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p53 is one of the most important mammalian tumor suppressor proteins. It has been found to be mutated in approximately half of human cancers (1), and its functioning is frequently altered in many of the remainder (2). p53 is able to
induce apoptosis, cell cycle arrest, DNA repair, and senescence in part through the activation or repression of numerous genes, including the cyclin kinase inhibitor CDKN1A (p21)
and the proapoptotic proteins PUMA, NOXA, and PIDD (3).
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The protein is able to bind DNA in a sequence-specific manner through its central DNA-binding domain, and it interacts
with transcriptional co-activators and some co-repressors
through N-terminal transactivation domains. The C-terminal
portion of p53 contains nuclear localization signals, a tetramerization domain, and a regulatory domain that may repress the interaction of p53 with DNA (4).
p53 is maintained at low levels in unstressed cells but is
stabilized and activated following DNA damage. This stabilization and activation coincides with extensive post-translational modification, including phosphorylation, acetylation,
methylation, ubiquitylation, sumoylation, or neddylation at
over 30 sites primarily in the N and C termini (5). These
modifications may also regulate its interactions with other
proteins (6). Acetylations of C-terminal lysine residues in p53
occur in response to various types of stress. The highly homologous and related histone acetyltransferases CBP1 and
p300 have been shown to acetylate six lysine residues: Lys305, Lys-370, Lys-372, Lys-373, Lys-381, and Lys-382 (7, 8).
Knock-in mice containing mutations of the homologous sites
in mouse p53 exhibit moderately reduced p53 activity (9, 10).
p300 and CBP-associated factor (PCAF) has been shown to
specifically acetylate Lys-320 of human p53 following DNA
damage (8, 11). PCAF forms part of SAGA-like chromatin
remodeling complexes and functions as a transcriptional coactivator for several proteins, including the glucocorticoid
receptor (12, 13). Initial studies of Lys-320 acetylation found
that the modification increased binding of p53 to DNA, although the effects on in vitro transcription assays were small
(8, 11). In contrast, a study of histone deacetylase inhibitorinduced apoptosis found that acetylation of p53 at Lys-320
correlated with increased expression of selected p53 target
1
The abbreviations used are: CBP, cAMP-response element-binding protein (CREB)-binding protein; IR, ionizing radiation; GO, Gene
Ontology; GR, glucocorticoid receptor; PCAF, p300 and CBP-associated factor; tpm, transcripts per million; EST, expressed sequence
tag; PCNA, proliferating cell nuclear antigen; TNF, tumor necrosis
factor; WT, wild type; ETFDH, electron-transferring-flavoprotein dehydrogenase; ILK, integrin-linked kinase; APIP, APAF1-interacting
protein; CUGBP, CUG triplet repeat, RNA-binding protein; EGFR,
epidermal growth factor receptor; PLAA, phospholipase A2, activating
protein; WARS, tryptophanyl-tRNA synthetase; NARS, asparaginyltRNA synthetase.
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The tumor suppressor protein p53 is a sequence-specific
transcription factor that has crucial roles in apoptosis, cell
cycle arrest, cellular senescence, and DNA repair. Following exposure to a variety of stresses, p53 becomes posttranslationally modified with concomitant increases in activity and stability. To better understand the role of
acetylation of Lys-317 in mouse p53, the effect of ionizing
radiation (IR) on the thymocytes of p53K317R knock-in
mice was studied at the global level. Using cleavable ICAT
quantitative mass spectrometry, the effect of IR on protein levels in either the wild type or p53K317R thymocytes
was determined. We found 102 proteins to be significantly
affected by IR in the wild type thymocytes, including several whose expression has been shown to be directly
regulated by p53. When the effects of IR in the wild type
and p53K317R samples were compared, 46 proteins were
found to be differently affected (p < 0.05). The p53K317R
mutation has widespread effects on specific protein levels
following IR, including the levels of proteins involved in
apoptosis, transcription, and translation. Pathway analysis of the differently regulated proteins suggests an increase in p53 activity in the p53K317R thymocytes as well
as a decrease in tumor necrosis factor ␣ signaling. These
results suggest that acetylation of Lys-317 modulates the
functions of p53 and influences the cross-talk between
the DNA damage response and other signaling
pathways. Molecular & Cellular Proteomics 7:716 –727,
2008.

Quantitative Analysis of IR Effects in p53K317R Thymocytes

EXPERIMENTAL PROCEDURES

Sample Preparation—The generation of knock-in mice containing
the p53K317R mutation on both alleles of p53 was described previously (15). Four- to 6-week-old male mice, containing wild type p53 or
p53K317R, were left untreated or exposed to 5 grays of IR; after 8 h, the
thymocytes from untreated and treated mice were harvested. The
thymocyte samples used each represent the thymus of one mouse.
Thymocytes were resuspended in lysis buffer (50 mM Tris, pH 7.5, 150
mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA) and lysed by incubation at
4 °C for 30 min. Cellular debris were pelleted by centrifugation at
15,000 ⫻ g for 5 min at 4 °C. The total protein concentration in the
supernatant was measured by BCA assay (Pierce). From each sample, an aliquot containing 500 g of total protein was incubated with the
appropriate cleavable ICAT reagent (Applied Biosystems) following the
manufacturer’s directions. Briefly each total protein sample was denatured and reduced by incubation in the supplied buffers for 10 min at
100 °C. Non-irradiated and irradiated samples were separately incubated with aliquots of the light and heavy reagents, respectively, for 2 h
at 37 °C. The respective non-irradiated and irradiated samples from wild
type or p53K317R mice were combined (total of 1 mg of protein) and
digested with trypsin for 16 h at 37 °C. The labeled peptides were
purified using cation exchange and avidin affinity cartridges. The biotin
group on the tag was removed by acid cleavage, and the peptides were
dried by vacuum evaporation using a Vacufuge (Eppendorf).
Mass Spectrometry—The dried peptides were resuspended in 100
l of an aqueous solution containing 5% acetic acid and 5% acetonitrile. A 50-l aliquot (equivalent to 500 g of starting material) was

loaded onto a 150 ⫻ 1.0-mm Polysulfoethyl A (5 m, 200 Å) strong
cation exchange column (PolyLC) and separated into 40 fractions
using a gradient from 10 mM ammonium formate (pH 3), 10% acetonitrile to 0.5 M ammonium formate (pH 3), 10% acetonitrile over 40
min at 50 l/min. Each fraction was diluted 1:1 with an aqueous buffer
containing 2% acetonitrile, 1% formic acid, and 0.05% HFBA, and
then half of the resulting solution was loaded onto a 0.1 ⫻ 150-mm
Magic C18AQ reverse phase column (Michrom Bioresources, Inc.) in
line after a nanotrap column using the Paradigm MS4 HPLC system
(Michrom Bioresources, Inc.). Separation of the peptides was performed at 500 nl/min and was coupled to on-line analysis by tandem
mass spectrometry using an LTQ ion trap mass spectrometer (ThermoElectron) equipped with a nanospray ion source (ThermoElectron).
Elution of the peptides into the mass spectrometer was performed
with a linear gradient from 95% mobile phase A (2% acetonitrile,
0.1% formic acid, 97.9% water) to 65% mobile phase B (10% water,
0.1% acetic acid, 89.9% acetonitrile) over 45 min followed by 95%
mobile phase B over 5 min. The peptides were detected in positive ion
mode using a data-dependent method in which the seven most
abundant ions detected in an initial survey scan were selected for
MS/MS analysis. Three technical replicate analyses were performed.
Data Analysis—The MS/MS spectra were searched against a
mouse database containing 46,892 protein entries built from the
National Center for Biotechnology non-redundant (NCBInr) database
(downloaded May 2006) using TurboSEQUEST in BioWorks version
3.2 (ThermoElectron). The search parameters included: precursor
mass tolerance, ⫾ 2 amu; fragment mass tolerance, ⫾ 1 amu; up to
two missed trypsin cleavages; a static modification of ⫹227.13 on
cysteine for the light ICAT reagent; a variable modification of ⫹9 on
cysteine for the heavy ICAT reagent; and a variable modification for
methionine oxidation. The search results were processed and analyzed using the Trans-Proteomic Pipeline (TPP) (Institute for Systems
Biology). SEQUEST results were validated using the PeptideProphet
software, which calculates a probability for each peptide identification
(19). Quantitation was performed using the ASAPRatio software,
which uses extracted ion chromatograms for quantitation, and the
peptides were assigned to proteins using ProteinProphet (20, 21).
Based in part on the peptide probability and the Sequest Xcorr score,
a protein identification probability was calculated using ProteinProphet; only protein identifications with a probability ⬎0.9 were
retained for further consideration. This cutoff results in a calculated
false discovery rate of ⬍1% as determined by ProteinProphet. All
single peptide identifications were manually verified, and the quantifications were also manually checked. The ASAPRatio software uses
a statistical method for identification of outliers and excludes them
from quantification (20). Proteins for which constituent unique peptides exhibited significantly different ratios were excluded from further
analysis. Peptides that matched to multiple members of a protein
family were grouped as such by ProteinProphet and maintained as a
protein family for analysis unless a peptide unique to a specific family
member was observed; protein isoforms were maintained in the same
way unless a peptide that uniquely identified the specific isoform was
observed. Proteins that exist in the database under different names
and/or accession numbers were grouped together for analysis. Proteins were classified as significantly IR-responsive if the p value
calculated by the ASAPRatio software was less than 0.05. The significance of the differences in the IR-response ratios between the wild
type and p53K317R samples was estimated using a Student’s t test
with a cutoff of p ⬍ 0.05. The identified proteins were analyzed using
Ingenuity Pathways Analysis (Ingenuity姞 Systems). Functional analysis was performed using the FatiGO⫹ functional annotation software
in the Babelomics suite (22, 23). The fraction of proteins identified out
of those present in thymocytes was estimated from the set of curated
mouse thymus ESTs. The thymus expression profile was extracted from
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genes (14). In our previous characterization of mice containing
knock-in missense mutation of the homologous Lys-317 residue of endogenous p53, we observed increased levels of
apoptosis in thymocytes, epithelial cells of the small intestine,
and cells of the retina after ionizing radiation (IR) in the
p53K317R mice (15). Furthermore increased mRNA levels were
observed for known p53 target genes after stress, including
p21, Mdm2, Puma, Pidd, and Noxa (14, 15). These results
suggested that acetylation of Lys-317 negatively regulates
p53 apoptotic activity. Studies using a p53K320Q mutant,
which mimics constitutive acetylation, support this conclusion
(16). Recently Lys-320 of human p53 was shown to be subject
to ubiquitylation by E4F1 or neddylation by FBXO11 (17, 18).
The E4F1-induced ubiquitylation of p53 was shown to compete with PCAF-mediated acetylation and was associated
with cell cycle arrest in UVC-irradiated U2OS cells (18).
In the present study, we used a cleavable ICAT quantitative
proteomics method to further investigate the roles of the
PCAF acetylation site of p53 by determining changes in protein levels following IR-induced DNA damage in thymocytes
from wild type and p53K317R knock-in mice. The global proteomics study is complementary to our previous gene expression study (15) as regulation that operates at the level of
translation or protein stability is not detected by analysis of
mRNA levels. We found that the p53K317R mutation affects the
response to IR of many proteins, including several involved in
apoptosis, transcription, translation, and signal transduction.
Our analysis suggests that acetylation of p53 at Lys-317 is
important for modulating p53 cross-talk with other proteins
and signaling pathways after IR.

Quantitative Analysis of IR Effects in p53K317R Thymocytes

TABLE I
Peptides and proteins identified in the wild type and p53K317R ICAT
experiments

Total unique peptides
Average peptides per replicate
Total proteins identifiedb
Protein levels increased after IRc
Protein levels decreased after IRc

WT

K317R

7103
4130
1105
66 (5.97%)
28 (2.53%)

7290
4274
1080
59 (5.46%)
36 (3.33%)

a

As observed in three technical replicates.
Proteins were required to have a probability ⬎0.9 to be included.
c
p ⬍ 0.05.
b

Cumulative probability

a

1.0
wt found
wt not found
K317R found
K317R not found

0.8

0.6

0.4

0.2

0.0

RESULTS

Proteomics Analysis of the Wild Type and p53K317R Thymocytes—To better understand the effects of PCAF acetylation
of Lys-317 in mouse p53, wild type and p53K317R knock-in
mice were exposed to IR. Only a small fraction of proteins
identified in the wild type thymocytes exhibited a significant
change in abundance after IR. Based on the MS/MS analysis
of the paired, ICAT-labeled wild type samples, a total of 7103
unique peptides were identified in three technical replicates,
with an average of 4130 peptides (2367 unique peptides)
identified per replicate run (Table I). The identified peptides
resulted in the identification and relative quantification of 1105
proteins with an expected false discovery rate of less than
1%. Of the proteins identified and quantified, 69% were observed in more than one replicate and 68% were identified by
two or more unique peptides. The latter proportion is consistent with other studies using quantification based on residuespecific labeling (25). Of the proteins quantified, the relative
amounts of 102 proteins (9.2%) were significantly changed by
exposure to IR (p ⬍ 0.05). The fraction of affected proteins is
similar to the proportion of genes found to be significantly
affected by IR in gene expression studies of thymocytes (15).
Similarly in the p53K317R mutant thymocytes, a small fraction
of proteins identified exhibited a significant change in abun-
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FIG. 1. Cumulative probability distributions for identified and notidentified proteins in the wild type and p53K317R experiments. The
NCBI UniGene thymus expression profile was used to estimate transcript abundance. Identified proteins were associated with transcripts
through their associated gene symbols. The cumulative probability distributions for proteins that were identified (solid) or not identified (dotted)
in the wild type (black) and p53K317R (red) experiments are shown.

dance after IR. The MS/MS analysis of the paired p53K317R
samples resulted in the identification of a total of 7290 unique
peptides in three technical replicates, with an average identification of 4274 peptides (2430 unique peptides) per replicate run
(Table I). The identified peptides resulted in the identification
and relative quantification of 1080 proteins, with 68% being
identified by two or more unique peptides and 62% observed in
more than one replicate run (Table I). Of the proteins quantified,
105 (9.7%) were significantly affected by IR (p ⬍ 0.05) (Table I
and supplemental Table 1). Overall the numbers of proteins
identified and significantly affected by IR are similar in the wild
type and p53K317R analyses.
To estimate the depth of proteome coverage, the NCBI Mus
musculus thymus expression profile was used as a measure
of transcript abundance (24). Mouse thymus transcript abundance, expressed as transcripts per million (tpm), was used
as a proxy for protein abundance in thymocytes. As shown in
Fig. 1, the cumulative probability distribution functions for
proteins found or not found in the MS/MS analysis of the wild
type and p53K317R samples display a similar dependence on
transcript abundance. The mean abundance of the not-found
proteins was 73 tpm for either experiment, whereas the mean
abundance of the found proteins was 185 tpm for the wild
type samples and 178 for the p53K317R samples. The mean
transcript abundance for the found proteins is ⬃2.5-fold
larger than the mean transcript abundance for the not-found
proteins. We note that as the UniGene EST expression profile
is based upon whole thymus, differences in gene expression
patterns between thymocytes and thymic stroma (26) will
contribute to the separation between the mean transcript
abundance for identified and not-found thymocyte proteins.
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NCBI UniGene build 166 (August 21, 2007) (24) using a custom Perl
script and collapsed to the level of gene symbols. The resulting collection contained 110,272 thymus ESTs associated with 12,372 gene
symbols. The depth of proteome coverage was estimated by comparing
transcript abundance for proteins identified in the wild type or p53K317R
samples with transcript abundance for proteins not found.
Immunoblotting—To address biological variability, the immunoblotting samples were taken from different mice than those used for
the mass spectrometry analysis. The thymocytes were lysed in co-IP
buffer (10 mM Tris-HCl, pH 7.6, 140 mM NaCl, 5 mM EDTA, 0.5%
Nonidet P-40) supplemented with protease inhibitors (Complete
EDTA-free protease inhibitor mixture, Roche Applied Science). After
separation by SDS-PAGE, the proteins were transferred to nitrocellulose membrane (Invitrogen). The immunoblots were probed with
antibodies to ICAM-1 (M-19, Santa Cruz Biotechnology, Inc.), PCNA
(PC10, Santa Cruz Biotechnology, Inc.), RPA-1 (Ab-1, Calbiochem),
p21 (c-19, Santa Cruz Biotechnology, Inc.), and ␤-actin (AC-15,
Sigma). Binding of the primary antibody was detected using IRDye
700DX-conjugated anti-mouse, anti-rabbit, or anti-goat IgG (Rockland) and an Odyssey Infrared Imaging System (LI-COR).

Quantitative Analysis of IR Effects in p53K317R Thymocytes
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FIG. 2. Gene Ontology biological process classification of proteins observed. The categories of biological process, level 6, that differed
significantly (p ⬍ 0.1) are shown. A, proteins significantly affected by IR in the wild type thymocytes with those responsive to IR shown in white
and those unresponsive to IR shown in black. B, processes that differ significantly between the wild type and p53K317R data sets with proteins
from the wild type shown in black and proteins from the p53K317R data set shown in white.

The small difference between the means suggests that the
identification of proteins by tandem mass spectrometry in our
system is not restricted to the most abundant proteins (19). In
particular, the curves for the found proteins and not-found
proteins are very similar, indicating little bias towards detection of more prevalent proteins. If only more abundant proteins were detected in our system, the cumulative probability
curves for found and not-found proteins would be farther
apart for low transcript abundance and closer together for
high transcript abundance. Moreover, the similarity of the
distributions for the wild type and p53K317R experiments indicates a high degree of reproducibility in the experiments.
Functional annotations of the proteins identified in the two
experiments were compared using the FatiGO⫹ algorithm
(22, 23). Proteins that had been identified and quantified in the
wild type or p53K317R experiments were classified by their
Gene Ontology (GO) molecular function, level 3 (supplemental
Fig. 1A), and biological process, level 6 (supplemental Fig.
1B), categories. Approximately 800 proteins from each list

were associated with a functional annotation. The molecular
function categories of annotated proteins in the two data sets
are quite similar with none of the functions differing significantly (p ⬍ 0.1) between the two (supplemental Fig. 1A). This
supports the suggestion that similar types of proteins were
identified in both experiments and that there was not a bias in
one sample or the other. As discussed in greater detail below,
the representation of the identified proteins in several GO
biological process categories differed significantly between
wild type and p53K317R thymocytes.
IR-induced Changes in the Abundance of Specific Proteins
in Wild Type Thymocytes—To the best of our knowledge, this
study represents the first analysis of IR-induced changes in
the thymocyte proteome. As indicated above, ⬃10% of the
identified proteins exhibited a significant (p ⬍ 0.05) change in
abundance after IR. In comparison with proteins unaffected
by IR, proteins involved in cell death were significantly overrepresented (p ⬍ 0.1) among the proteins significantly affected by IR (Fig. 2A). Proteins involved in chromosome or-
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protein folding
negative regulation of cell
differentiation
establishment/maintenance
of cell polarity

Quantitative Analysis of IR Effects in p53K317R Thymocytes

TABLE II
Proteins identified to be significantly (p ⬍ 0.05) affected by IR in the wild type thymocyte samples
NCBI accession no.

NP_032199
NP_031650
NP_038499
NP_937812
NP_062513, NP_075679
NP_032255
NP_067620
NP_035908
NP_033941
NP_082568
NP_038853
NP_996988
NP_058020
NP_444389
NP_032720
NP_031652
NP_036153, NP_036154,
NP_033384, NP_937811
NP_780519
NP_034764
NP_062708
NP_034954
XP_194337
NP_035753
NP_444354
NP_034623
NP_056594
NP_035840
NP_081212
NP_062709

720

Ratio
(⫺IR/⫹IR)

S.D.

Pepa

Eukaryotic translation initiation factor 4, ␥1
MOCO sulfurase C-terminal domain-containing 2
SGT1, suppressor of G2 allele of SKP1
HECT, UBA, and WWE domain-containing 1
Exportin, tRNA
Ubiquitin-specific peptidase 25
Muscleblind-like 3
S100 calcium-binding protein A9 (calgranulin B)
Vimentin
S100 calcium-binding protein A8 (calgranulin A)
CD3 antigen, ␥ polypeptide
General transcription factor IIB
Integrin-linked kinase
Actin-like 6B
Putative NF- B-activating protein 373
Lactotransferrin
Hemoglobin, ␤ adult major chain
Progesterone receptor membrane component
Cathepsin 8, cathepsin L preproprotein
Chitinase 3-like 3
Trf-proximal protein homolog
Glutamyl aminopeptidase
Oxoglutarate dehydrogenase-like
Albumin 1
Haptoglobin
Aldo-keto reductase family 1, member A4 (aldehyde
reductase)
Nuclear receptor subfamily 3, group C, member 1
Chromobox homolog 3
Annexin A4
Glucocorticoid modulatory element-binding protein 2
Apoptotic chromatin condensation inducer 1
Histone deacetylase 2
Nicastrin
Coronin, actin-binding protein 1B
Caspase 6
Protein phosphatase methylesterase 1
Lymphocyte antigen 75
Response to metastatic cancers 1
S100 calcium-binding protein A11 (calizzarin)
Mitochondrial ribosomal protein L3
Neutrophilic granule protein
Chromobox homolog 5 (Drosophila HP1a)
Regulatory subunit B56, protein phosphatase 2Ab

Eif4g1
Mosc2
Sugt1
Huwe1
Xpot
Usp25
Mbnl3
S100a9
Vim
S100a8
Cd3g
Gtf2b
Ilk
Actl6b
Gpr177
Ltf
Hbb-b1
Pgrmc1
Cts8, Ctsl
Chi3l3
Trfp
Enpep
Ogdhl
Alb
Hp
Akr1a4

0.05
0.05
0.05
0.10
0.10
0.11
0.12
0.13
0.14
0.14
0.16
0.17
0.18
0.18
0.19
0.19
0.19
0.21
0.21
0.21
0.22
0.22
0.22
0.23
0.23
0.24

0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.04
0.03
0.02
0.03
0.02
0.01
0.03
0.03
0.12
0.03
0.01
0.02
0.13
0.03
0.03
0.02
0.13
0.04
0.06

1
2
2
1
2
1
1
6
3
4
1
2
1
2
2
11
6
2
3
8
1
1
2
19
1
2

Nr3c1
Cbx3
Anxa4
Gmeb2
Acin1
Hdac2
Ncstn
Coro1b
Casp6
Ppme1
Ly75
H2-Ab1
S100a11
Mrpl3
Ngp
Cbx5

0.25
0.25
0.26
0.26
0.26
0.27
0.27
0.27
0.28
0.28
0.28
0.28
0.28
0.29
0.29
0.30
0.30

0.04
0.06
0.02
0.02
0.01
0.04
0.02
0.06
0.08
0.03
0.06
0.10
0.03
0.05
0.06
0.09
0.04

2
2
5
2
2
2
1
2
3
2
4
12
5
1
4
4
2

Androgen-induced proliferation inhibitor
Fatty acid-binding protein 5
N-Acylsphingosine amidohydrolase (acid ceramidase) 1
Myeloperoxidase
Multiple EGF-like domains 8
Topoisomerase (DNA) II ␣
SWI/SNF-related, matrix-associated, actin-dependent
regulator of chromatin, subfamily a, member 5
Intercellular adhesion molecule
Neutrophil elastase
Tryptophanyl-tRNA synthetase
Oxidase assembly 1-like
APAF1-interacting protein

Pds5b
Fabp5
Asah1
Mpo
Megf8
Top2a
Smarca5

0.30
0.30
0.31
0.32
0.32
0.33
0.33

0.06
0.05
0.03
0.05
0.05
0.04
0.05

4
4
2
7
1
3
2

Icam1
Ela2
Wars
Oxa1l
Apip

0.33
0.33
0.34
0.34
0.34

0.04
0.02
0.04
0.03
0.02

2
2
4
1
2
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NP_001005331
NP_598445
NP_080750
NP_067498
NP_001074525
NP_038946
NP_598924
NP_033140
NP_035831
NP_038678
NP_033980
NP_663521
NP_034692
NP_113581
NP_080858
NP_032548
NP_032246
NP_058063
NP_062414, NP_034114
NP_034022
NP_064432
NP_031960
NP_001074599
NP_033784
NP_059066
NP_067448

Gene symbol

Description

Quantitative Analysis of IR Effects in p53K317R Thymocytes

TABLE II—continued
NCBI accession no.

NP_035407
NP_080120
NP_077180
NP_033035
NP_034745
NP_036105
NP_683747,NP_080225,
NP_033123,NP_035429
NP_666054
NP_150289
NP_038484
NP_766607
NP_033785
NP_081626
NP_033109
NP_033120
NP_033240
NP_062648
NP_796307
NP_082253
NP_780314
NP_038573
NP_081291
NP_569054
NP_075029
NP_112442

Gene symbol

Ratio
(⫺IR/⫹IR)

S.D.

Pepa

Acetyl-coenzyme A acetyltransferase 2
MutS homolog 6
Peroxiredoxin 5 precursor
Transmembrane protein 4
Structure-specific recognition protein 1
Squamous cell carcinoma antigen recognized by T-cells 3
Phospholipase A2, activating protein
Transcription factor 7, T-cell-specific
Hydroxymethylbilane synthase
Transferrin
Electron transferring flavoprotein dehydrogenase
RCC1 domain-containing 1
Vesicle amine transport protein 1 homolog (Torpedo californica)
Hypothetical protein LOC72244
Lamin B1
Keratin complex 1, acidic, gene 17
TNF receptor-associated protein 1
Ubiquitin-specific protease 14
SWI/SNF related, matrix-associated, actin-dependent regulator
of chromatin, subfamily d, member 2
Ring finger protein 2
Cysteine- and histidine-rich domain (CHORD)-containing,
zinc-binding protein 1
Ribosomal protein L24
RAD21 homolog
Kinesin family member 11
Ribosomal protein L27a
Ribosomal protein S6 kinasec

Acat2
Msh6
Prdx5
Tmem4
Ssrp1
Sart3
Plaa
Tcf7
Hmbs
Trf
Etfdh
Rccd1
Vat1
1600014C10Rik
Lmnb1
Krt17
Trap1
Usp14
Smarcd2

0.34
0.35
0.35
0.36
0.37
0.37
0.37
0.38
0.38
0.39
0.40
0.40
0.41
0.41
0.45
0.45
1.49
1.78
1.87

0.07
0.04
0.07
0.07
0.04
0.04
0.05
0.05
0.06
0.06
0.08
0.03
0.04
0.16
0.19
0.13
0.01
0.02
0.06

2
3
2
4
2
1
2
2
1
2
3
1
3
3
3
3
2
2
3

Rnf2
Chordc1

2.39
2.59

0.24
0.32

1
3

Rpl24
Rad21
Kif11
Rpl27a

2.60
2.64
2.69
2.70
2.97

0.50
0.29
0.09
0.53
0.64

7
5
2
2
2

3-Hydroxy-3-methylglutaryl-coenzyme A synthase 1
Cyclic AMP-regulated phosphoprotein, 21 isoform 2
Actinin ␣ 3
6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 4
Activated leukocyte cell adhesion molecule
Asparaginyl-tRNA synthetase
Ribosomal protein L30
Ribosomal protein S4, X-linked
Spermine synthase
Protein phosphatase 4, catalytic subunit
SEC6-like 1
RIKEN cDNA 2310001A20
Aquaporin 11
Hemopoietic cell phosphatase
Ribosomal protein S27
Toll-like receptor 3
Ribosomal protein L23
Heat shock protein 8

Hmgcs1
Arpp21
Actn3
Pfkfb4
Alcam
Nars
Rpl30
Rps4x
Sms
Ppp4c
Exoc3
2310001A20Rik
Aqp11
Ptpn6
Rps27
Tlr3
Rpl23
Hspa8

3.05
3.08
3.12
3.29
3.37
3.46
3.52
3.96
3.96
4.07
4.17
4.64
5.78
6.55
7.26
8.91
9.76
14.42

0.39
0.42
0.51
0.48
0.52
0.35
0.44
0.70
0.44
0.68
0.65
0.45
0.68
2.00
1.48
2.64
1.82
3.27

2
1
2
2
2
1
4
8
2
1
1
3
1
4
2
2
2
2

a

For proteins identified by a single peptide, the sequence, precursor mass, charge, and Xcorr score for the peptide identified is provided
in supplemental Table 2; MS/MS spectra for those peptides are provided in supplemental Fig. 3.
b
Unable to discriminate the ␥, ⑀, ␦, and ␤ isoforms.
c
Unable to discriminate polypeptides 1, 2, 3, and 6.

ganization and biogenesis, DNA packaging, intermediate
filament-based processes, negative regulation of cell differentiation, and stress-activated protein kinase signaling were
also overrepresented among proteins affected by IR (Fig.
2A). In contrast, proteins involved in mRNA metabolic processes, RNA processing, protein folding, and small GTPase

signal transduction were underrepresented among proteins
affected by IR compared with proteins not affected by IR.
The relative levels of several proteins involved in transcription were affected by IR. For example, ring finger protein 2, a
negative regulator of transcription, decreased in protein level
after IR (Table II). Interestingly, however, the levels of several
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NP_033364
NP_034960
NP_036151
NP_064337
NP_892035
NP_058622
NP_766283
NP_033357
NP_038579
NP_598738
NP_080070
NP_775621
NP_036167
NP_082442
NP_034851
NP_034793
NP_080784
NP_067497
NP_114084

Description

Quantitative Analysis of IR Effects in p53K317R Thymocytes

Hdac2

Ltf

Nars

Alcam
Lmnb1

Msh6

Rps4x
p53

myc

Hspa8
Anxa4
Coro1b

Tpo2a

Rpl30

Rpl23
Rps27

FIG. 3. Schematic diagram showing functional links between
p53 and proteins that exhibit IR-induced changes in protein levels
in WT thymocytes (p < 0.05). Proteins represented by squares
increased after IR, and those represented by circles decreased after
IR.
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duction, cytokine metabolism, and chromosome organization
and biogenesis were identified in the p53K317R experiment.
The increased number of cell death-associated proteins in the
p53K317R experiment is especially interesting given the increased level of apoptosis previously reported in the p53K317R
thymocytes (15).
When the wild type and p53K317R data sets were compared,
786 proteins were common to both. Of the common proteins,
46 were found to be differently affected by IR in wild type and
p53K317R thymocytes (Table III). Among them are 22 proteins
for which the wild type IR response was lost and 15 proteins
that showed an IR response in the p53K317R thymocytes but
not in the wild type. Additionally one protein, PPP4C, decreased after IR in the wild type but increased after IR in the
p53K317R sample.
Several proteins with roles in apoptosis were identified to
be affected differently after IR. PPP4C, which decreased in
abundance after IR in the wild type thymocytes but increased
in the mutant, has been shown to be proapoptotic in thymocytes (34). It is thought that TRAP1 suppression results in an
increase in formation of reactive oxygen species that enhances apoptotic signaling, and it has been found to decrease
in a time-dependent manner during apoptosis (35, 36). TRAP1
decreased 1.5 times in the wild type and 4 times in the mutant
(Table III). ACIN1, CASP6, and RAD21 are all cleaved during
apoptosis, and this cleavage is important for apoptotic signaling (37–39). Interestingly an ACIN1 peptide that spans the
caspase cleavage site was observed in both the wild type and
p53K317R experiments (supplemental Fig. 2). Thus, quantification of this peptide, which increased after IR in the wild type
but did not change significantly after IR in the mutant, represents the uncleaved, inactive form of the protein. It is likely
then that the unchanged relative level of ACIN1 after IR in the
p53K317R sample is due to increased processing of ACIN1,
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ribosomal proteins decreased following IR (Table II), suggesting that IR has an effect on translation.
Six proteins that play a positive role in apoptosis were
identified, with a range of increased and decreased levels
after IR. The levels of ACIN1, CASP6, CDG3, and MSH6
increased, whereas the amounts of ACTN3 and PTPN6 decreased (Table II). Similarly five proteins that have a positive
role in cell proliferation exhibited a range of changes; the
levels of ENPEP and ILK increased after IR, whereas those of
PPP4C, RAD21, and RPS4X decreased. The levels of four
negative regulators of apoptosis, ALB1, ANXA4, APIP, and
MPO, decreased after IR, whereas the levels of PDS5B,
S100A11, and WARS, which are negative regulators of cell
proliferation, increased (Table II).
Analysis of the proteins significantly affected by IR in the wild
type thymocytes revealed two main networks of functional relationships. The first network centered on p53 (Fig. 3), known to
be essential for IR-induced apoptosis in thymocytes (27, 28).
Some changes in protein levels after IR can be directly linked to
p53 transcription-modulating activity, including HDAC2, which
is induced by p53, and HSPA8, which is repressed (29). A
second network centered on c-myc (Fig. 3), which has been
shown to be repressed by p53 (30). Proteins such as RPS4X
and NARS, that are up-regulated by myc, decreased after IR,
whereas proteins that are down-regulated by MYC, such as
annexin A4, increased after IR (31–33). This pattern suggests
that MYC activity is repressed after IR, likely by p53.
Changes in Protein Levels in the p53K317R Thymocytes after
IR Reveal Wide Reaching Roles of p53—As mentioned above,
the representation of identified proteins in several GO biological process (level 6) categories differed between the wild type
and p53K317R experiments (Fig. 2B). A significantly (p ⬍ 0.1)
greater number of proteins involved in cell death were identified in the p53K317R experiment than in the wild type, as were
proteins involved in the negative regulation of cellular metabolism (Fig. 4 and supplemental Fig. 1B). Fewer proteins that
function in DNA packaging, positive regulation of signal trans-

FIG. 4. Immunoblots of selected proteins from untreated or
irradiated wild type and p53K317R thymocytes. PCNA, RPA-1,
ICAM-1, and actin were identified and quantified by mass spectrometry. p21, a known p53 target, was not.

Quantitative Analysis of IR Effects in p53K317R Thymocytes

TABLE III
Proteins with a significant (p ⬍ 0.05) change in protein level after IR between the wild type and p53K317R thymocytes
Accession
number
NP_075631
NP_038484
NP_077175
NP_780519
NP_062513
NP_075679
NP_033941
NP_062414
NP_034114
NP_033980
NP_033970
NP_035908
NP_034290
NP_080120

NP_075643
NP_034764
NP_031960
NP_038573
NP_849209

NP_034623
NP_075552
NP_056598
NP_032548
NP_080104
NP_032720
NP_032199
NP_036151
NP_766283
NP_079826
NP_062648
NP_033035
NP_080929
NP_033109
NP_079863
NP_081291
NP_033120
NP_082253
NP_080750
NP_080451
NP_058622
NP_613051
NP_892035
NP_444354

NP_080784
NP_035840
NP_067497
a
b

Gene symbol

WT
(⫺IR/⫹IR)

WT
S.D.

K317R
(⫺IR/⫹IR)

K317R
S.D.

p value, WT
vs. K317R

Actin-related protein 2/3 complex, subunit 1B
Actinin ␣3
Anaphase-promoting complex subunit 4
Androgen-induced proliferation inhibitor
Apoptotic chromatin condensation inducer 1

Arpc1b
Actn3
Anapc4
Pds5b
Acin1

1.09
3.12
0.51
0.30
0.26

0.11
0.51
0.06
0.06
0.01

0.32
1.22
0.11
0.96
0.75

0.04
0.25
0.02
0.15
0.05

0.011
0.000
0.012
0.029
0.003

Caspase 6
Cathepsin 8, cathepsin L preproproteina

Casp6

0.28
0.21

0.08
0.02

1.35
0.49

0.23
0.10

0.013
0.010

CD3 antigen, ␥ polypeptide
Chaperonin subunit 8 ( )
Coronin, actin-binding protein 1B
CUG triplet repeat, RNA-binding protein 2
Cysteine- and histidine-rich domain (CHORD)containing, zinc-binding protein 1
Eosinophil-associated, ribonuclease A family,
member 6
ETHE1 protein
Fatty acid-binding protein 5, epidermal
Glutamyl aminopeptidase
Hemopoietic cell phosphatase
Hydroxyacyl-coenzyme A dehydrogenase/3ketoacyl-coenzyme A thiolase/enoyl-coenzyme
A hydratase (trifunctional protein), ␣ subunit
Intercellular adhesion molecule
Interferon ␥-inducible protein 30
Interferon ␣-inducible protein
Lactotransferrin
Lectin, mannose-binding 2
Neutrophilic granule protein
Nuclear receptor subfamily 3, group C, member 1
Peroxiredoxin 5 precursor
Phospholipase A2, activating protein
Proteasome, 26 S, non-ATPase regulatory
subunit 6
Protein phosphatase 4, catalytic subunit
RAD21 homolog
Regulatory subunit B56, protein phosphatase 2Ab
Replication protein A1
Ribosomal protein L30
Ribosomal protein S21
Ribosomal protein S27
Ribosomal protein S4, X isoform
RIKEN cDNA 2310001A20
SGT1, suppressor of G2 allele of SKP1
Splicing factor 3a, subunit 1
Squamous cell carcinoma antigen recognized by
T-cells 3
SR-related CTD-associated factor 6
Structure-specific recognition protein 1
SWI/SNF-related, matrix-associated,
actin-dependent regulator of chromatin,
subfamily a, member 5
TNF receptor-associated protein 1
Tryptophanyl-tRNA synthetase
Ubiquitin-specific protease 14 isoform 1

Cd3g
Cct8
Coro1b
Cugbp2
Chordc1

0.16
0.72
0.27
0.92
2.59

0.03
0.31
0.36
0.18
0.32

0.55
2.20
0.77
5.36
0.92

0.09
0.45
0.09
0.67
0.29

0.019
0.009
0.008
0.000
0.038

Ear6

0.99

0.16

2.37

0.39

0.018

Ethe1
Fabp5
Enpep
Ptpn6
Hadha

1.00
0.30
0.22
6.55
1.18

0.15
0.05
0.03
2.00
0.15

0.51
0.92
0.07
0.78
0.11

0.12
0.03
0.00
0.15
0.02

0.033
0.004
0.018
0.000
0.002

Icam1
Ifi30
Isg15
Ltf
Lman2
Ngp
Nr3c1
Prdx5
Plaa
Psmd6

0.33
0.65
1.64
0.19
0.80
0.29
0.25
0.35
0.37
0.48

0.04
0.07
0.24
0.12
0.13
0.06
0.04
0.07
0.05
0.08

1.16
0.30
0.48
0.42
6.01
0.52
0.08
0.70
0.84
0.26

0.10
0.06
0.08
0.32
1.30
0.12
0.02
0.09
0.14
0.07

0.000
0.021
0.023
0.028
0.030
0.008
0.031
0.008
0.023
0.049

Ppp4c
Rad21
Rpa1
Rpl30
Rps21
Rps27
Rps4x
2310001A20Rik
Sugt1
Sf3a1
Sart3

4.07
2.64
0.30
0.74
3.52
1.10
7.26
3.65
4.64
0.05
1.00
0.37

0.68
0.29
0.04
0.03
0.44
0.13
1.48
0.50
0.45
0.01
0.12
0.04

0.10
1.30
1.91
0.50
1.46
0.39
2.00
1.22
1.05
1.09
2.64
1.07

0.03
0.31
0.25
0.05
0.21
0.06
0.63
0.32
0.09
0.37
0.43
0.09

0.014
0.016
0.031
0.026
0.001
0.018
0.010
0.000
0.002
0.009
0.035
0.007

Cherp
Ssrp1
Smarca5

0.73
0.37
0.33

0.13
0.04
0.05

0.27
0.62
0.93

0.04
0.10
0.18

0.039
0.033
0.003

Trap1
Wars
Usp14

1.49
0.34
1.78

0.01
0.04
0.02

4.41
0.48
0.93

0.28
0.06
0.11

0.012
0.047
0.009

Unable to discriminate the two proteins.
Unable to discriminate the ␥, ⑀, ␦, and ␤ isoforms.
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DISCUSSION

Previous studies have shown that mutation of mouse p53 at
Lys-317 or human p53 at Lys-320 results in increased apoptosis (15, 16). These studies have found that mutation of this
site to arginine results in p53 that is more active as a transcription factor, with a greater induction of some target genes
after IR in the mutant than in the wild type. Because regulation
can occur post-transcriptionally as well as through transcriptional control, we used a quantitative proteomics method to
investigate the effects of the p53K317R mutation on IR-induced
changes in protein levels in mouse thymocytes. To the best of
our knowledge, this study represents the first proteomics
analysis of the IR response in thymocytes. We identified over
1000 proteins with ⬃10% of them exhibiting significant IRinduced changes in abundance (Table I). This quantitative
analysis identified lower abundance proteins as well as higher
abundance proteins, demonstrating that the cysteine-based
ICAT labeling and ion trap MS/MS method provided a good
depth of coverage. The identified proteins are involved in a
range of molecular functions and biological processes (supplemental Fig. 1), indicating that a wide representation of
proteins was identified.
Of the proteins that were quantified in both the wild type
and p53K317R samples, 6% had significantly (p ⬍ 0.05) different relative abundances after IR (Table III). Surprisingly few
p53 target gene products that are known to be regulated by IR
in thymocytes (15) were identified in these experiments. Detection of these proteins may be difficult because they are
present at low levels or because of other intrinsic characteristics. For example, PUMA does not have any cysteine-containing tryptic peptides of a suitable size for analysis and
consequently could not be observed by the methodology
used here. Interestingly BAX (Bcl2-associated X protein), a
proapoptotic p53 target protein, was identified in both the
wild type and p53K317R experiments but did not exhibit a
significant change in protein level following IR in either sample
(data not shown).
Pathway analysis of the proteins for which the IR-induced
changes in protein level differed significantly between the wild
type and p53K317R samples revealed two main networks. The
first network is related to cell death and includes links between p53 and several growth factor receptor proteins (Fig.
5A). Notably, CORO1B protein levels increased after IR in wild
type thymocytes but remained essentially unchanged in mutant thymocytes. The loss of increase in protein level is consistent with a recent study showing CORO1B to be induced
by p53 in neuronal outgrowth only when Lys-320 was acetylated (46). Furthermore, p53 induces expression of EGFR (47),
and EGFR regulates the expression of ACTN3 and USP14,
two proteins that increased in expression in the mutant but
not significantly in the wild type (48). p53 represses IGFR1R
activity and expression (49); this in turn represses RPL24
expression (50); increased p53 activity could then lead to

Downloaded from https://www.mcponline.org by guest on October 1, 2020

consistent with the observed increased level of apoptosis in
the mutant thymocytes.
Nine proteins whose levels were significantly affected by IR
are known to be involved in transcription and/or translation.
One transcription factor, glucocorticoid receptor (GR), increased 4-fold in the wild type and 12.5-fold in the mutant.
Interestingly GR is known to be important for apoptosis during
T-cell selection (40). SSRP1 is part of the FACT complex that
interacts with histones H2A and H2B to disassemble nucleosomes for transcription (43). SSRP1 increased 2.7-fold after
IR in the wild type but did not increase significantly in the
mutant. Interestingly SSRP1 has been shown to be degraded
during apoptosis; it is possible that the lower relative amount
of this protein in the mutant versus wild type thymocytes is
related to increased apoptosis as a result of the mutation (44).
These results suggest that important differences occur in the
regulation of transcription between the wild type and
p53K317R thymocytes.
Two spliceosome proteins identified, CUGBP and SF3A1,
showed a significant decrease after IR in the mutant sample
but not in the wild type (Table III). In addition, SART3, which is
important for recycling of the spliceosome, lost the increase in
protein level in the mutant that was observed after IR in the
wild type (45). Three ribosomal proteins showed an increase
in protein level in the mutant relative to the wild type. RPL30
and RPS27 showed at least a 2.5-fold decrease after IR in the
wild type but had no significant change after IR in the
p53K317R sample (Table III). RPS21 was not affected by IR in
the wild type but increased 2.5 times after IR in the mutant
(Table III). Together these differences suggest a change in the
regulation of translation in the mutant thymocytes.
Validation—The cleavable ICAT method allows the relative
quantification of hundreds of proteins in one experiment. We
chose a few proteins to validate by Western blotting. Immunoblots with antibodies against RPA-1, PCNA, and actin
showed changes after IR similar to those that were observed
by mass spectrometry in the wild type and p53K317R samples
(Fig. 4). For example, by Western blotting, PCNA decreased
0.6 times after IR in the wild type and 0.7 times in the mutant;
the mass spectrometry-based quantification showed a decrease of 0.6 times in the wild type and 0.8 times in the
mutant. The ICAM-1 blot showed increased expression after
IR in the wild type and a smaller increase in the p53K317R
sample; this is in qualitative but not quantitative agreement
with the mass spectrometry result. Furthermore the immunoblot of p21, a known p53 target gene that was not detected by
mass spectrometry, showed a greater increase in protein level
after IR in the mutant relative to the wild type (Fig. 4): the
protein level increased 2.2-fold after IR in the wild type and
6.7-fold in the mutant. This result confirms that p53 is more
active after IR in the mutant thymocytes than in the wild type
thymocytes.
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Erbb2

A

B

Lep

Etfdh

Icam1*

Usp14*

Plaa*

Egfr

Rpa1*

TNFα

Tcf7

Ltf*

Actn3*

Igfr1r

IL6
Tnfsf11

Wars*

p53
Rpl24

Casp6*
Isg15*
Coro1b*

Srebf1

Ethe1*

Fabp5*

Tgfb1

Ssrp1*

increased RPL24 levels as observed in the mutant thymocytes
relative to the wild type thymocytes.
The second network comprises proteins linked to TNF␣
(Fig. 5B). The pattern of changes in protein levels suggests
that TNF␣ activity was not affected by IR in the p53K317R
samples, whereas it increased after IR in the wild type samples. Specifically TNF␣ has been shown to up-regulate PLAA
and CASP6 (51, 52), both of which increased after IR in the
wild type but not in the mutant. Decreased TNF␣ activity in
p53K317R thymocytes is also consistent with the observed
lack of change in WARS, TCF7, and ETFDH protein levels
after IR; all of these proteins are indirectly regulated by TNF␣
(53–58). Finally TNF␣ has been shown to induce the expression of TGF␤1 (59), which has been shown to increase the
expression of FABP5 and SSRP1 (60, 61), two additional
proteins that exhibit the same pattern. Thus, the proteins
affected differently by IR in wild type compared with mutant
thymocytes suggest a change in p53 activity and a decrease
in TNF␣ signaling.
The interactions between the TNF␣ and p53 signaling pathways are complex and are affected by both the type of cell
and type of stress. Although as a proinflammatory cytokine
TNF␣ often opposes p53 activity (62), it has been shown to
induce p53 and increase p53-dependent apoptosis (63). Conversely p53 may increase TNF␣-dependent apoptosis
through induction of a proapoptotic factor (64) or indirectly
regulate TNF␣ signaling through the GR. We found that GR
protein levels increased 4-fold after IR in wild type thymocytes
and 12.5-fold in p53K317R thymocytes. GR has been shown to
be required for glucocorticoid-mediated apoptosis after DNA
damage in thymocytes, and mutational studies have suggested that an increase in GR levels, as observed here, results

in an increase in apoptosis in thymocytes (40, 65). GR has
been shown to interfere with NF-B activity and TNF␣ signaling, possibly by preventing the recruitment of essential cofactors (66). Furthermore GR is known to decrease ICAM-1 expression through repression of NF-B activation of the gene
(67). GR-mediated apoptosis is effected through the same
pathway as p53-mediated apoptosis, involving the Bcl2 family
members (40).
Previous research has suggested cross-talk between the
p53 and GR pathways (68, 69). Interestingly, the interaction
between the two proteins is mediated through the part of p53
that includes Lys-320. p53 is acetylated at Lys-320 by PCAF,
a cofactor that is also required by GR for its activity. A study
of p53K320Q, which mimics constitutive acetylation, demonstrated that PCAF binds more readily to acetylated p53 than
non-acetylated p53 (16). Lys-320 acetylation may allow p53 to
sequester PCAF, thus modulating the activity of other transcription factors. As mentioned above, a similar mechanism
has been proposed for GR-mediated interference with other
transcription factors (65).
Additionally, Lys-320 lies within one of the nuclear localization signals of p53 and has been shown to be required for
proper localization of the protein (41). p53K320Q was found to
localize predominantly in the cytoplasm, whereas p53K320R
localized primarily in the nucleus (16, 42). Acetylation at Lys320 may modify the localization of p53 and, in turn, affect the
localization of proteins that are sequestered in the cytoplasm
by p53. For example, p53 has been shown to bind GR through
its core domain and nuclear localization signal, and this binding sequesters both p53 and GR in the cytoplasm (68, 69). It
is possible then that the increased nuclear localization of
p53K317R allows the movement of GR into the nucleus, in-
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FIG. 5. Schematic diagrams linking groups of proteins for which the IR response differs significantly between WT and p53K317R
thymocytes. A, p53 and group 1; B, TNF␣ and group 2. Linked proteins that were not identified and quantified by mass spectrometry are
indicated by unfilled symbols. The colors on the left and right halves of the filled symbols represent the wild type IR effect and the p53K317R
IR effect, respectively, on protein levels: blue, decreased; yellow, unchanged; and red, increased. Gene symbols for quantified proteins that
were significantly different at p ⬍ 0.05 are marked with an asterisk; others were significantly different at p ⬍ 0.1.

Quantitative Analysis of IR Effects in p53K317R Thymocytes

creasing glucocorticoid-mediated apoptosis at the same time
as p53-dependent apoptosis.
In conclusion, we found several proteins to be regulated
differently after IR in wild type and p53K317R thymocytes. Our
findings suggest a role of Lys-320 acetylation in modulating
the interactions of p53 that may affect cross-talk between
different transcriptional pathways. Further experiments are
required to understand the full extent of the pathways affected by this modification.
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