371/journal.pone.0114050.t001

A Rare Variant of p21cip1 and Alzheimer’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0114050 January 27, 2015 3 / 23



Sample Preparation
RNA, DNA and protein were isolated from the lateral temporal, frontal and occipital lobe of
each post-mortem subject by standard TRI-reagent protocol (Sigma). RNA was converted to
cDNA with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems) accord-
ing to the manufacturer’s recommendation. Protein was stored in radio-imunoprecipitation
buffer (0.1M NaCl, 0.01M TrisHCl, 1:500 EDTA, 400μg/ml phenylmethanesulfonylfluoride,
2μg/ml aprotinin and 1% sodium dodecyl sulphate).

p21cip1 Genotyping
The SNPs at codon 31 (RS1801270) and in the 30-UTR of p21cip1 (RS1059234) were genotyped
as described in [19], using restriction enzymes Bsma1 and PstI (Biolabs) as recommended by
the manufacturer.

ELISA
Five markers of AD-related pathology were quantified by ELISA in the temporal, frontal and
occipital lobe of each subject (Table 2) [49–52]. A protein sample with a high quantity of the
protein-of-interest was selected for each standard curve; and samples analysed in triplicate. For
each ELISA, 100 μl of protein, diluted in 0.1M Carbonate buffer (pH 9.6) to the optimal loading
concentration (see Table 3), was loaded per well and incubated overnight at 4°C. Following
blocking with 1% bovine serum albumin (Sigma) in PBS (Sigma), the samples were incubated
with primary antibody at 4°C overnight, with secondary antibody at room temperature (RT)
for 2 hours and with Streptavidin-HRP (1:200, R&D Systems) at RT for 2 hours. For antibody
concentrations see Table 3. The reactions were visualised with o-phenylenediamine dihy-
drochloride (SIGMAFAST OPD); and reaction stopped with 25μl of 4M H2SO4. The calibra-
tion curve, obtained from the serial dilution of the standard curve sample, was used to estimate
concentration of the protein based on their optical density readings.

Q-PCR
Q-PCR was used to quantify p21cip1 mRNA in the frontal lobe of each subject, with normalisa-
tion to beta-actin content. Q-PCR systems were designed with the Universal Probe Library De-
sign Centre (Roche Diagnostic); and consisted of primers: 50-TGGGTGGTACCCTCTGGA-30

and 50-TGAATTTCATAACCGCCTGTG-30 with Universal probe 12 for p21cip1; and primers:
50-TCAGCTGTGGGGTCCTGT-30 and 50-GAAGGGGACAGGCAGTGAG-30 with Universal
probe 24 for beta-actin. Each 20μl Q-PCR reaction consisted of 2μl neat cDNA, 2.5μM of each

Table 2. Markers of AD-related pathology that were quantified by ELISA in the brain.

Marker Description

Beta-amyloid 39–43 amino acid cleavage product of APP that accumulates in the
brain in AD.

Phospho-tau (p-tau) Hyperphoshorylated (Ser 202/Thr 205) version of tau found in
neurofibrillary tangles.

Neurofibrillary tangle (NFT)
(epitope DC11)

A protein aggregate that accumulates in neurons in AD. DC11 is a
conformational epitope of the neurofibrillary tangle that is highly AD
specific.

Synaptophysin 38kDa glycoprotein located on neuronal synapses. A marker of
synaptic density.

Growth associated protein 43
(GAP-43)

Neuron specific protein expressed on axonal growth cones during
synaptic remodelling. A marker of synaptic remodelling activity.

doi:10.1371/journal.pone.0114050.t002
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primer, 0.25μMUniversal probe (Roche) and 2x Absolute Q-PCRmix (Thermo Scientific).
Products were amplified with an initial 15 minute step at 95°C, followed by 50 cycles of 96°C for
15 sec, 62°C (beta-actin) or 58°C (p21cip1) for 30 sec, and 72°C for 30 sec.

Cell Culture and Transfection
The prolonged consistent overexpression of p21cip1 leads to a complete cessation of cell divi-
sion [53] and would prevent the detection of subtle effects on cell cycle regulation or apoptosis.
Therefore we have chosen transient transfection in human embryonic kidney cells (HEK-293,
Invitrogen) to study the effects of the p21cip1 variants on cell cycle, apoptosis and cell differenti-
ation. The HEK-293 cells are easy to grow and easy to transfect. The cell line is capable of
generating functional, mature proteins and is widely used for the biochemical/cell biological
evaluation of expressed proteins in concert with functional analyses to establish pharmacologi-
cal effects [54].

The cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 4500 mg glucose/litre (Sigma), 10% foetal calf serum (FCS) gold (PAA), and 2mM L-
glutamine (Gibco), until 90–95% confluence. Cells were transfected with plasmids (ready to
transfect TrueClones from Origene, in pCMV6-XL5 and pCMV6-XL4) designed to express
either the common p21cip1 variant (IMAGE ID 2821049), the rare p21cip1 variant (with SNP at
codon 31 and in the 30-UTR; IMAGE ID 2822909), or no p21cip1 (empty vector negative con-
trol, EV NC, pCMV6-XL5) with Lipofectamine-2000 (Invitrogen). The presence/absence of
the two polymorphisms in the purchased clones was confirmed by sequencing (Invitrogen
service). Before transfection the cells were grown in full medium to reach 90–95% confluence
(approximately 2 days). In preparation for transfection, 30μg of plasmid DNA was diluted
in 1.875ml of Opti-MEM reduced serum medium (Gibco); and 75μl of Lipofectamine 2000
(Invitrogen) diluted in 1.875ml Opti-MEM. After 5 minute incubation, the two mixtures were
combined and incubated at RT for 20 minutes. The 3.75ml mixture was added to a flask of
cultured cells and mixed by gentle rocking. After 36 hours incubation the cells were dislodged
with 1mM EDTA and collected for RNA and protein extraction or seeded into 96 well plates
for cytometry. Transfection efficiency was calculated using the assumption that p21cip1 trans-
fected cells stop proliferating while the non-transfected cells proliferate at their original prolif-
eration rate of ~1 population doubling in 36 hours [55].

Following an overnight incubation the cells in the 96 well plates were fixed with Glyofixx for
p21cip1 and beta-actin immunolabelling. The fixed cells were sequentially incubated with
blocking solution (5% BSA and 0.1% triton-X in PBS), primary and secondary antibody, and
propidium iodide (PI, 10μg/ml) supplemented with RNaseA (100μg/ml), prior to immunofluo-
rescence, and combined image analysis and cytometry, with the Acumen Explorer Cytometer

Table 3. The protein loading concentration and antibody information corresponding to each ELISA.

Protein Loading conc.
(μg/ml)

Primary antibody Secondary antibody

Beta-amyloid 2 Mouse monoclonal to amyloid-β (1:5000, Dako) Biotinylated polyclonal rabbit anti-mouse IgG (1:2000, Dako)

p-tau 2.5 Mouse monoclonal to AT8 (1:1000, Innogenetics) Biotinylated polyclonal rabbit anti-mouse IgG (1:2000, Dako)

DC11 4 Mouse monoclonal to DCII (1:500, Sigma) Biotinylated polyclonal rabbit anti-mouse IgG (1:2000, Dako)

GAP-43 2 Rabbit polyclonal to GAP43 (1:1000, Chemicon) Biotinylated polyclonal swine anti-rabbit IgG (1:2000, Dako)

Synapto-physin 2 Mouse monoclonal to synaptophysin (1:1000, Dako) Biotinylated polyclonal rabbit anti-mouse IgG (1:2000, Dako)

p21cip1 4 Rabbit polyclonal to p21cip1 (1:500, ABcam) Biotinylated polyclonal swine anti-rabbit IgG (1:2000, Dako)

doi:10.1371/journal.pone.0114050.t003
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(TTP Labtech, Acumen Explorer Software version 3.1.12.). The antibodies were rabbit poly-
clonal to p21cip1 (ABcam, 1:500), mouse monoclonal to beta-actin (ABcam, 1:500), anti-rabbit
IgG FITC (ABcam, 1:200) and anti-mouse IgG FITC (ABcam, 1:200).

The PI stained cultures provided measurements of DNA content and nucleus size, and were
analysed by standard cytometry methods [56] to determine cell cycle phase of the individual
cells in the sample. The immunolabelled cells provided measurements of p21cip1 and beta-actin
protein content per cell, and per nucleus, and allowed the categorisation of cells based on ex-
pression (positive/ negative) and subcellular localisation (Fig. 1). Single cells were defined by
the size of the cell and shape of the PI distribution in the nucleus (as seen in fig. 1 panes C and
F). The DNA histograms were gated based on published methods [57]. The gates were set
separately for each 96 well plate to eliminate the effect of slight changes in excitation. The
percentage of cells in G1, S and G2/M phases of the cell cycle were calculated as a fraction of
the euploid cell population. Cells with sub-G1 DNA content were categorised as apoptotic
while single cells with above-G2 DNA content were regarded as polyploid. The percentage of
apoptotic cells was calculated as a fraction of the single cells. Clumps of multiple cells (identi-
fied by multiple nuclei within the same ‘object’) and debris (no DNA trace specific for nuclei
as shown in Fig. 1C) were excluded from the analysis. Cytometric analysis of the cell cycle
phases and apoptosis was carried out separately for p21cip1 positive and negative cells (as
defined above) within each population. Analysis was carried out from 8 technical replicates
of more than 5000 cells each at the time. The transfections were repeated on three separate
occasions. The extracted RNA was converted to cDNA as described and used for p21cip1

Q-PCR analysis.

Figure 1. HEK293 cells transfected with p21cip1. Image of cells acquired from the Acumen cytometer. The p21cip1 was labelled by
immunohistochemistry (green fluorescence). The DNA is labelled red by the PI. Panel A: The cell with the blue edge is an example of what we would accept
as cytoplasmic protein expression. Panel B is the green fluorescence intensity histogram (as measured by the cytometer) over the surface of the same cell
(with the blue edge in panel A) indicating a relatively uniform protein distribution in the cytoplasm around the nucleus. Panel C is the distribution histogram of
the red fluorescence (DNA) from the same cell (with the blue edge in panel A). The distribution of the DNA is characteristic for a single cell. Panel D: The cell
with the blue edge is an example of what we would accept as nuclear protein expression. Panel E is the green fluorescence intensity histogram (protein
content as measured by the cytometer) over the surface of the same cell (with the blue edge in panel D). Panel F is the red fluorescence (DNA) from the
same cell (with the blue edge in panel D). The overlap and identical distribution patterns of the protein (green label) and DNA (red label) is characteristic for
nuclear proteins.

doi:10.1371/journal.pone.0114050.g001
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Statistical Analysis
Data was analysed with the MedCalc statistical package, version 13.0.2.0. Departure from the
Hardy-Weinberg equilibrium was tested using the Chi-square test. Odds ratios (OD) with 95%
confidence intervals (CI) were used to determine the association of the p21cip1 variant with AD
and with PD with dementia, relative to age-matched controls. In the post-mortem study, the
D’Agostino-Pearson normality test was used to assess the distribution of datasets prior to sta-
tistical analysis and the most appropriate test selected in each case (for data that followed a nor-
mal distribution: ANOVA or MANOVA; for data that did not follow a normal distribution:
Kruskal-Wallis). To eliminate the need for subgroups defined by the severity of AD, Z-scores
were calculated for the pathology data taking into account the disease severity as defined by
Braak [45]. The Z-scores were analysed by ANOVA.

Previous experiments with the same cell line indicate that even a 3 fold increase in the ex-
pression of the cyclin dependent kinase-like 3 (cdkl3, which drives the transition from G1 to
S phase to increase cell proliferation) leads to only modest changes in proliferation rate (19%
change) and cell cycle (11% change in the G1 population) [55]. Therefore any differences be-
tween the effect of the two p21cip1 variants, even if significant, may be modest and could be eas-
ily masked by the fast growing non-transfected cells. Additionally transient transfection is a
stressful procedure, with relatively large experimental variability and cell cycle kinetics is great-
ly influenced by cell density in cultures. Therefore changes induced by the p21cip1 variants
(common and rare) were analysed by comparing the cell populations successfully transfected
with p21cip1 to both the empty vector negative control cells (EV NC) and to the non-trans-
fected cell population within the same well. Differences between means larger than 2 standard
deviations were accepted as statistically significant.

Results
The rare p21cip1 haplotype had alterations at two polymorphic sites: at codon 31 (a cytosine to
adenine substitution) and in the 30-UTR (a cytosine to thymine substitution). Subjects that had
one or two copies of the rare haplotype (with both substitutions) were classed as having variant
p21cip1, whereas subjects that did not have a copy of the rare haplotype were classed as having
common p21cip1.

Of the 477 ECACC Human Random Control subjects that were genotyped, 435 were
homozygous for the common variant of p21cip1, 39 were heterozygous, and 3 were homozygous
for the rare variant. Of the 944 live and post-mortem subjects in the OPTIMA and PD GEN
cohorts, 852 were homozygous for the common variant, 89 were heterozygous, and 3 were
homozygous for the rare variant. The allele frequency of the rare variant in the ECACC
Human Random Control cohort, and in the combined OPTIMA and PDGEN cohort, was
0.047 and 0.053 respectively (Table 4). The distribution of the rare p21cip1 haplotype followed
the Hardy-Weinberg equilibrium in all the investigated cohorts. The presence of the variant
was significantly associated with an increased risk of AD (odds ratio 1.796, p = 0.030, 95% CI:
1.057 to 3.051) and with PD with dementia (odds ratio 2.052, p = 0.022, 95% CI: 1.108–3.798),
relative to age-matched controls (Table 5). There was a trend for an association between the
rare variant and PD with dementia, relative to PD without dementia (age matched subjects),
but the result failed to reach statistical significance (Table 5). Prior to the age of 75, the variant
was associated with a reduced disease (dementia) free survival in relation to AD (hazard
ratio 1.698, p = 0.017) (Fig. 2) and PD with dementia (hazard ratio 3.239, p< 0.001) (Fig. 3).
Neither association was present above the age of 75 (data not shown). The sample size
was not big enough to analyse a possible synergy between the p21cip1 haplotype and the
ApoE genotype.
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Post-Mortem Pathology Study
In the post-mortem study, the severity of AD was defined according to the Braak staging sys-
tem[45]: with entorhinal, limbic and neocortical stage subjects in a preclinical, mild and ad-
vanced stage of AD respectively. The distribution of the ApoE genotypes in subgroups defined
by the AD severity was similar to that of published datasets [58]. There was no significant dif-
ference in the distribution of the ApoE genotypes, or in the frequency of the ApoE4 allele, in
the common p21cip1 group compared to the variant p21cip1 group, irrespective of the severity
of AD (data not shown).

There was a trend for the p21cip1 variant to be more common in subjects with advanced AD
(allele frequency: 0.081) compared to subjects with pre-clinical (allele frequency: 0.052) and
mild AD (allele frequency: 0.053) (Table 6). However, as we had a relatively small sample size,
the result (odds ratio: 1.587) failed to reach statistical significance. The p21cip1 genotype had no
effect on the age at death, the duration of AD, or the cognitive performance of subjects just
prior to death, irrespective of AD severity (data not shown). However, of the subjects with ad-
vanced AD at post-mortem, the subjects with variant p21cip1 had an earlier age of onset of AD
than subjects with common p21cip1 (p = 0.016) (Fig. 4). This effect on the age of onset was not
present in the subjects in the earlier stages of AD.

Of the investigated pathological features, the p21cip1 genotype had the greatest effect on the
accumulation of tau pathology in the brain. At post-mortem, subjects with variant p21cip1 had
significantly greater amounts of hyperphosphorylated tau (p-tau) and neurofibrillary tangles
(NFT) in the frontal lobe than subjects with common p21cip1, irrespective of the disease severi-
ty (p = 0.003 and p = 0.003 for p-tau and NFT respectively). Subjects with variant p21cip1 also
had significantly greater p-tau and NFT accumulation in the occipital lobe than subjects with

Table 4. The allele frequency of the p21cip1 variant in the various study groups.

Subgroup Collection Variant P21cip1 allele count Common P21cip1 allele count Variant allele frequency

All subjects ECACC HRC 45 909 0.047

All subjects OPTIMA and PD GEN 95 1793 0.053

Controls and non-AD dementia OPTIMA 23 637 0.035

AD OPTIMA 38 586 0.061

PD without dementia OPTIMA and PD GEN 11 213 0.049

PD with dementia OPTIMA and PD GEN 20 270 0.069

For the OPTIMA and PD GEN collection, the variant allele frequency was analysed for the cohort as a whole, and in separate groups defined by diagnosis

(diagnostic criteria outlined in the methods). AD refers to Alzheimer’s disease; PD to Parkinson’s disease; OPTIMA to the Oxford Project to Investigate

Memory and Ageing; PD GEN to the Parkinson’s disease DNA Bank; and ECACC HRC to the European Collection of Cell Cultures Human Random

Control.

doi:10.1371/journal.pone.0114050.t004

Table 5. Odds ratios for disease in relation to the rare p21cip1 variant.

DIAGNOSIS Odds ratio (variant relative to common) P-value 95% CI

AD (versus controls and non-AD dementia) 1.796 < 0.05 1.057–3.051

PD with dementia (versus controls and non-AD dementia) 2.052 < 0.05 1.108–3.798

PD with dementia (versus PD without dementia) 1.433 Not significant

The OPTIMA and PD Gen cohorts were separated into groups defined by diagnosis based on the diagnostic criteria outlined in the methods. Odds ratios

in relation to the p21cip1 variant were calculated for the disease groups compared to age-matched controls.

doi:10.1371/journal.pone.0114050.t005
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common p21cip1: with p-tau results reaching statistical significance in subjects with mild and
advanced AD only (p = 0.014 and p = 0.029 respectively) and NFT results reaching significance
irrespective of the severity of disease (p = 0.023) (Fig. 5). The p21cip1 genotype had no effect on
the accumulation of tau pathology in the temporal lobe, irrespective of AD severity (data not
shown).

Figure 2. Kaplan-Meier probability distribution of disease free survival prior to the age of 75. The
disease in question was dementia associated with AD. The graph shows the disease free survival probability
of subjects prior to the age of 75, in subgroups defined by the p21cip1 genotype. Prior to the age of 75, the
variant p21cip1 was associated with a significant reduction in the disease free survival compared to the
common p21cip1 (hazard ratio: 1.698, p-value: 0.017). The x-axis represents the age in years. The y-axis
represents the survival probability expressed as a percentage. The solid black line represents subjects that
were homozygous for the common p21cip1. The broken grey line represents subjects that were heterozygous
or homozygous for the variant p21cip1.

doi:10.1371/journal.pone.0114050.g002

Figure 3. Kaplan-Meier probability distribution of disease free survival prior to the age of 75. The
disease in question was dementia in Parkinson’s disease. The graph shows the disease free survival
probability of subjects prior to the age of 75, in subgroups defined by the p21cip1 genotype. Prior to the age of
75, the variant p21cip1 was significantly associated with a reduction in the disease free survival compared to
the common p21cip1 (hazard ratio: 3.239, p-value< 0.001). The x-axis represents the age in years. The y-axis
represents the survival probability expressed as a percentage. The solid black line represents subjects that
were homozygous for the common p21cip1. The broken grey line represents subjects that were heterozygous
or homozygous for the variant p21cip1.

doi:10.1371/journal.pone.0114050.g003
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We analysed the effect of the p21cip1 genotype on the spread of tau pathology from the tempo-
ral to the frontal and occipital lobe. Spread of pathology was defined as the ratio of the amount of
pathology in the region less severely affected by AD over that in the more severely affected region.
We found that subjects with variant p21cip1 had significantly greater p-tau spread from the tem-
poral to the frontal lobe than subjects with common p21cip1, irrespective of the severity of disease
(p = 0.025) (Fig. 6A). There was a trend (not statistically significant) for subjects with variant
p21cip1 to have greater p-tau spread from the temporal to the occipital lobe than subjects with
common p21cip1 (Fig. 6B). The spread of NFT from the temporal to the frontal and occipital lobe
was independent of the p21cip1 genotype, irrespective of disease severity (data not shown).

The accumulation of beta-amyloid was independent of the p21cip1 genotype in all the brain
regions investigated (temporal, frontal and occipital) (data not shown). Although in the frontal
lobe there was a trend for the p21cip1 variant to be associated with lower synaptic densities and
a reduction in the synaptic remodelling activity compared to the common p21cip1, the result
did not reach statistical significance (data not shown). The synaptic density and the remodel-
ling activity were independent of the p21cip1 genotype in the temporal and occipital lobe (data
not shown).

The amount of p21cip1 protein found in the temporal lobe, but not in the frontal and occipi-
tal lobe, was raised in subjects with more severe AD (p = 0.007) (Fig. 7). However, p21cip1 pro-
tein expression was independent of the p21cip1 genotype in all the brain regions examined

Table 6. The allele frequency of the p21cip1 variant in groups defined by the severity of AD.

Diagnosis Variant allele count Common allele count Variant allele frequency

Pre-clinical 4 72 0.052

Mild AD 7 125 0.053

Advanced AD 14 158 0.081

The diagnosis was defined according to the Braak staging system: with entorhinal, limbic and neocortical

stage subjects in a pre-clinical, mild and advanced stage of AD respectively.

doi:10.1371/journal.pone.0114050.t006

Figure 4. The effect of the p21cip1 genotype on the age of onset of AD.Of the subjects with advanced AD
at post-mortem, the subjects with the variant p21cip1 had a significantly lower age of onset than subjects with
the common p21cip1 (p-value: 0.016). The x-axis represents the p21cip1 genotype, with com and var
representing subjects with the common and variant p21cip1 respectively. The y-axis represents the age at
onset of AD in years. The top of the bars represent the mean. The error bars represent the standard error of
the mean (SEM). Statistical test: one-way ANOVA.

doi:10.1371/journal.pone.0114050.g004
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(data not shown). The p21cip1 mRNA expression and the protein per mRNA ratio were inde-
pendent of both the severity of AD and the p21cip1 genotype (analysed only in the frontal lobe).
Multiple regression analysis showed that the expression of p21cip1 protein was dependent on
the NFT content (R2 = 0.1, p = 0.003) and independent of both p21cip1 mRNA expression and
disease severity (analysed in the frontal lobe only). Data in S3 Table.

In-Vitro Study
In order to elucidate the effect of the p21cip1 SNPs on the function of the protein in-vitro,
human embryonic kidney cells (HEK-293, Invitrogen), intrinsically homozygous for the com-
mon variant of p21cip1, were transiently transfected with a vector designed to express either the
common p21cip1, variant p21cip1 (with both SNPs), or no p21cip1 (EV NC). P21cip1 content at
the mRNA and protein level were determined by Q-PCR and Acumen Cytometry respectively.

Confirming the success of transfection, the p21cip1 transfected cells had significantly greater
p21cip1 mRNA and protein expression than the control (EV NC); and there was no significant

Figure 5. The effect of the p21cip1 genotype on the expression of tau pathology in the brain. Panel A and B: The graphs shows the mean p-tau levels in
the brain of subjects in subgroups defined by the severity of AD and the p21cip1 genotype (Panel A: frontal lobe, Panel B: occipital lobe). The x-axis
represents the severity of AD as defined by Braak: E = entorhinal stage, L = limbic stage, N = neocortical stage. The y-axis represents the amount of p-tau
detected in the relevant lobe by ELISA with a marker for AT8 (arbitrary units). Light grey bars: subjects with common p21cip1; dark grey bars: subjects with
variant p21cip1. Statistical test: Kruskal Wallis. Panel C, D, E and F: Z-scores were calculated for the amount of p-tau and NFT detected in the temporal,
frontal and occipital lobe of each subject, taking into account the severity of AD as defined by Braak. This eliminated the need for subgroups defined by the
disease severity. The graphs show the mean z-scores in subgroups defined by the p21cip1 genotype. Panel C: p-tau in the frontal lobe. Panel D: p-tau in the
occipital lobe. Panel E: NFT in the frontal lobe. Panel F: NFT in the occipital lobe. The x-axes represent the p21cip1 genotype, with com and var representing
subjects with common and variant p21cip1 respectively. The y-axes represents the p-tau or NFT content of the relevant brain region as determined by ELISA
with markers for AT8 and DC11 respectively (arbitrary units). Statistical test: one-way ANOVA. The top/bottom of the bars represent the mean. The error bars
represent the SEM.

doi:10.1371/journal.pone.0114050.g005

Figure 6. The effect of the p21cip1 genotype on the spread of p-tau pathology in the brain. Panel A and B. The spread of p-tau pathology was defined as
the ratio of the amount of p-tau in the region less severely affected by AD (Panel A: frontal lobe; Panel B: occipital lobe) over that in the more severely
affected region (temporal lobe). Z-scores were calculated for the spread of p-tau taking into account the disease severity as defined by Braak, which
eliminated the need for subgroups defined by the disease severity. The graphs show the mean z-scores of p-tau spread in subgroups defined by the p21cip1

genotype. The x-axis represents the p21cip1 genotype, with com and var representing subjects with the common and variant p21cip1 respectively. The y-axis
represents the spread of p-tau calculated from data determined by ELISA with a marker for AT8 (arbitrary units). The error bars represent the SEM. Statistical
test: one-way ANOVA of z-scores.

doi:10.1371/journal.pone.0114050.g006
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difference (in terms of expression) between the transfectants containing the common or vari-
ant form of p21cip1 (Table 7). Cells transfected with variant p21cip1 expressed 21.9% more
p21cip1 protein per mRNA than cells transfected with common p21cip1.

Within each well the gates for the DNA histogram were set using the whole population
(Fig. 8) but cells that were positive and negative for p21cip1 protein (as determined by Acumen
Cytometry Fig. 1) were analysed separately to avoid misinterpretation of data as a result of un-
equal transfection efficiency or seeding density. The transfection efficiency was relatively low
for both variants (12–13% p21cip1 positive cells after 36 hours; ~21% transfection efficiency)
but the number of p21 positive cells was above 1000/well to allow meaningful analysis. The
p21cip1 genotype had no effect on the p21cip1 protein expression per cell, p21cip1 protein density
per nucleus, or on the percentage of p21cip1 nuclear positive cells when only p21cip1 positive
cells were analysed (Fig. 9). This indicates that the SNPs did not alter either the expression or
the nuclear translocation efficiency of the p21cip1 protein.

Figure 7. The association of the disease stage with p21cip1 expression in the temporal lobe. Subjects
with more severe AD had a significantly greater amount of p21cip1 protein in the temporal lobe than subjects
in an earlier stage of the disease (p-value: 0.007). The x-axis represents the severity of AD as defined by
Braak: E = entorhinal stage, L = limbic stage, N = neocortical stage. The y-axis represents the p21cip1 protein
content of the temporal lobe as determined by ELISA (arbitrary units). The top of the bars represent the mean
and the error bars the SEM. Statistical test: Kruskal Wallis.

doi:10.1371/journal.pone.0114050.g007

Table 7. The ratio of p21cip1 protein to mRNA in the cells transfected with the different variants of p21cip1.

P21cip1 mRNA content (relative to
control, expressed as multiple)

P21cip1 protein content (relative to
control, expressed as multiple)

p21cip1 protein/ mRNA content (relative to
common p21cip1, expressed as percentage
change)

Common
p21cip1

x 298 x 7.2 N/A

Variant
p21cip1

x 275 x 8.1 21.9%

The p21cip1 protein and mRNA results were normalised to the equivalent value for beta-actin.

doi:10.1371/journal.pone.0114050.t007
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Despite comparable expression and nuclear translocation efficiency, the effect of p21cip1 on
the cell cycle kinetics and apoptotic activity was dependent on the p21cip1 genotype. The in-
crease in the G2 population (G2 phase arrest) was significantly stronger with the common
p21cip1 (41% relative to non-transfected cells and 31% relative to the EV NC) compared to
variant p21cip1 (20% relative to non-transfected cells and 12% relative to the EV NC). Further-
more, the reduction in the rate of apoptosis was significantly greater with the common p21cip1

(42% relative to non-transfected cells and 30% relative to the EV NC) compared to variant
p21cip1 (49% relative to non-transfected cells and 43% relative to the EV NC) (Fig. 10, Data in
S4 Table).

Whilst both forms of p21cip1 increased the beta-actin expression per cell, the size of the in-
crease was dependent on the genotype. Cells transfected with common p21cip1 expressed a sig-
nificantly greater amount of beta-actin per cell (~18% more than the EV NC) than cells
transfected with variant p21cip1 (~11% more than the EV NC) (Fig. 11). The p21cip1 expressing
cells were also significantly larger than their non-transfected counterparts. However, the pres-
ence of the SNPs did not alter this p21cip1-dependent increase in cell size (data not shown).

Discussion
The CDK inhibitor: p21cip1 is capable of inducing cell cycle arrest at the G1/S and G2/M check-
points [59]. It is up-regulated on a transcriptional level in response to p53 (a DNA-damage in-
duced transcription factor), and inhibits CDK2/cyclin A and CDK2/ cyclin E, thereby acting as
a G1/S checkpoint inhibitor. Additionally, a number of studies indicate that p21cip1, expressed
independently of p53, induces cell cycle arrest at the G2/M checkpoint [28–31]. P21cip1 has a
number of additional cellular functions, such as DNA replication and repair [60] and the pre-
vention of apoptosis [61]. The subcellular localisation of p21cip1 may dictate its function: with a
nuclear location required for its cell cycle regulatory role, and a cytoplasmic location required
for its anti-apoptotic role [62,63]. The p21cip1 protein has specific binding sites for a large num-
ber of different proteins, including cyclins, CDKs, PCNA, ASK1, procaspase 3, SAPK, TSG101,
E2F-1, and WISp39 [33].

We hypothesised that two cancer associated SNPs of p21cip1 may reduce p21cip1 protein ex-
pression or function, thereby contributing to the loss of G1/S checkpoint control in neurons
that is postulated to be a cause of neurodegeneration in AD. Our results confirmed that p53-
independent expression of p21cip1 leads to G2/M checkpoint inhibition and protection against

Figure 8. DNA distribution histograms from HEK293 cells transfected with p21cip1. Representative DNA distribution histograms of single cells from the
Acumen cytometer (black bars). The debris and multiple cells (white bars) were excluded from the analysis. Panel A: Typical DNA content histogram of
single cells following the transfection with the empty vector (EV NC). Panel B: Typical DNA content histogram of single cells following transfection with the
common variant of p21cip1. Panel C: Typical DNA content histogram of single cells following transfection with the rare variant of p21cip1.

doi:10.1371/journal.pone.0114050.g008
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Figure 9. The effect of the p21cip1 genotype on the expression of p21cip1. The graphs plot the amount of
p21cip1 protein expressed per cell (Panel A); the p21cip1 protein density per nucleus (Panel B) and the
percentage of nuclear positive cells (Panel C) of cells transfected with either the common or variant p21cip1.
Only cells that were positive for p21cip1 protein, as determined by Acumen Cytometry, were included in the
analysis. To allow comparison of the cells transfected with the different variants of p21cip1, the expression of
p21cip1 in each transfected population was normalised to that in the common p21cip1 transfected population.
All results concerning p21cip1 expression in the common population are therefore displayed as 100%. On the
x-axis: com p21 represents cells transfected with common p21cip1; var p21 represents cells transfected with

A Rare Variant of p21cip1 and Alzheimer’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0114050 January 27, 2015 15 / 23



apoptosis. We found that the SNPs, although they did not affect expression or nuclear translo-
cation, reduced both the cell cycle inhibitory and anti-apoptotic activity of p21cip1.

Additionally, the SNPs did not alter the p21cip1-dependent increase in cell size, but reduced
the p21cip1- dependent increase in cellular beta-actin expression. Beta-actin is an integral com-
ponent of the cellular cytoskeleton, which is extensively re-organised during the cell cycle and
is upregulated during cellular differentiation [64,65]. The effect of the SNPs on the up-regula-
tion of beta-actin suggests that the SNPs reduced the ability of p21cip1 to induce differentiation.
Furthermore, the p21cip1 SNPs altered the p21cip1 protein to mRNA ratio: with a significantly
greater amount of p21cip1 protein found per mRNA for variant p21cip1 than for the common
p21cip1. This suggests that the SNPs either reduced the stability of the p21cip1 mRNA or re-
duced the rate of degradation of the p21cip1 protein.

Whilst we cannot draw conclusions on the individual effects of the p21cip1 SNPs, it is
known that the SNP at codon 31 of p21cip1 induces an amino acid change within the binding
domain of WISp39, ASK1, procaspase 3, SAPK, TSG101 and E2F-1 [33]. WISp39 increases the
stability of the p21cip1 protein; ASK1, procaspase 3 and SAPK are pro-apoptotic proteins that
are inhibited by p21cip1; TSG101 increases the stability of p21cip1/cyclin/CDK2 complexes,
thereby enhancing the cell cycle inhibitory effects of p21cip1; whereas E2F-1 promotes E2F-
dependent transcription of cell cycle promoting proteins and is inhibited by p21cip1 binding.
The SNP is likely responsible for a loss of strength of binding of p21cip1 to some or all of these
proteins. The reduction in the cell cycle inhibitory activity induced by the SNPs may be due to
a loss of strength of binding of p21cip1 to TSG101 and E2F-1, whereas the reduction in the anti-
apoptotic activity may be due to a loss of strength of binding to the pro-apoptotic proteins
(ASK1, procaspase 3 and SAPK). In addition, the SNP may alter the affinity of the p21cip1 pro-
tein for its binding partners, by altering its preferred tertiary structure. Whilst the p21cip1 pro-
tein is an intrinsically unstructured protein [36], its preference for certain conformational
arrangements will depend on the charges of its residues. The serine (polar uncharged amino
acid) to arginine (positively charged amino acid) change induced by the SNP at codon 31 may
lead to a change in the preference of the p21cip1 protein for its binding partners.

Although the SNP at codon 31 lies within the binding domain of WISp39 (a protein that
stabilises p21cip1), we found that the SNP was associated with a greater protein per mRNA
ratio. Further studies are necessary to elucidate whether this effect is due to altered protein or
mRNA stability [32].

The requirement for co-localisation of the p21cip1 SNPs for an association with cancer
[19,21] suggests that the individual effects of the SNPs are required together for a significant
loss of G1/S checkpoint control. We have shown that the SNPs, when together, reduce the
function of the p21cip1 protein and may alter the stability of it. All our findings were consistent
with the known association of the p21cip1 SNPs with cancer in populations of European descent
[16–22]: the population group where the SNPs are the least prevalent [66]. The relatively small
effect of the variant on the p21cip1 function, together with the possible compensatory effect of
other members of the kip/cip family, may explain the low-penetration of this risk factor for
cancer [20]. The lack of association between these SNPs and cancer in other ethnic groups [20]
may be due to other genetic and environmental factors that may either impact on the function-
al effects of the SNPs or affect the development of cancer.

variant p21cip1. The y-axis represents the p21cip1 protein expression per cell (Panel A), the p21cip1 density per
nucleus (Panel B), and the percentage of nuclear positive cells (Panel C) expressed as a percentage of that
in the population transfected with common p21cip1. The top of the bars represent the mean. The error bars
represent the SEM. Analysis was carried out from 8 technical replicates of more than 5000 cells each.

doi:10.1371/journal.pone.0114050.g009

A Rare Variant of p21cip1 and Alzheimer’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0114050 January 27, 2015 16 / 23



Figure 10. The effect of the p21cip1 genotype on the cell cycle and apoptotic activity. Panel A: The fraction of cells in the G1 phase of the cell cycle
(from the euploid population) in the different cell populations. EV NC: empty vector negative control; com p21: the common p21cip1; var p21: variant p21cip1.
For the cells transfected with p21cip1: the light grey bars represent the non-transfected cells (cells negative for p21cip1, p21-) and the dark grey bars represent
the transfected cells (cells that were positive for p21cip1, p21+). The top of the bars represent the mean. The error bars represent the SEM. Panel B: p21
positive cells only. The fraction of cells in the G1 phase of the cell cycle normalised to control. EV NC: empty vector negative control. P21-: non-transfected
cell population within the same wells. White bars: p21 positive population as a percentage of the EV NC (100% represents G1 fraction identical to that seen in
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Since there are no adequate cellular models to study the effect of p21cip1 SNPs on AD-type
protein expression, we analysed these relationships in a series of post mortem brain samples
from AD patients and controls. In the post-mortem study, we found that p21cip1 levels were
raised in brain regions affected by AD. The expression of p21cip1 protein was most strongly de-
pendent on the accumulation of tangle pathology, and was independent of the p21cip1 genotype
or p21cip1 mRNA levels. The fact that p21cip1 protein expression was only related to tangles,
but not to the p21cip1 mRNA or to the amyloid component of the pathology, would suggest
that the p21cip1 protein may bind non-specifically to tangles as previously described [39,67,68].
Therefore, in post-mortem studies, the raised expression of p21cip1 protein in the AD brain
may be an artefact due to inappropriate accumulation, rather than a cause of AD-type protein
expression as suggested by in vitro studies [53]. On the other hand, the finding of p21cip1 over-
expression in peripheral lymphoblasts of AD patients does warrant further investigations into
the role of the protein in the disease process [69,70].

EV NC cultures). Black bars: p21 positive population as percentage of the p21- population (100% represents G1 fraction identical to that seen in p21- cells).
X-axis: com p21: the common p21cip1; var p21: variant p21cip1. The top of the bars represent the mean. The error bars represent the SEM. Panel C: The
fraction of cells in the G2 phase of the cell cycle (from the euploid population) in the different cell populations. EV NC: empty vector negative control; com p21:
the common p21cip1; var p21: variant p21cip1. For the cells transfected with p21cip1: the light grey bars represent the non-transfected cells (cells negative for
p21cip1, p21-) and the dark grey bars represent the transfected cells (cells that were positive for p21cip1, p21+). The top of the bars represent the mean. The
error bars represent the SEM. Panel D: p21 positive cells only. The fraction of cells in the G2 phase of the cell cycle normalised to control. EV NC: empty
vector negative control. P21-: non-transfected cell population within the same wells. White bars: p21 positive population as a percentage of the EV NC (100%
represents G2 fraction identical to that seen in EV NC cultures). Black bars: p21 positive population as percentage of the p21- population (100% represents
G2 fraction identical to that seen in p21- cells). X-axis: com p21: the common p21cip1; var p21: variant p21cip1. The top of the bars represent the mean. The
error bars represent the SEM. Panel E: The fraction of apoptotic cells (from single cell population) in the different cell populations. EV NC: empty vector
negative control; com p21: the common p21cip1; var p21: variant p21cip1. For the cells transfected with p21cip1: the light grey bars represent the non-
transfected cells (cells negative for p21cip1, p21-) and the dark grey bars represent the transfected cells (cells that were positive for p21cip1, p21+). The top of
the bars represent the mean. The error bars represent the SEM. Panel F: p21 positive cells only. The fraction of apoptotic cells normalised to control. EV NC:
empty vector negative control. P21-: non-transfected cell population within the same wells. White bars: p21 positive population as a percentage of the EV NC
(100% represents apoptotic fraction identical to that seen in EV NC cultures). Black bars: p21 positive population as percentage of the p21- population (100%
represents apoptotic fraction identical to that seen in p21- cells). X-axis: com p21: the common p21cip1; var p21: variant p21cip1. The top of the bars represent
the mean. The error bars represent the SEM. Analysis was carried out from 8 technical replicates of more than 5000 cells each.

doi:10.1371/journal.pone.0114050.g010

Figure 11. The effect of the p21cip1 genotype on beta-actin expression. The graph shows the amount of
beta-actin detected per cell expressed as a percentage change relative to the empty vector negative control.
Beta-actin expression was determined by Acumen Cytometry with beta-actin immunostaining: with the total
amount of beta-actin detected divided by the total number of cells in the sample. The cells were not double
stained for p21cip1 protein, so we were unable to differentiate the p21cip1 positive population (transfected
cells) from the p21cip1 negative population (non-transfected cells). X-axis: EV NC: Empty vector negative
control; com p21: cells transfected with common p21cip1; var p21: cells transfected with variant p21cip1. The y-
axis represents the percentage change in beta-actin expression per cell relative to the EV NC. The top of the
bars represent the mean. The error bars represent the SEM.

doi:10.1371/journal.pone.0114050.g011
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Confirming the result of a previous study [23], we found an association between the p21cip1

variant and AD. The variant was associated with a relatively small but significantly increased
risk of AD.

Although the variant was associated with an increased risk of PD with dementia relative to
age matched controls, it was not associated with dementia in PD relative to non-demented PD
patients. The latter could be the result of the relatively small patient numbers in the two groups.
Since dementia is mostly attributed to the appearance of AD-type pathology in PD patients
[71,72], it is not surprising that the relative frequency of the variant allele and the associated
odds ratios are very similar in the AD and PD with dementia groups. Prior to the age of 75, the
variant was associated with a reduction in the dementia free survival, in relation to both AD,
and PD with dementia. This effect disappeared above the age of 75. Age is the strongest risk
factor for both AD and dementia associated with PD. The data indicates that this risk is in-
creased by the relatively weak effect of the p21cip variant in younger people by bringing the age
of onset forward. However, in older patients (above the age of 75) the general effect of age pre-
dominates and the effect of the p21cip1 variant disappears.

Additionally, the SNPs were associated with an earlier age of onset of dementia in AD, and
a more severe AD phenotype, with a primary influence on the accumulation of tangle patholo-
gy in brain regions that are affected relatively late in the disease process. This, and the lack of a
similar relationship between the SNPs and temporal lobe pathology, may be a reflection of the
fact that the tau accumulation in the temporal lobe may have reached a ceiling in the patients,
whilst the formation of tau-related pathology in the frontal and occipital regions was still ongo-
ing. The genotype-phenotype correlation also suggests that the p21cip1 SNPs have a direct effect
on p-tau accumulation and NFT formation consistent with the involvement of cell cycle dereg-
ulation in the pathogenesis of AD. The finding is also consistent with recent findings of defi-
cient p53-dependent DNA damage repair, which requires a fully functional p21cip1 [59] in AD
[73]. However, we found no relationship between the p21cip1 SNPs and amyloid accumulation
in the same brain regions. This may be partly due to the fact that beta-amyloid accumulation
tends to reach a plateau early in the disease process. Alternatively, the complex relationship
between DNA-damage-repair signalling, apoptosis and beta amyloid [74] may be dependent
on other risk factors (genetic and environmental) that either have a stronger effect on beta-
amyloid accumulation than these SNPs or alter the effect of them.

Historically, the ApoE4 risk factor has been associated with a significantly more severe AD-
type pathology in post mortem series [75,76]. A relatively recent review found that several
other identified genetic risk factors for AD show no similar genotype-phenotype relationship
[77] suggesting that these SNPs, whilst affecting AD susceptibility, do not have a direct effect
on tau and amyloid accumulation. The relationship between an earlier age of onset and more
severe tangle pathology and the functionally defective p21cip1 variant supports the hypothesis
that the p21cip1 variant, by contributing to the loss of cell cycle control in neurons, is directly
involved in the pathogenesis of AD [38,39].

Supporting Information
S1 Table. Demographic data on the patient groups included in the genotyping study. CON-
TROL: healthy elderly individual; AD: Alzheimer’s disease; OD: Other dementia syndromes;
AD/PD: Mixed Alzheimer’s disease and Parkinson’s disease; MCI: Mild cognitive impairment;
PD: Parkinson’s disease; PD D: Parkinson’s disease with dementia.
(XLS)

S2 Table. Demographic data of patients with PM data. Pre-clinical: Entorhinal stage
Alzheimer’s disease (Braak I and II); Mild AD: Limbic stage Alzheimer’s disease (Braak III and
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IV); Advanced AD: Neocortical stage Alzheimer’s disease (Braak V and VI).
(XLS)

S3 Table. Data in PM study. Pre-clinical: Entorhinal stage Alzheimer’s disease (Braak I and
II); Mild AD: Limbic stage Alzheimer’s disease (Braak III and IV); Advanced AD: Neocortical
stage Alzheimer’s disease (Braak V and VI). Protein measures (p-tau and p21) are arbitrary
units from ELISA assay. SEM: Standard Error of the Mean.
(XLS)

S4 Table. Different cell populations as measured by flow cytometry. EV NC: empty vector
negative control; com p21: the common p21cip1; var p21: variant p21cip1; p21-: non-transfected
cells (cells negative for p21cip1); p21+: transfected cells (cells that were positive for p21cip1).
(XLS)

Acknowledgments
We thank all the patients, their families, carers and the clinicians involved in the Oxford Proj-
ect to Investigate Memory and Ageing and PDGEN who provided patient samples and clinical
data. We are grateful to Mrs S. Litchfield, Miss M. Reading and Mrs Carolyn Sloan for valuable
technical help and Dr. Catherine Joachim for the post-mortem diagnoses.

Author Contributions
Conceived and designed the experiments: ZN SCY ADS. Performed the experiments: SCY AZ
EMR JBF SN. Analyzed the data: SCY ZN EMR AZ. Contributed reagents/materials/analysis
tools: MME SC ADS KEM CC. Wrote the paper: SCY ZN ADS EMR AZ JBF KEM CCMME
SC SN. Obtained funding: ZN KEM CCMME ADS.

References
1. Ballard C, Gauthier S, Corbett A, Brayne C, Aarsland D, et al. (2011) Alzheimer’s disease. Lancet 377:

1019–1031.

2. Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA, et al. (2006) Role of genes and environ-
ments for explaining Alzheimer disease. Arch Gen Psychiatry 63: 168–174. PMID: 16461860

3. Abraham R, Moskvina V, Sims R, Hollingworth P, Morgan A, et al. (2008) A genome-wide association
study for late-onset Alzheimer’s disease using DNA pooling. BMCMed Genomics 1: 44. doi: 10.1186/
1755-8794-1-44 PMID: 18823527

4. BeechamGW, Martin ER, Li YJ, Slifer MA, Gilbert JR, et al. (2009) Genome-wide association study
implicates a chromosome 12 risk locus for late-onset Alzheimer disease. Am J HumGenet 84: 35–43.
doi: 10.1016/j.ajhg.2008.12.008 PMID: 19118814

5. Bertram L, Lange C, Mullin K, Parkinson M, Hsiao M, et al. (2008) Genome-wide association analysis
reveals putative Alzheimer’s disease susceptibility loci in addition to APOE. Am J HumGenet 83: 623–
632. doi: 10.1016/j.ajhg.2008.10.008 PMID: 18976728

6. Blacker D, Bertram L, Saunders AJ, Moscarillo TJ, Albert MS, et al. (2003) Results of a high-resolution
genome screen of 437 Alzheimer’s disease families. HumMol Genet 12: 23–32. PMID: 12490529

7. Carrasquillo MM, Zou F, Pankratz VS, Wilcox SL, Ma L, et al. (2009) Genetic variation in PCDH11X is
associated with susceptibility to late-onset Alzheimer’s disease. Nat Genet 41: 192–198. PMID:
19136949

8. Grupe A, Abraham R, Li Y, Rowland C, Hollingworth P, et al. (2007) Evidence for novel susceptibility
genes for late-onset Alzheimer’s disease from a genome-wide association study of putative functional
variants. HumMol Genet 16: 865–873. PMID: 17317784

9. Harold D, AbrahamR, Hollingworth P, Sims R, Gerrish A, et al. (2009) Genome-wide association study
identifies variants at CLU and PICALM associated with Alzheimer’s disease. Nat Genet 41: 1088–
1093. PMID: 19734902

A Rare Variant of p21cip1 and Alzheimer’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0114050 January 27, 2015 20 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114050.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114050.s004
http://www.ncbi.nlm.nih.gov/pubmed/16461860
http://dx.doi.org/10.1186/1755-8794-1-44
http://dx.doi.org/10.1186/1755-8794-1-44
http://www.ncbi.nlm.nih.gov/pubmed/18823527
http://dx.doi.org/10.1016/j.ajhg.2008.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19118814
http://dx.doi.org/10.1016/j.ajhg.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/18976728
http://www.ncbi.nlm.nih.gov/pubmed/12490529
http://www.ncbi.nlm.nih.gov/pubmed/19136949
http://www.ncbi.nlm.nih.gov/pubmed/17317784
http://www.ncbi.nlm.nih.gov/pubmed/19734902


10. Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC, et al. (2011) Common variants at ABCA7,
MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP are associated with Alzheimer’s disease. Nat Genet
43: 429–435. doi: 10.1038/ng.803 PMID: 21460840

11. Lambert JC, Heath S, Even G, Campion D, Sleegers K, et al. (2009) Genome-wide association study
identifies variants at CLU and CR1 associated with Alzheimer’s disease. Nat Genet 41: 1094–1099.
PMID: 19734903

12. Li H, Wetten S, Li L, St Jean PL, Upmanyu R, et al. (2008) Candidate single-nucleotide polymorphisms
from a genomewide association study of Alzheimer disease. Arch Neurol 65: 45–53. PMID: 17998437

13. Naj AC, Jun G, BeechamGW,Wang LS, Vardarajan BN, et al. (2011) Common variants at MS4A4/
MS4A6E, CD2AP, CD33 and EPHA1 are associated with late-onset Alzheimer’s disease. Nat Genet
43: 436–441. PMID: 21460841

14. Reiman EM, Webster JA, Myers AJ, Hardy J, Dunckley T et al. (2007) GAB2 alleles modify Alzheimer’s
risk in APOE epsilon4 carriers. Neuron 54: 713–720. PMID: 17553421

15. Seshadri S, Fitzpatrick AL, IkramMA, DeStefano AL, Gudnason V et al. (2010) Genome-wide analysis
of genetic loci associated with Alzheimer disease. JAMA 303: 1832–1840. PMID: 20460622

16. Bahl R, Arora S, Nath N, Mathur M, Shukla NK et al. (2000) Novel polymorphism in p21(waf1/cip1)
cyclin dependent kinase inhibitor gene: association with human esophageal cancer. Oncogene 19:
323–328. PMID: 10656678

17. Chedid M, Michieli P, Lengel C, Huppi K, Givol D (1994) A single nucleotide substitution at codon 31
(Ser/Arg) defines a polymorphism in a highly conserved region of the p53-inducible geneWAF1/CIP1.
Oncogene 9: 3021–3024. PMID: 8084608

18. ChenWC,Wu HC, Hsu CD, Chen HY, Tsai FJ (2002) p21 gene codon 31 polymorphism is associated
with bladder cancer. Urol Oncol 7: 63–66. PMID: 12474524

19. Facher EA, Becich MJ, Deka A, Law JC (1997) Association between human cancer and two polymor-
phisms occurring together in the p21Waf1/Cip1 cyclin-dependent kinase inhibitor gene. Cancer 79:
2424–2429. PMID: 9191533

20. Liu F, Li B, Wei Y, Chen X, Ma Y, et al. (2011) P21 codon 31 polymorphism associated with cancer
among white people: evidence from a meta-analysis involving 78 074 subjects. Mutagenesis 26: 513–
521. doi: 10.1093/mutage/ger010 PMID: 21415438

21. Mousses S, Ozcelik H, Lee PD, Malkin D, Bull SB, et al. (1995) Two variants of the CIP1/WAF1 gene
occur together and are associated with human cancer. HumMol Genet 4: 1089–1092. PMID: 7655464

22. Sjalander A, Birgander R, Rannug A, Alexandrie AK, Tornling G, et al. (1996) Association between the
p21 codon 31 A1 (arg) allele and lung cancer. Hum Hered 46: 221–225. PMID: 8807325

23. Nagy Z (2007) The dysregulation of the cell cycle and the diagnosis of Alzheimer’s disease. Biochim
Biophys Acta 1772: 402–408. PMID: 17182224

24. Hiltunen M, Mannermaa A, Thompson D, Easton D, Pirskanen M, et al. (2001) Genome-wide linkage
disequilibrium mapping of late-onset Alzheimer’s disease in Finland. Neurology 57: 1663–1668. PMID:
11706108

25. Holmans P, Hamshere M, Hollingworth P, Rice F, Tunstall N, et al. (2005) Genome screen for loci influ-
encing age at onset and rate of decline in late onset Alzheimer’s disease. Am J Med Genet B Neuropsy-
chiatr Genet 135B: 24–32. PMID: 15729734

26. Lee JH, Cheng R, Santana V, Williamson J, Lantigua R, et al. (2006) Expanded genomewide scan im-
plicates a novel locus at 3q28 among Caribbean hispanics with familial Alzheimer disease. Arch Neurol
63: 1591–1598. PMID: 17101828

27. Delavaine L, La Thangue NB (1999) Control of E2F activity by p21Waf1/Cip1. Oncogene 18: 5381–
5392. PMID: 10498892

28. Bates S, Ryan KM, Phillips AC, Vousden KH (1998) Cell cycle arrest and DNA endoreduplication fol-
lowing p21Waf1/Cip1 expression. Oncogene 17: 1691–1703. PMID: 9796698

29. Devlin AM, Solban N, Tremblay S, Gutkowska J, SchurchW, et al. (2003) HCaRG is a novel regulator
of renal epithelial cell growth and differentiation causing G2M arrest. Am J Physiol Renal Physiol 284:
F753–F762. PMID: 12620924

30. Evdokiou A, Raggatt LJ, Atkins GJ, Findlay DM (1999) Calcitonin receptor-mediated growth suppres-
sion of HEK-293 cells is accompanied by induction of p21WAF1/CIP1 and G2/M arrest. Mol Endocrinol
13: 1738–1750. PMID: 10517675

31. Evdokiou A, Raggatt LJ, Sakai T, Findlay DM (2000) Identification of a novel calcitonin-response element
in the promoter of the human p21WAF1/CIP1 gene. J Mol Endocrinol 25: 195–206. PMID: 11013346

32. Jung YS, Qian Y, Chen X (2010) Examination of the expanding pathways for the regulation of p21 ex-
pression and activity. Cell Signal 22: 1003–1012. doi: 10.1016/j.cellsig.2010.01.013 PMID: 20100570

A Rare Variant of p21cip1 and Alzheimer’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0114050 January 27, 2015 21 / 23

http://dx.doi.org/10.1038/ng.803
http://www.ncbi.nlm.nih.gov/pubmed/21460840
http://www.ncbi.nlm.nih.gov/pubmed/19734903
http://www.ncbi.nlm.nih.gov/pubmed/17998437
http://www.ncbi.nlm.nih.gov/pubmed/21460841
http://www.ncbi.nlm.nih.gov/pubmed/17553421
http://www.ncbi.nlm.nih.gov/pubmed/20460622
http://www.ncbi.nlm.nih.gov/pubmed/10656678
http://www.ncbi.nlm.nih.gov/pubmed/8084608
http://www.ncbi.nlm.nih.gov/pubmed/12474524
http://www.ncbi.nlm.nih.gov/pubmed/9191533
http://dx.doi.org/10.1093/mutage/ger010
http://www.ncbi.nlm.nih.gov/pubmed/21415438
http://www.ncbi.nlm.nih.gov/pubmed/7655464
http://www.ncbi.nlm.nih.gov/pubmed/8807325
http://www.ncbi.nlm.nih.gov/pubmed/17182224
http://www.ncbi.nlm.nih.gov/pubmed/11706108
http://www.ncbi.nlm.nih.gov/pubmed/15729734
http://www.ncbi.nlm.nih.gov/pubmed/17101828
http://www.ncbi.nlm.nih.gov/pubmed/10498892
http://www.ncbi.nlm.nih.gov/pubmed/9796698
http://www.ncbi.nlm.nih.gov/pubmed/12620924
http://www.ncbi.nlm.nih.gov/pubmed/10517675
http://www.ncbi.nlm.nih.gov/pubmed/11013346
http://dx.doi.org/10.1016/j.cellsig.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20100570


33. Child ES, Mann DJ (2006) The intricacies of p21 phosphorylation: protein/protein interactions, subcellu-
lar localization and stability. Cell Cycle 5: 1313–1319. PMID: 16775416

34. Oh H, Mammucari C, Nenci A, Cabodi S, Cohen SN, et al. (2002) Negative regulation of cell growth and
differentiation by TSG101 through association with p21(Cip1/WAF1). Proc Natl Acad Sci U S A 99:
5430–5435. PMID: 11943869

35. Ressiniotis T, Griffiths PG, Keers SM, Chinnery PF, Birch M (2005) A polymorphism at codon 31 of
gene p21 is not associated with primary open angle glaucoma in Caucasians. BMCOphthalmol 5: 5.
PMID: 15807891

36. Yoon MK, Venkatachalam V, Huang A, Choi BS, Stultz CM, et al. (2009) Residual structure within the
disordered C-terminal segment of p21(Waf1/Cip1/Sdi1) and its implications for molecular recognition.
Protein Sci 18: 337–347. doi: 10.1002/pro.34 PMID: 19165719

37. Arendt T (2003) Synaptic plasticity and cell cycle activation in neurons are alternative effector path-
ways: the ‘Dr. Jekyll and Mr. Hyde concept’ of Alzheimer’s disease or the yin and yang of neuroplastic-
ity. Prog Neurobiol 71: 83–248. PMID: 14687983

38. Currais A, Hortobagyi T, Soriano S (2009) The neuronal cell cycle as a mechanism of pathogenesis in
Alzheimer’s disease. Aging (Albany NY) 1: 363–371. PMID: 20157524

39. Nagy Z (2005) The last neuronal division: a unifying hypothesis for the pathogenesis of Alzheimer’s dis-
ease. J Cell Mol Med 9: 531–541. PMID: 16202202

40. Huppert FA, Brayne C, Gill C, Paykel ES, Beardsall L (1995) CAMCOG—a concise neuropsychological
test to assist dementia diagnosis: socio-demographic determinants in an elderly population sample. Br
J Clin Psychol 34 ( Pt 4): 529–541. PMID: 8563660

41. McKhann G, Drachman D, Folstein M, Katzman R, Price D, et al. (1984) Clinical diagnosis of Alzheimer’s
disease: report of the NINCDS-ADRDAWork Group under the auspices of Department of Health and
Human Services Task Force on Alzheimer’s Disease. Neurology 34: 939–944. PMID: 6610841

42. Hughes AJ, Daniel SE, Kilford L, Lees AJ (1992) Accuracy of clinical diagnosis of idiopathic Parkinson’s
disease: a clinico-pathological study of 100 cases. J Neurol Neurosurg Psychiatry 55: 181–184. PMID:
1564476

43. Williams-Gray CH, Foltynie T, Brayne CE, Robbins TW, Barker RA (2007) Evolution of cognitive dys-
function in an incident Parkinson’s disease cohort. Brain 130: 1787–1798. PMID: 17535834

44. Mirra SS, Heyman A, McKeel D, Sumi SM, Crain BJ, et al. (1991) The Consortium to Establish a Regis-
try for Alzheimer’s Disease (CERAD). Part II. Standardization of the neuropathologic assessment of
Alzheimer’s disease. Neurology 41: 479–486. PMID: 2011243

45. Braak H, Braak E (1991) Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol
82: 239–259. PMID: 1759558

46. Esiri MM, Wilcock GK, Morris JH (1997) Neuropathological assessment of the lesions of significance in
vascular dementia. J Neurol Neurosurg Psychiatry 63: 749–753. PMID: 9416809

47. Esiri MM (2000) Which vascular lesions are of importance in vascular dementia? Ann N Y Acad Sci
903: 239–243. PMID: 10818512

48. Nagy Z, Esiri MM, Jobst KA, Morris JH, King EM, et al. (1997) The effects of additional pathology on the
cognitive deficit in Alzheimer disease. J Neuropathol Exp Neurol 56: 165–170. PMID: 9034370

49. Clare R, King VG, Wirenfeldt M, Vinters HV (2010) Synapse loss in dementias. J Neurosci Res 88:
2083–2090.

50. Goedert M, Jakes R, Vanmechelen E (1995) Monoclonal antibody AT8 recognises tau protein phos-
phorylated at both serine 202 and threonine 205. Neurosci Lett 189: 167–169. PMID: 7624036

51. Masliah E, Mallory M, Alford M, DeTeresa R, Hansen LA, et al. (2001) Altered expression of synaptic pro-
teins occurs early during progression of Alzheimer’s disease. Neurology 56: 127–129. PMID: 11148253

52. Vechterova L, Kontsekova E, Zilka N, Ferencik M, Ravid R, et al. (2003) DC11: a novel monoclonal an-
tibody revealing Alzheimer’s disease-specific tau epitope. Neuroreport 14: 87–91. PMID: 12544837

53. Chang BD, Watanabe K, Broude EV, Fang J, Poole JC et al. (2000) Effects of p21Waf1/Cip1/Sdi1 on
cellular gene expression: implications for carcinogenesis, senescence, and age-related diseases. Proc
Natl Acad Sci U S A 97: 4291–4296. PMID: 10760295

54. Thomas P, Smart TG (2005) HEK293 cell line: a vehicle for the expression of recombinant proteins. J
Pharmacol Toxicol Methods 51: 187–200. PMID: 15862464

55. Jaluria P, Betenbaugh M, Konstantopoulos K, Shiloach J (2007) Enhancement of cell proliferation in
various mammalian cell lines by gene insertion of a cyclin-dependent kinase homolog. BMC Biotechnol
7: 71. PMID: 17945021

56. Darzynkierricz Z, Crissman HA, Robinson JP (2001) Cytometry: Methods in Cellular Biology. San
Diego, CA: Academics.

A Rare Variant of p21cip1 and Alzheimer’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0114050 January 27, 2015 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/16775416
http://www.ncbi.nlm.nih.gov/pubmed/11943869
http://www.ncbi.nlm.nih.gov/pubmed/15807891
http://dx.doi.org/10.1002/pro.34
http://www.ncbi.nlm.nih.gov/pubmed/19165719
http://www.ncbi.nlm.nih.gov/pubmed/14687983
http://www.ncbi.nlm.nih.gov/pubmed/20157524
http://www.ncbi.nlm.nih.gov/pubmed/16202202
http://www.ncbi.nlm.nih.gov/pubmed/8563660
http://www.ncbi.nlm.nih.gov/pubmed/6610841
http://www.ncbi.nlm.nih.gov/pubmed/1564476
http://www.ncbi.nlm.nih.gov/pubmed/17535834
http://www.ncbi.nlm.nih.gov/pubmed/2011243
http://www.ncbi.nlm.nih.gov/pubmed/1759558
http://www.ncbi.nlm.nih.gov/pubmed/9416809
http://www.ncbi.nlm.nih.gov/pubmed/10818512
http://www.ncbi.nlm.nih.gov/pubmed/9034370
http://www.ncbi.nlm.nih.gov/pubmed/7624036
http://www.ncbi.nlm.nih.gov/pubmed/11148253
http://www.ncbi.nlm.nih.gov/pubmed/12544837
http://www.ncbi.nlm.nih.gov/pubmed/10760295
http://www.ncbi.nlm.nih.gov/pubmed/15862464
http://www.ncbi.nlm.nih.gov/pubmed/17945021


57. Ormerod M (2000) Analysis of DNA—general methods. In: Ormerod M, editors. Flow Cytometry: A
Practical Approach. Oxford: Oxford University Press. pp. 83–97.

58. Crean S, Ward A, Mercaldi CJ, Collins JM, Cook MN, et al. (2011) Apolipoprotein E epsilon4 preva-
lence in Alzheimer’s disease patients varies across global populations: a systematic literature review
and meta-analysis. Dement Geriatr Cogn Disord 31: 20–30. doi: 10.1159/000321984 PMID: 21124030

59. Besson A, Dowdy SF, Roberts JM (2008) CDK inhibitors: cell cycle regulators and beyond. Dev Cell
14: 159–169. PMID: 18267085

60. Chen J, Jackson PK, Kirschner MW, Dutta A (1995) Separate domains of p21 involved in the inhibition
of Cdk kinase and PCNA. Nature 374: 386–388. PMID: 7885482

61. Shim J, Lee H, Park J, Kim H, Choi EJ (1996) A non-enzymatic p21 protein inhibitor of stress-activated
protein kinases. Nature 381: 804–806. PMID: 8657286

62. Asada M, Yamada T, Ichijo H, Delia D, Miyazono K, et al. (1999) Apoptosis inhibitory activity of cyto-
plasmic p21(Cip1/WAF1) in monocytic differentiation. EMBO J 18: 1223–1234. PMID: 10064589

63. Engidawork E, Gulesserian T, Seidl R, Cairns N, Lubec G (2001) Expression of apoptosis related pro-
teins in brains of patients with Alzheimer’s disease. Neurosci Lett 303: 79–82. PMID: 11311497

64. Heng YW, Koh CG (2010) Actin cytoskeleton dynamics and the cell division cycle. Int J Biochem Cell
Biol 42: 1622–1633. PMID: 20412868

65. Insall RH, Machesky LM (2009) Actin dynamics at the leading edge: from simple machinery to complex
networks. Dev Cell 17: 310–322. doi: 10.1016/j.devcel.2009.08.012 PMID: 19758556

66. Gravina S, Lescai F, Hurteau G, Brock GJ, Saramaki A, et al. (2009) Identification of single nucleotide
polymorphisms in the p21 (CDKN1A) gene and correlations with longevity in the Italian population.
Aging (Albany NY) 1: 470–480. PMID: 20126416

67. Arendt T, Rodel L, Gartner U, Holzer M (1996) Expression of the cyclin-dependent kinase inhibitor p16
in Alzheimer’s disease. Neuroreport 7: 3047–3049. PMID: 9116237

68. Arendt T, Holzer M, Gartner U (1998) Neuronal expression of cycline dependent kinase inhibitors of the
INK4 family in Alzheimer’s disease. J Neural Transm 105: 949–960. PMID: 9869328

69. Bialopiotrowicz E, Kuzniewska B, Kachamakova-Trojanowska N, Barcikowska M, Kuznicki J, et al.
(2011) Cell cycle regulation distinguishes lymphocytes from sporadic and familial Alzheimer’s disease
patients. Neurobiol Aging 32: 2319–2326. PMID: 20541838

70. Esteras N, Alquezar C, Bermejo-Pareja F, Bialopiotrowicz E, Wojda U, et al. (2013) Downregulation of
extracellular signal-regulated kinase 1/2 activity by calmodulin KII modulates p21Cip1 levels and sur-
vival of immortalized lymphocytes from Alzheimer’s disease patients. Neurobiol Aging 34: 1090–1100.
doi: 10.1016/j.neurobiolaging.2012.10.014 PMID: 23153928

71. Compta Y, Parkkinen L, O’Sullivan SS, Vandrovcova J, Holton JL, et al. (2011) Lewy- and Alzheimer-
type pathologies in Parkinson’s disease dementia: which is more important? Brain 134: 1493–1505.

72. Jellinger KA, Attems J (2008) Prevalence and impact of vascular and Alzheimer pathologies in Lewy
body disease. Acta Neuropathol 115: 427–436. PMID: 18273624

73. Katsel P, TanW, Fam P, Purohit DP, Haroutunian V (2013) Cycle checkpoint abnormalities during de-
mentia: a plausible association with the loss of protection against oxidative stress in Alzheimer’s dis-
ease. PLoS One 8: e68361. doi: 10.1371/journal.pone.0068361 PMID: 23861893

74. Fiorelli T, Kirouac L, Padmanabhan J (2013) Altered processing of amyloid precursor protein in cells un-
dergoing apoptosis. PLoS One 8: e57979. PMID: 23469123

75. Nagy Z, Esiri MM, Jobst KA, Johnston C, Litchfield S, et al. (1995) Influence of the apolipoprotein
E genotype on amyloid deposition and neurofibrillary tangle formation in Alzheimer’s disease.
Neuroscience 69: 757–761. PMID: 8596645

76. Wider C, Ross OA, Nishioka K, HeckmanMG, Vilarino-Guell C, et al. (2012) An evaluation of the impact
of MAPT, SNCA and APOE on the burden of Alzheimer’s and Lewy body pathology. J Neurol Neuro-
surg Psychiatry 83: 424–429. doi: 10.1136/jnnp-2011-301413 PMID: 22291217

77. Elias-Sonnenschein LS, Bertram L, Visser PJ (2012) Relationship between genetic risk factors and
markers for Alzheimer’s disease pathology. Biomark Med 6: 477–495. PMID: 22917148

A Rare Variant of p21cip1 and Alzheimer’s Disease

PLOS ONE | DOI:10.1371/journal.pone.0114050 January 27, 2015 23 / 23

http://dx.doi.org/10.1159/000321984
http://www.ncbi.nlm.nih.gov/pubmed/21124030
http://www.ncbi.nlm.nih.gov/pubmed/18267085
http://www.ncbi.nlm.nih.gov/pubmed/7885482
http://www.ncbi.nlm.nih.gov/pubmed/8657286
http://www.ncbi.nlm.nih.gov/pubmed/10064589
http://www.ncbi.nlm.nih.gov/pubmed/11311497
http://www.ncbi.nlm.nih.gov/pubmed/20412868
http://dx.doi.org/10.1016/j.devcel.2009.08.012
http://www.ncbi.nlm.nih.gov/pubmed/19758556
http://www.ncbi.nlm.nih.gov/pubmed/20126416
http://www.ncbi.nlm.nih.gov/pubmed/9116237
http://www.ncbi.nlm.nih.gov/pubmed/9869328
http://www.ncbi.nlm.nih.gov/pubmed/20541838
http://dx.doi.org/10.1016/j.neurobiolaging.2012.10.014
http://www.ncbi.nlm.nih.gov/pubmed/23153928
http://www.ncbi.nlm.nih.gov/pubmed/18273624
http://dx.doi.org/10.1371/journal.pone.0068361
http://www.ncbi.nlm.nih.gov/pubmed/23861893
http://www.ncbi.nlm.nih.gov/pubmed/23469123
http://www.ncbi.nlm.nih.gov/pubmed/8596645
http://dx.doi.org/10.1136/jnnp-2011-301413
http://www.ncbi.nlm.nih.gov/pubmed/22291217
http://www.ncbi.nlm.nih.gov/pubmed/22917148


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


