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Abstract
The p53 protein is a master regulator of the stress response. It acts as a tumor suppressor

by inducing transcriptional activation of p53 target genes, with roles in apoptosis, cell cycle

arrest and metabolism. The discovery of at least 12 isoforms of p53, some of which have

tumor-promoting properties, has opened new avenues of research. Our previous work stud-

ied tumor phenotypes in four mouse models with different p53 backgrounds: wild-type p53,

p53 null, mutant p53 lacking the proline domain (mΔpro), and a mimic for the human

Δ133p53α p53 isoform (Δ122p53). To identify the major proteins affected by p53 function

early in the response to DNA damage, the current study investigated the entire proteome of

bone marrow, thymus, and lung in the four p53 models. Protein extracts from untreated con-

trols and those treated with amsacrine were analyzed using two-dimensional fluorescence

difference gel electrophoresis. In the bone marrow, reactive proteins were universally de-

creased by wild-type p53, including α-enolase. Further analysis of α-enolase in the p53

models revealed that it was instead increased in Δ122p53 hematopoietic and tumor cell cy-

tosol and on the cell surface. Alpha-enolase on the surface of Δ122p53 cells acted as a

plasminogen receptor, with tumor necrosis factor alpha induced upon plasminogen stimula-

tion. Taken together, these data identified new proteins associated with p53 function. One

of these proteins, α-enolase, is regulated differently by wild-type p53 and Δ122p53 cells,

with reduced abundance as part of a wild-type p53 response and increased abundance

with Δ122p53 function. Increased cell surface α-enolase on Δ122p53 cells provides a possi-

ble explanation for the model’s pro-inflammatory features and suggests that p53 isoforms

may direct an inflammatory response by increasing the amount of α-enolase on the

cell surface.
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Introduction
The p53 tumor suppressor is an intrinsic part of the cellular stress response [1]. Functions at-
tributed to p53 continue to be discovered, including roles in determining cell fate and in energy
metabolism, cell differentiation, embryo implantation, angiogenesis, migration, and inflamma-
tion (reviewed in [2–6]). To add to the complexity of understanding p53 function, many modifi-
cations of p53 exist, including 12 isoforms produced by the use of alternative promoters,
splicing, and alternative sites of translation [7–12]. The Δ133p53α isoform lacks the N-terminal
133 amino acids due to an alternative promoter in intron four; it is expressed in many normal
tissues and aberrantly expressed in multiple tumors, including those of the breast, colon, and
bile duct [8,13,14]. Tumor-promoting properties attributed to Δ133p53α include angiogenic,
proliferative, and inflammatory functions [7,15–18].

Many studies aimed at further refining p53 and p53 isoform function have focused on
changes in gene expression. In this study we used a proteomic-based approach to discover new
proteins associated with the wild-type p53 DNA damage response and p53 isoform function.
The bone marrow, thymus, and lung proteomes from four different p53 murine models treated
with or without a DNA damaging agent were compared using two-dimensional fluorescence
difference gel electrophoresis (2D-DIGE). The p53 genotypes included wild-type mice (p53+)
to investigate the normal p53 response, p53 null mice (p53-) as a control for the absence of p53
function, mice without the proline domain in p53 (mΔpro) previously shown to have an atten-
uated p53 response to DNA damage [19,20] and Δ122p53 mice [21,22]. Mice expressing the
Δ122p53 protein that mimics the human Δ133p53α isoform can be used to study oncogenic
properties, including pro-proliferative and pro-inflammatory functions and abnormal hemato-
poietic cell distribution in the lung and liver. Δ122p53 mice also develop tumors much faster,
and their sarcomas metastasize more rapidly than in p53- animals [21].

Here we report α-enolase, a key glycolytic enzyme in the cytosol that can also be on the cell
surface where it is implicated in autoimmune diseases and invasion of transformed cells is reg-
ulated as part of the p53 response [23–27].

Materials and Methods

Sample collection
The study was conducted with ethical approval from the University of Otago Animal Ethics
Committee (approval numbers 20/07 and 21/07). Bone marrow, thymus, and lung tissue were
extracted from male mice that were 5–7 weeks of age and homozygous for one of four geno-
types: p53+, p53-, mΔpro [19], or Δ122p53 [21]. Single cell suspensions were treated with
amsacrine (Sigma-Aldrich, St. Louis, MO, USA) or the vehicle control (30% ethanol) for
4.5 hours at 2×106 cells/mL in DMEM supplemented with 20% fetal calf serum, L-glutamine
(2 mM), and antibiotics (Life Technologies, Carlsbad, CA, USA). Bone marrow cells were treat-
ed with 0.2 μg/mL amsacrine, thymocytes with 1 μg/mL amsacrine, and lung single cell suspen-
sions that were made by enzymatic digestion (collagenase, Sigma-Aldrich, St. Louis, MO, USA)
and mechanical dissociation (gentleMACs, Miltenyi Biotec, GmbH, Germany) were treated
with 1 μg/mL amsacrine. Preliminary work selected the amsacrine dose and time point post-
drug treatment such that p53 was increased before significant apoptosis or cell cycle arrest oc-
curred [19].

For proteasome inhibition, bone marrow cells were pre-treated with the ubiquitin-associated
proteasome inhibitor MG132 (5 μM; Sigma-Aldrich, St. Louis, MO, USA) or vehicle control
(DMSO) for 90 minutes. Cells were then treated with amsacrine (0.2 μg/mL) and harvested
4 and 6 hours after drug treatment.
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Peripheral blood mononuclear cells (PBMCs) were isolated from male mice 5–8 weeks of
age. Whole blood was collected in EDTA tubes using density-gradient centrifugation with
Histopaque-1083 according to the manufacturer’s instruction (Sigma-Aldrich, St. Louis, MO,
USA), and the cell membrane and cytosol fractions isolated for western blotting or placed into
short-term cell culture in RPMI medium supplemented with 10% FBS, 10 mM Penicillin Strep-
tomycin, and 10 mM L-glutamine (Life Technologies, Carlsbad, CA, USA). Each PBMCs prep-
aration used blood pooled from 3–10 mice.

Primary tumors were dissected from Δ122p53 and p53- mice and single cell suspensions
made at necropsy by enzymatic digestion with collagenase (Sigma-Aldrich, St. Louis, MO, USA)
and mechanical dissociation (gentleMACs, Miltenyi Biotec, GmbH, Germany), and single cells
stored in cryoprotective media for isolation of cell membrane and cytosol fractions. All tumors
from Δ122p53 had metastasized to at least one other organ, while no metastases were evident in
tissues from p53- mice.

Protein extraction and 2D gel electrophoresis
Cell pellets were solubilized in lysis buffer (30 mM Tris, 7 M urea, 2 Mthiourea, and 4% (w/v)
CHAPS, pH 8.0), subjected to sonication, and purified using the 2-D Clean-Up Kit (GE Health-
care, Uppsala, Sweden). Protein concentrations were determined using a Bradford microplate
assay (Bio-Rad, Hercules, CA, USA). For each tissue type, an internal standard was prepared
using a pooled proteome consisting of an equal amount of protein from each sample for nor-
malization using 2D-DIGE. The pooled internal standard was labeled with Cy3 and the test
sample (20 μg) was labeled with Cy5 according to the manufacturer’s instructions (GE Health-
care, Uppsala, Sweden). Samples and standards were separated on 11 cm immobilized pH gradi-
ent (IPG) isoelectric focusing (IEF) strips (pH 3–11, non-linear, GE Healthcare, Uppsala,
Sweden), followed by second-dimension electrophoresis using Criterion XT 4–12% Bis-Tris
precast gels (Bio-Rad, Hercules, CA) [28].

Image analysis
Following electrophoresis gels were scanned in the Cy3 or Cy5 channel of a Fujifilm FLA-5100
scanner (Fujifilm, Tokyo, Japan) and images analyzed using Delta2D v 4.0 gel analysis software
(DECODON, GmbH, Germany). The internal standard image was used to normalize protein
spot images between gels. Protein spots were then detected for quantitative and statistical anal-
ysis by Delta2D software and the standardized protein spot percentage volume was used to per-
form statistical tests including univariate (t-tests) and multivariate analyses (ANOVA). Protein
spots with statistically significant (P< 0.05) differential abundance (>1.5-fold) between
groups were chosen for identification. Protein spots of interest were located and excised from
Coomassie blue-stained preparative gels containing 400 μg of protein lysate as described else-
where [29]. The excised protein spots were enzymatically cleaved into peptides using trypsin
and identified using MALDI-TOF mass spectrometry and peptide mass fingerprinting as previ-
ously described [29]. Differentially expressed proteins were further explored by Ingenuity Path-
way Analysis (IPA; Ingenuity Systems, Redwood City, CA, USA) to reveal differentially
regulated signaling networks and biological processes.

Membrane and cytosol fractionation
For analysis of cell surface α-enolase expression, cytosol and cell membrane fractions from
PBMCs (4x106 cells, three preparations per genotype) and sarcoma tumors (3x106 cells, three
tumors per genotype) were obtained using the Calbiochem ProteoExtract Native Membrane
Protein Extraction Kit (Merck Millipore, Darmstadt, Germany) or ProteoExtract
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Transmembrane Protein Extraction Kit (Merck Millipore, Darmstadt, Germany) according to
the manufacturer’s instructions.

Western blotting
Equal amounts of each protein lysate were separated on 4–12% NuPAGE Novex Bis-Tris Mini
Gels (Life Technologies, Carlsbad, CA, USA). Unless otherwise stated blots were incubated
with antibodies from Abcam (Cambridge, UK) as follows: α-enolase (non neuronal enolase,
1 in 7000, ab49343), beta-actin (1in 7 000, ab82618), ATP5B (ATP synthase subunit beta, mito-
chondrial, 1 in 700, ab128743), CAPZB (F-actin capping protein subunit beta, 1 in 2 000,
ab175212), CD18 (1 in 1 000, ab119830), CD45 (1 in 1 000, ab154885), EEF2 (eukaryotic elon-
gation factor 2, 1 in 1 000, ab33523), EIF4H (eukaryotic translation initiation factor 4H, 1 in
500, ab64323), FAK1 (focal adhesion kinase 1, 1 in 1 000, ab40794), H2B (histone H2B, 1 in
4000, ab52484), HNRNPK (heterogeneous nuclear ribonucleoprotein K, 1 in 1000, ab156570),
lamin B1 (1 in 500, ab16048), PSMA1 (proteasome subunit alpha type-1, 1 in 1000, ab3325),
PSMC5 (proteasome (prosome macropain) 26S Subunit ATPase 5, 1 in 15 000, ab178681),
TKT (transketolase, 1 in 1 000, sc-67120, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
TPI1 (trioephosphate isomerase 1, 1 in 6 000, ab28760), TPT1 (transcriptionally controlled
tumor protein, 1 in 20 000, ab133568), TAGLN (transgelin, anti-SM22, 1 in 2 000, ab155272),
and vimentin (1 in 1 000, ab137321). Alkaline phosphatase secondary antibodies were detected
using the WesternBreeze Chemiluminescent Kit detection system according to the manufac-
turer’s instructions (Life Technologies, Carlsbad, CA, USA), and images captured on
X-ray film.

Immunohistochemistry
Paraffin-embedded cell clot sections were mounted on microscope slides and were subjected to
heat-mediated antigen retrieval. Primary antibodies raised against α-enolase (non-neuronal eno-
lase, 1 in 7 000 dilution, ab49343, Abcam, Cambridge, UK) or active caspase-3 (Human/Mouse
Caspase-3 Affinity Purified PAb, 1 in 1 000 dilution, R&D Systems, Minneapolis, MN, USA)
were detected using the EDL and DAB methods (Dako, Glostrup, Denmark). Alpha-enolase or
active caspase-3-positive cells were detected with light microscopy (DM 2000 microscope, DFC
295 camera and Application Suite software, version 3.5.0, Leica, Solms, Germany), and the per-
centage of positive cells per 500 total cells calculated. The slides were assessed by two authors
(AS and NH) who were blinded to the genotype and treatment statuses.

Gene expression analyses
Total RNA (500 ng) was extracted using Trizol DNase-treated, and cDNA synthesized using
oligo-dT primers and SuperScriptIII (Life Technologies, Carlsbad, CA, USA). Quantitative
real-time PCR reactions were performed in triplicate using an ABI 7300 Real-Time PCR Sys-
tem and SYBR Green PCRMaster Mix (Life Technologies, Carlsbad, CA, USA). The compara-
tive CT method was used for the comparative quantification of gene expression, with results
from each time point normalized against beta-2 microglobulin (beta2-M) expression. Primer
sequences for ENO1 and beta2-M were those used previously [19, 30].

ELISA
Tumor necrosis factor alpha (TNF-α) concentrations in media were quantified in short-term
cultured PBMCs (2x106 cells/mL) using the Quantikine ELISA Mouse TNF-α immunoassay
according to the manufacturer’s instructions (R&D Systems, Minneapolis, NE, USA). For
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plasminogen stimulation, plasminogen (Lys-plasminogen, 20 μg/mL) was added to PBMCs
cell culture incubations and tissue plasminogen activator (3 nM) added prior to TNF-αmea-
surement (Sigma-Aldrich, St. Louis MO, USA). For inhibition of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kappaB), PBMCs were pre-treated for 90 minutes with
the inhibitor BAY11–7082 (2.5 μM, Sigma-Aldrich, St. Louis MO, USA) or DMSO (vehicle
control) prior to stimulation with plasminogen. To inhibit plasminogen activation to plasmin
tranexamic acid (TXA, 10 mM, Sigma Aldrich, St. Louis, MO, USA) was added. To increase
the amount of alpha-enolase on the cell surface 5 μg/mL of bacterial lipopolysaccharide (LPS,
Sigma-Aldrich, St. Louis MO, USA) was added for 6 hours [24]. To block plasminogen binding
to alpha-enolase polyclonal antibodies raised against alpha-enolase (non-neuronal enolase,
ab49343, Abcam, Cambridge, UK and enolase 1 antibody ThermoFisher Scientific, Waltham,
MA, US, 15 μg/mL each) or rabbit IgG (Sigma-Aldrich, St. Louis MO, USA and as a control)
were added to PBMCs following LPS incubation (5 μg/mL for 6 hours).

Statistical analysis
In addition to those already stated, TNF-alpha concentration differences were compared between
genotypes and/or treatment. The data are expressed as the mean ± SD, and the statistical signifi-
cance was determined between the experimental groups using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test. Paired data were analyzed using the
paired two-tailed Student’s t test. P< 0.05 was considered statistically significant and GraphPad
Prism software, version 6.00 for Macintosh (GraphPad Software, San Diego, CA, USA) was used.

Results

A wild-type p53 response showed the greatest global change in the
proteome pattern with tissue-specific differences
The proteomic analysis of bone marrow and thymus using 2D-DIGE showed the greatest num-
ber of statistically significant spots (ANOVA, P< 0.05) in drug-treated p53+ cells compared to
all other treated and untreated cells. In bone marrow p53+ treated cells a large number of pro-
teins had statistically significant (ANOVA, P< 0.5) reduced abundance when compared with
treated cells from the other genotypes (S1A Fig.), and in the thymus many proteins had statisti-
cally significant (ANOVA, P< 0.5) increased protein abundance in treated p53+ cells com-
pared with treated cells from the other genotypes (S2A Fig.).

Unlike p53+ cells, unsupervised hierarchical clustering of treated and untreated mutant or
p53- did not show distinct clusters suggesting that the p53-, mΔpro, and Δ122p53 treated cells
had no global changes in the proteome pattern upon amsacrine treatment and instead had sim-
ilar patterns to p53+ untreated cells (data not shown). The mΔpro and Δ122p53 mutants were
most similar and clustered in induced and un-induced conditions.

In lung cells hierarchical clustering of statistically significant spots did not show a distinct
cluster amongst the different models (data not shown). This result is consistent with other
studies that show organs with a lower proliferation rate are less sensitive to p53-dependent gen-
otoxic stress [31,32].

Targets of ubiquitin C signaling are altered with a wild-type p53 response
Mass spectrometry of 2D-DIGE spots of interest identified 31 proteins (Table 1). Twenty-six
proteins were associated with a wild-type p53 response, including 10 proteins that were de-
creased in bone marrow, 13 that were increased in thymus, and 4 that were differentially ex-
pressed in lung.
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Table 1. List of proteins differentially regulated amongst different p53 genotypes.

Protein Findings from the
current study

Accession
number

Overall Functions Established relationships
with p53

Bone marrow

Proteasome (Prosome
Macropain) 26S Subunit,
ATPase, 5 (PSMC5):

Decreased in p53+
treated

P62196 Protein turnover, negative regulation of
transcription.

26S proteasome involved in
degradation of ubiquitinated
p53 [54]

40S ribosomal protein SA
(RPSA):

Decreased in p53+
treated

P14206 40S ribosomal subunit assembly, laminin
receptor, cell fate determination and
tissue morphogenesis.

Actin-related protein 2/3
Complex, Subunit 5, 16 kDa
(ARPC5):

Decreased in p53+
treated

Q9CPW4 Actin polymerization, cilium biogenesis/
degradation

Alpha enolase: Decreased in p53+
treated Increased in
Δ122p53

P17182 Multifunctional enzyme, glycolysis,
growth control, hypoxia tolerance,
inflammation*

Creatine kinase M-type (CKM): Decreased in p53+
treated

P07310 Phosphocreatine biosynthesis

Eukaryotic translation initiation
factor 4H (EIF4H):

Decreased in p53+
treated

Q9WUK2 Protein biosynthesis

F-actin capping protein subunit
beta (CAPZB):

Decreased in p53+
treated

P47757 Actin filament growth, cell morphology
and cytoskeletal organization

Interacts with p53 [55]

Ferritin light chain 1: Decreased in mΔpro
treated

P29391 Iron storage and homeostasis

Plastin-2 (LCP1): Decreased in p53+
treated

Q61233 T-cell activation, actin filament bundle
assembly, organ regeneration, and
intracellular protein transport

Proteasome subunit alpha type-1
(PSMA1):

Decreased in p53+
treated

Q9R1P4 Protein turnover, negative regulation of
inflammation

26S proteasome involved in
degradation of ubiquitinated
p53 [54]

T-complex protein 1 subunit
epsilon (CCT5) :

Decreased in Δ122p53 P80316 Molecular chaperone, and ciliogenesis p53 binds to CCT complex,
required for correct p53
folding [56]

Transgelin (TAGLN): Increased in Δ122p53 P37804 Organ development

Triosephosphate isomerase
(TPI1)

Decreased in p53+
treated

P17751 Gluconeogenesis, glycolysis, pentose
phosphate pathway

Thymus

Annexin A5 (ANXA5): Increased in p53+
treated Decreased in
Δ122p53

P48036 Anticoagulant

ATP synthase subunit beta,
mitochondrial (ATP5B):

Increased in p53+
treated

P56480 ATP synthesis, ion transport

Elongation factor 2 (EEF2): Increased in p53+
treated

P58252 Protein biosynthesis Interacts with p53 [57]

F-actin capping protein subunit
beta (CAPZB):

Increased in p53+
treated

P47757 Actin filament growth, cell morphology
and cytoskeletal organization

Interacts with p53 [55]

Heat shock protein 90kDa alpha
(cytosolic), class B member 1
(HSP90-beta)

Increased in Δ122p53,
mΔpro, and p53-

P11499 Molecular chaperone Interacts with p53 [58]. p53
reduces HSP90AB1
expression [59]

Heterogeneous nuclear
ribonucleoprotein K (HNRNPK):

Increased in p53+
treated Increased in
Δ122p53 untreated

P61979 Transcription regulation, and mRNA
processing and splicing

Transcriptional co-factor for
p53 mediated gene
transcription [60, 61, 63]

Lamin-B1 (LMNB1): Increased in p53+
treated

P14733 Regulation of JNK signaling and G2/M
procession

Senescence induced by
Lamin B is reversed upon p53
inactivation [62]

(Continued)
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Proteins were increased or decreased at least 1.5 fold in comparison to p53 wild-type (p53+)
untreated cells from the bone marrow, thymus, or lung tissue. Proteins were identified from
2D gel electrophoresis separation and MALDI-TOF mass spectrometry and peptide mass fin-
gerprinting. �, cell surface expression; in bold, proteins selected for validation using
western blotting.

Reduced expression in p53+ treated bone marrow was validated for 8 proteins by western
blot analysis (Table 1). These proteins included those involved in metabolism alpha-enolase
(Fig. 1A), TPI1 (S1B Fig.), and CKM (creatine kinase M-type, data not shown) proteins in-
volved in protein synthesis and turnover PSMA1, PSMC5, and EIF4H (S1B Fig.), and those in-
volved in actin rearrangement CAPZB (S1B Fig.) and plastin-2 (data not shown).

Proteins reduced in p53+ treated bone marrow fitted into two networks using Ingenuity
software (Ingenuity Systems, http://www.Ingenuity.com). Many proteins are targets of ubiqui-
tin C (network score 37, Fig. 1B), and 5 proteins composed a second network with myc and
transforming growth factor beta as key nodes. The most significant canonical pathway that was

Table 1. (Continued)

Protein Findings from the
current study

Accession
number

Overall Functions Established relationships
with p53

Proteasome subunit alpha type-1
(PSMA1):

Increased in p53+
treated

Q9R1P4 Protein turnover, negative regulation of
inflammation

26S proteasome involved in
degradation of ubiquitinated
p53 [54]

Proteasome subunit alpha type-3
(PSMA3):

Increased in p53+
treated

O70435 Protein turnover 26S proteasome involved in
degradation of ubiquitinated
p53 [54]

Proteasome subunit beta type 8
(PSMB8):

Increased in p53+
treated

P28063 Antigen processing and presentation,
and proteolysis

26S proteasome involved in
degradation of ubiquitinated
p53 [54]

Transketolase (TKT): Increased in Δ122p53 P40142 Pentose phosphate pathway

Translationally-controlled tumor
protein (TPT1):

Decreased in p53+
treated. Increased in
Δ122p53

P63028 Allergy response, anti-apoptosis, and
cell cycle regulation

Interacts with p53 [63, 64]. Is
a transactivation target of p53
[64]

Tropomyosin alpha-1 chain
(TPM1):

Increased in p53+
treated

P58771 Cardiac muscle contraction, and
stabilizing cytoskeleton actin filaments

14–3–3 protein epsilon
(14–3–3E):

Increased in Δ122p53,
mΔpro, and p53-

P62259 Adapter protein 14–3–3 proteins interact with
p53 [65, 66]

14–3–3 protein eta Increased in p53+
treated

P68510 Adapter protein

14–3–3 protein gamma Increased in p53+
treated

P61982 Adapter protein

14–3–3 protein zeta/delta Increased in p53+
treated

P63101 Adapter protein

Lung

Aldehyde dehydrogenase
mitochondrial (ALDH2):

Decreased in p53+
treated Increased in
Δ122p53

P47738 Metabolism

26S proteasome non-ATPase
regulatory subunit 3 (PSMD3):

Increased in p53+
treated

P14685 Protein turnover 26S proteasome involved in
degradation of ubiquitinated
p53 [54]

Destrin Increased in p53+
treated

Q9R0P5 Actin filament depolymerization

Valosin containing protein (VCP): Decreased in p53+
treated. Increased in
Δ122p53

Q01853 DNA damage and repair Interacts with p53 [48]

doi:10.1371/journal.pone.0116270.t001
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Figure 1. Altered abundance of alpha-enolase in p53+ and Δ122p53 bonemarrow. A. Alpha-enolase is decreased in wild-type p53 (p53+) bone marrow
upon DNA damage with amsacrine treatment and increased in Δ122p53 bone marrow cells irrespective of amsacrine treatment compared with p53 null
(p53-) cells by western blotting. Amsacrine treated (T) or untreated (U). B. Network analysis of the differentially expressed proteins in p53+ bone marrow
untreated and p53+ bone marrow treated with amsacrine from two-dimensional fluorescence difference gel electrophoresis using Ingenuity Pathways
Analysis software. Gray shading indicates proteins identified in the current study. Solid and dashed lines indicate direct and indirect interactions, respectively.
C. The decrease in α-enolase in p53+ treated bone marrow was not due to reduced expression of ENO1. No significant differences were found in the
amounts of ENO1 transcript expressed in p53+ and Δ122p53 bone marrow and peripheral blood mononuclear cells (PBMCs) in untreated cells (U) and cells
treated with amsacrine (T) using real-time PCR. The results are expressed as the mean ± SD, from 3 mice per genotype and represent the fold increase in
ENO1 expression, normalized for beta2-M expression. D. The percentage of alpha-enolase positive cells was reduced in p53+ bone marrow and peripheral
blood mononuclear cells (PBMCs) treated with amsacrine. Bone marrow and PBMCs from five mice per genotype were extracted and treated with amsacrine
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significantly over represented was glycolysis I, followed by creatine-phosphate biosynthesis, su-
crose degradation V, and gluconeogenesis I (P< 0.05). The disease and disorder analysis
showed the strongest correlation with hematological disease, followed by immunological dis-
ease and inflammatory disease (P< 0.05).

For validation of proteins in the thymus, western blotting showed increased protein abun-
dance for 8 proteins in p53+ treated cells (Table 1 and examples given in S2B and S2C Fig.).
These proteins included those involved in metabolism, such as ATP5B, protein biosynthesis
and protein turnover EEF2, PSMA1, PSMA3, and PSMB8, and those involved in cell cycle pro-
gression such as lamin B1.

Proteins differentially expressed in thymus cells fitted into three networks using Ingenuity
software. All proteins are targets of ubiquitin C (score 31). Proteins altered in p53+ treated cells
compared with untreated cells formed a network of four proteins centred on myc and tumor ne-
crosis factor (TNF) nodes (S2D Fig.). A comparison of proteins altered in p53+ treated cells
compared with p53-, mΔpro, and Δ122p53 treated cells were centred on a network of YWHAZ
(tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide)
signaling (score 41). The most significant canonical pathway in this network was p70s6k
signaling, followed by P13K/AKT signaling, and cell cycle: G2/M DNA damage checkpoint reg-
ulation (P< 0.05). The disease and disorder analysis showed the strongest correlation with can-
cer (P< 0.05).

Reduced alpha-enolase as part of a p53+ response was further investigated. The decrease in
alpha-enolase in p53+ treated bone marrow and PBMCs was not due to reduced expression of
ENO1 as determined by real-time PCR (Fig. 1C). There was no difference in ENO1 expression
between p53+, and Δ122p53 untreated and treated cells (Fig. 1C). Reduced alpha-enolase in
p53+ treated bone marrow was also evident from immunohistochemistry of bone marrow and
PBMCs following amsacrine treatment (Fig. 1D). The percentage of alpha-enolase positive
cells was decreased in p53+ treated bone marrow (P< 0.0001) and PBMCs (P< 0.0001) com-
pared with p53+ untreated cells and treated and untreated p53- and Δ122p53 cells. Representa-
tive photomicrographs to illustrate a reduction in alpha-enolase positive cells in p53+ treated
bone marrow compared to p53+ untreated bone marrow are shown in S3 Fig.

To investigate the importance of ubiquitin-associated proteasome degradation for reduced
abundance of alpha-enolase, bone marrow from p53+ and p53- mice was pre-treated with the
ubiquitin-associated proteasome inhibitor MG132 prior to amsacrine treatment and the abun-
dance of alpha-enolase determined by western blotting. The addition of MG132 to p53+ cells
effectively stabilized alpha-enolase at 4 and 6 hours post-amsacrine treatment compared to
p53+ cells that were treated with amsacrine alone (Fig. 1E). No effect on alpha-enolase was evi-
dent in p53- cells in the presence of MG132 (Fig. 1E). Treatment with MG132 can increase ap-
optosis [33]. To test whether an increase in apoptosis with MG132 treatment was a
confounding factor, the percentage of active caspase-3-positive cells was counted in p53+ bone
marrow following treatment with MG132 alone or the combined treatment of MG132 and
amsacrine. No significant differences were found in apoptotic cells after 4 or 6 hours with

(T) or left untreated (U). Following short-term culture, cells were fixed and cell clots sectioned. Alpha-enolase was detected using immunohistochemistry.
Positive cells were identified by light microscopy and the percentage of positive cells per total cell count (500 cells) was compared between treated and
untreated cells; the results are expressed as the mean ± SD (n = 6 mice per genotype), ****, P< 0.0001. E. The ubiquitin-associated proteasome inhibitor
MG132 was added to p53+ and p53- bone marrow treated with amsacrine for 4 or 6 hours. Post-treatment, the amount of alpha-enolase in cell lysates was
compared between cells treated with amsacrine or left untreated, by western blotting. F.MG132 treatment did not lead to a statistically significant increase in
the percentage of apoptotic cells in p53+ bone marrow at 4 and 6 hours post-treatment with MG132 alone or with MG132 and amsacrine. Apoptotic cells
were determined from counting the percentage of active caspase-3-positive cells in bone marrow from immunohistochemistry-stained sections and light
microscopy. The percentage of positive cells per total cell count (500 cells) was compared between treated and untreated cells; the results are expressed as
the mean ± SD (n = 3).

doi:10.1371/journal.pone.0116270.g001
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MG132 alone or when combined with amsacrine in comparison with untreated cells cultured
for 4 hours. There was a trend toward increased apoptotic cells at 6 hours with MG132 and
amsacrine treatment; however, the difference was not statistically significant (Fig. 1F).

In summary, the reduction in proteins upon a p53+ response to DNA damage is at least in
part due to ubiquitin-associated proteasome degradation.

Proteins overexpressed in cancer are altered in 122p53 cells
Although 122p53 bone marrow, thymus, and lung showed no global changes in protein abun-
dance compared with the other mutants and p53+ untreated cells, individual proteins showed
aberrant abundance (Table 1). Seven of these proteins were validated by western blotting to
identify possible mechanisms by which 122p53 promotes tumorigenesis. In bone marrow
α-enolase was increased. In thymocytes (S2C Fig.) TKT and TPT1 were increased in untreated
and treated 122p53 cells. Heterogeneous nuclear ribonucleoprotein K was increased in 122p53
untreated cells (S2C Fig.). In the lung valosin-containing protein (VCP) was increased in
122p53 cells (data not shown).

Alpha-enolase is increased on the Δ122p53 mononuclear membrane
Other studies have established a link between overexpression of α-enolase and increased
α-enolase on the cell surface [24]. This link, and the finding of increased α-enolase in Δ122p53
cells, was the basis for determining whether α-enolase was increased on the surface of Δ122p53
PBMCs.

PBMCs were separated into cytosol and cell membrane fractions and the amount of alpha-
enolase in each fraction measured using western blotting. Increased alpha-enolase was present
in the membrane and cytosolic fractions of Δ122p53 cells (Fig. 2A) compared with p53+ and
p53- cells in 3 separate experiments. p53+ and p53- cells showed minimal alpha-enolase in the
cell membrane (Fig. 2A). These results suggested that the Δ122p53 allele led to increased
alpha-enolase in the cytosol and cell membrane.

Δ122p53 mononuclear cells contribute to a pro-inflammatory response
with plasminogen activation
Increased alpha-enolase on the cell surface of Δ122p53 PBMCs would be expected to elicit a
pro-inflammatory response to plasminogen stimulation [24–26]. To determine if this occurs,
Δ122p53, p53+, and p53- PBMCs were pre-treated with plasminogen, and the concentration of
the pro-inflammatory cytokine TNF-alpha released into culture media measured by ELISA
(Fig. 2B). Δ122p53 PBMCs had increased TNF-alpha concentrations compared with p53+ and
p53- cells with and without plasminogen induction. In the vehicle control treated cells the con-
centration of TNF-alpha was 5.6-fold higher in Δ122p53 PBMCs compared to that in p53+
(P< 0.01) and 2-fold higher compared to p53- cells (P< 0.05). Following plasminogen treat-
ment the concentration of TNF-alpha increased 3.3-fold in Δ122p53 PBMCs compared to
that treated with the vehicle control alone (from 317 ± 76 pg/mL without plasminogen to
1033 ± 252 pg/mL with plasminogen treatment, P< 0.01). The induction of TNF-alpha follow-
ing plasminogen treatment in Δ122p53 PBMCs required plasminogen to plasmin activation, as
evidenced by a reduction in plasminogen-induced TNF-alpha expression upon co-treatment
with the plasmin activation inhibitor TXA (Fig. 2B, P< 0.01).

In p53+ cells, plasminogen treatment did not induce TNF-alpha compared with cells treated
with the vehicle control. In p53- cells a trend toward increased TNF-alpha occurred that did
not reach a statistically significant level.
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Figure 2. Increased alpha-enolase on the Δ122p53 PBMC cell membrane. A. Increased alpha-enolase is
present on the cell membrane of Δ122p53 PBMCs compared to that on p53- and p53+ PBMCs. The cell
membrane and cytosolic fractions of untreated PBMCs from p53+, p53-, and Δ122p53 mice were separated
and subjected to western blotting with an antibody to alpha-enolase. β-actin, FAK, and CD45 were used as
loading controls for total protein, cytosolic, and cell membrane fractions, respectively. B. Increased TNF-
alpha was released from Δ122p53 PBMCs following plasminogen stimulation compared with that from p53+
and p53- PBMCs. PBMCs were pre-incubated with plasminogen (lys-plasminogen) with or without the NFκB
inhibitor BAY 11–7082 (2.5 μM for 90 minutes), or the inhibitor to plasmin activation (TXA, 10 mM), or vehicle-
treated only (VC). Following pre-incubation and prior to TNF-alpha measurement, tissue plasminogen
activator (3 nM) was added, and the amount of TNF-alpha secreted in culture media was measured by
ELISA. The results represent the mean ± SD (n = 3 for each measurement). ***, P< 0.001, **, P< 0.01,
P< 0.05.

doi:10.1371/journal.pone.0116270.g002
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The pro-inflammatory response of Δ122p53 involved NF-kappaB
signaling
The induction of TNF-alpha by plasminogen can involve NF-kappaB signaling [25]. To test
whether the increased TNF-α in Δ122p53 PBMCs was due to NF-κB signalling, Δ122p53 PBMCs
were pre-treated with the NF-κB inhibitor BAY11–7082. Results showed that the increase in
TNF-alpha concentration following plasminogen treatment was obliterated upon NF-κB inhibi-
tion, P< 0.001 (Fig. 2B). Overall, these data suggest that increased TNF-alpha expression in
Δ122p53 cells involved NF-κB signaling.

When a similar experiment was performed with p53+ cells incubation with BAY11–7082
did not reduce TNF-alpha concentrations, which remained similar to those in cells treated ei-
ther with the vehicle control or plasminogen (Fig. 2B). In p53- cells BAY11–7082 treatment
did not alter TNF-alpha concentrations compared with those treated with the vehicle control
only. However, BAY11–7082 treatment did reduce TNF-alpha concentrations in cells treated
with plasminogen (P< 0.01). This suggests that NF-κB induction of TNF-alpha suppressed
most robustly by a wild-type p53 response.

Alpha-enolase may not be the only plasminogen receptor increased at the Δ122p53 cell sur-
face. Western blots for an alternative plasminogen receptor, histone H2B, using the separated
transmembrane cellular component showed a slight increase in histone H2B at the Δ122p53
compared to that on the p53+ PBMC cell membrane (Fig. 3A) [34]. To determine that the in-
creased TNF- alpha in Δ122p53 PBMCs following plasminogen stimulation was due to alpha-
enolase, the TNF-alpha measurements were repeated using Δ122p53 PBMCs incubated with
LPS in addition to plasminogen to increase the amount of alpha-enolase on the Δ122p53
PBMC cell surface and in separate incubations antibodies toward alpha-enolase where includ-
ed to block plasminogen binding. The addition of LPS did lead to increased alpha-enolase on
the Δ122p53 PBMCs cell surface (Fig. 3B), and to increased TNF-alpha compared with
Δ122p53 PBMCs incubated without LPS (Fig. 3C, P< 0.01). A reduction in TNF-alpha was
also found in the presence of alpha-enolase antibodies in Δ122p53 PBMCs, with no reduction
in TNF-alpha found with the IgG control (Fig. 3C, P< 0.001).

These results are consistent with increased alpha-enolase function as a plasminogen recep-
tor on the Δ122p53 cell membrane.

Δ122p53 tumors also show increased alpha-enolase on the cell
membrane
Increased plasmin activity followed by extracellular matrix degradation as a result of increased
alpha-enolase on the Δ122p53 tumor cell surface would provide an explanation for why
Δ122p53 sarcomas metastasize more rapidly compared to those from p53- mice. The cytosolic
and membrane fractions were separated in 6 sarcomas, 3 from Δ122p53 and 3 from p53- mice.
The amount of alpha-enolase in each fraction was measured using western blotting. Increased
alpha-enolase was present in the membrane fraction of all 3 tumors from Δ122p53 mice com-
pared with those from p53- mice. The results from 2 tumors per genotype are shown in Fig. 4.
The finding of increased alpha-enolase on the Δ122p53 tumor cell surface is supportive of
alpha-enolase having a role in tumor invasion in the Δ122p53 model.

Discussion
The results of the complete proteome in response to DNA damage obtained from this study
highlight p53-directed protein changes rather than transcript responses. This has enabled us to
discover more about how p53 responds to stress and show for the first time that p53 function
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Figure 3. Increased α-enolase function on the Δ122p53 cell membrane. A. Alpha-enolase was not the
only plasminogen receptor increased on the Δ122p53 cell membrane. The cell membrane and cytosolic
fractions of untreated PBMCs from p53+ and Δ122p53 mice were separated and subjected to western
blotting with an antibody to histone H2B and alpha-enolase. β-actin, FAK, and CD18 were used as loading
controls for total protein, cytosolic, and cell membrane fractions, respectively. B. LPS was added to enhance
the amount of alpha-enolase on the Δ122p53 PBMCs cell membrane. The cell membrane and cytosolic
fractions of untreated Δ122p53 PBMCs or those incubated with LPS (5 μg/mL for 6 hours) were separated
and subjected to western blotting with an antibody to alpha-enolase. FAK and CD18 were used as loading
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affects the amount of alpha-enolase in the cell. A wild-type p53 stress response led to a reduc-
tion in alpha-enolase. A mimic for the human Δ133p53α isoform showed that this isoform
might increase alpha-enolase, leading to plasminogen activation and increased pro-inflamma-
tory cytokine production.

Alpha-enolase is found in almost all tissues and is one of the most abundantly expressed
proteins in the cytosol, where it is best known for its role in glycolysis converting 2-phospho-
glycerate to phosphoenolpyruvate [35]. It is commonly associated with differential expression
in proteomic studies, which reveal that alpha-enolase is often altered when normal and dis-
eased tissues are compared [36]. The results of this study suggest alpha-enolase is often found
in proteomic studies due to different p53 states being compared. Restricting alpha-enolase ac-
tivity is consistent with the well-demonstrated role of wild-type p53 as a tumor suppressor.
Alpha-enolase provides a metabolic advantage to compensate for hypoxia and is overexpressed
in many cancer types [27,37–40].

The reduction in alpha-enolase following a wild-type p53 DNA damage response was elimi-
nated on inhibition of ubiquitin C, suggesting p53 reduces alpha-enolase by targeting it toward
ubiquitin C-mediated degradation. In the current study the protein reported as alpha-enolase
using western blotting corresponded to a size of approximately 48 kDa, which is consistent
with the size of alpha-enolase and not that of the smaller-sized protein, myc-binding protein-1.
That protein is also encoded by the enolase 1 alpha (ENO1) gene and has been shown by others
to be degraded by ubiquitin-dependent degradation [41,42]. The amsacrine dose and the time
point following treatment were chosen specifically to identify changes that occur before p53-di-
rected apoptosis or cell cycle arrest was evident. Consistent with this, the

controls for cytosolic and cell membrane fractions, respectively. C. TNF-alpha released from Δ122p53
following pre-incubation with lys-plasminogen and LPS (5 μg/mL for 6 hours) with or without two anti-alpha-
enolase antibodies (each at 15 μg/mL) to block plasminogen binding or rabbit IgG as a control (30 μg/mL).
Prior to TNF-alpha measurement, tissue plasminogen activator (3 nM) was added and the amount of TNF-
alpha secreted in culture media was measured by ELISA. The results represent the mean ± SD (n = 3 for
each measurement) ***, P< 0.001, **, P< 0.01.

doi:10.1371/journal.pone.0116270.g003

Figure 4. Increased α-enolase on the Δ122p53 tumor cell membrane. Tumors from Δ122p53 mice had
increased alpha-enolase at the cell surface compared to tumors from p53- mice. Sarcomas were dissected
from Δ122p53 and p53- mice at necropsy, the cytosolic and cell membrane fractions were separated, and
these fractions were subjected to western blotting using an antibody to alpha-enolase. The cell membrane
results from two tumors per genotype (1 and 2) are shown. Western blotting for vimentin was used as a
loading control for the mesenchymal cell membrane fraction and FAK was included to control for cytosolic
contamination in cell membrane preparations.

doi:10.1371/journal.pone.0116270.g004
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immunohistochemistry analysis showed decreased alpha-enolase staining in intact cells in
DNA-damaged p53+ bone marrow and PBMCs. Therefore, the reduction in alpha-enolase ob-
served in p53+ treated cells was unlikely to be due to increased apoptosis or necrosis of p53+
treated cells. The reduction in alpha-enolase in p53+ treated cells was not due to reduced
ENO1 transcript expression. It is possible that the reduction in alpha-enolase results from pro-
cesses other than ubiquitin C-mediated degradation such as changes to protein synthesis.

The increased alpha-enolase in the Δ133p53alpha mimic suggests p53 isoforms may have a
different function from wild-type p53 in regulating alpha-enolase and may function to increase
alpha-enolase abundance. We anticipate the increased response to plasminogen stimulation on
the Δ122p53 sarcoma cell surface would lead to increased extracellular matrix degradation and
invasion of transformed cells. This provides a possible mechanism to explain why Δ122p53 sar-
comas metastasize, whereas sarcomas from p53- mice rarely do [21]. Increased migration of
hemopoietic cells by alpha-enolase activity on the Δ122p53 hemopoietic cell surface may also
explain another feature of the Δ122p53 mouse model in which aberrant lymphocyte aggregates
occur in the lung and liver [21].

Alpha-enolase is colocalized on the cell surface with urokinase plasminogen activator recep-
tor, urokinase, and plasminogen, and the close association of these proteins was suggested to
be responsible for presenting alpha-enolase on the cell surface [26]. Currently the mechanism
and stimulus for increased alpha-enolase in Δ122p53 cells is unknown. Increased ENO1 ex-
pression in Δ122p53 spleen [21] or bone marrow was not evident by microarray analysis (data
not shown) or by real-time PCR in the current study, which demonstrated the increased power
provided by proteomic studies. However, Δ122p53 mice did have increased expression of genes
involved in immune function including antigen presenting, leukocyte activation, and inflam-
mation mediated by chemokine and cytokine signaling [21]. Increased pro-inflammatory cyto-
kine signaling may increase alpha-enolase on the surface of PBMCs [25]. In the current study
Δ122p53 PBMCs showed increased TNF-alpha levels before stimulation with plasminogen, a
result consistent with our previous study that reported multiple pro-inflammatory cytokines
were increased in Δ122p53 serum [21]. The NF-κB pathway was involved in inducing TNF-α
alpha as little TNF-α was released in Δ122p53 PBMCs when NF-κB signaling was inhibited,
suggesting Δ122p53 may function to increase NF-κB signaling.

In healthy PBMCs alpha-enolase can be transported to the cell surface upon treatment with
LPS, suggesting cytosolic alpha-enolase is recruited to the cell surface as part of a response to
pathogens [24]. p53 isoforms have been postulated as a key regulator in the initial response to
viral and bacterial pathogens [18,43–45]. InHeliocobacter pylori-infected cells Δ133p53α induced
NF-κB target genes including pro-inflammatory cytokines by inhibiting IκBα activity [18].
Whether Δ122p53 inhibited IκBα was not established in the current study. A study by Wei et al.
2012, demonstrated that the induction of NF-κB target genes by Δ133p53α in response toH.
Pylori infection required the presence of wild-type p53 [18]. This highlights a limitation of the
Δ122p53 model. Although the model can offer insight into the functions of the Δ133p53α pro-
tein and identify cell types of interest to explore Δ133p53α function, the expression of Δ122p53 it
is not under the same regulation as Δ133p53α. In addition, in human cells Δ133p53α functions
along with wild-type p53 and other p53 isoforms. The interplay between Δ133p53α and other
forms of p53 was not part of the current study.

Alpha-enolase was not the only protein increased in Δ122p53 cells, and it could be another
protein that may be responsible for increased NF-κB signaling. Valosin-containing protein and
HNRNPK were both increased in Δ122p53 cells and each enhances NF-κB signaling [46,47].
These proteins and TPT1, also increased in Δ122p53 cells, have other tumorigenic properties.
In non-small cell lung carcinoma cells VCP activity decreased p53 function [48]. Heteroge-
neous nuclear ribonucleoprotein K promoted tumor metastasis and angiogenesis and
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interacted with mutant p53 in pancreatic cancer cells [49,50], and TPT1 has anti-apoptotic
properties and its down-regulation has been implicated in cancer reversion [51–53].

Conclusions
Together, the current study suggests that different p53 functions regulate alpha-enolase. A
wild-type p53 response to DNA damage reduces alpha-enolase and adds to the tumor suppres-
sor repertoire of p53. However, p53 isoforms may increase α-enolase and promote plasmino-
gen signaling followed by inflammation and invasion.

The multifactorial functions of α-enolase are growing and reducing α-enolase on the cell
surface may be important to limit other tumorigenic functions. This includes a role for α-eno-
lase as a plasminogen receptor linked to increased cellular migration, inflammation, and inva-
sion [23–26].
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