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Kannappan R, Mattapally S, Wagle PA, Zhang J. Transactiva-
tion domain of p53 regulates DNA repair and integrity in human iPS
cells. Am J Physiol Heart Circ Physiol 315: H512–H521, 2018. First
published May 18, 2018; doi:10.1152/ajpheart.00160.2018.—The
role of p53 transactivation domain (p53-TAD), a multifunctional and
dynamic domain, on DNA repair and retaining DNA integrity in
human induced pluripotent stem cells (hiPSCs) has never been stud-
ied. p53-TAD was knocked out in iPSCs using CRISPR/Cas9 and was
confirmed by DNA sequencing. p53-TAD knockout (KO) cells were
characterized by accelerated proliferation, decreased population dou-
bling time, and unaltered Bcl-2, Bcl-2-binding component 3, insulin-
like growth factor 1 receptor, and Bax and altered Mdm2, p21, and
p53-induced death domain transcript expression. In p53-TAD KO
cells, the p53-regulated DNA repair proteins xeroderma pigmentosum
group A, DNA polymerase H, and DNA-binding protein 2 expression
were found to be reduced compared with p53 wild-type cells. Expo-
sure to a low dose of doxorubicin (Doxo) induced similar DNA
damage and DNA damage response (DDR) as measured by RAD50
and MRE11 expression, checkpoint kinase 2 activation, and �H2A.X
recruitment at DNA strand breaks in both cell groups, indicating that
silence of p53-TAD does not affect the DDR mechanism upstream of
p53. After removal of Doxo, p53 wild-type hiPSCs underwent DNA
repair, corrected their damaged DNA, and restored DNA integrity.
Conversely, p53-TAD KO hiPSCs did not undergo complete DNA
repair and failed to restore DNA integrity. More importantly, contin-
uous culture of p53-TAD KO hiPSCs underwent G2/M cell cycle
arrest and expressed the cellular senescent marker p16INK4a. Our data
clearly show that silence of the TAD of p53 did not affect DDR but
affected the DNA repair process, implying the crucial role of p53-
TAD in maintaining DNA integrity. Therefore, activating p53-TAD
domain using small molecules may promote DNA repair and integrity
of cells and prevent cellular senescence.

NEW & NOTEWORTHY The p53 transactivation domain (TAD) in
human induced pluripotent stem cells (iPSCs) was deleted using the
CRISPR/Cas9 system. Deletion of p53-TAD resulted in increased cell
proliferation but did not affect iPSC pluripotency. DNA repair ma-
chinery upstream of p53 was not affected in p53-TAD knockout, but
p53-regulated DNA repair proteins xeroderma pigmentosum group A,
DNA polymerase H, and DNA-binding protein 2 were affected.
Finally, p53-TAD was found to be necessary for iPSCs to repair
damaged DNA and retain DNA integrity.

cellular senescence; DNA repair; human induced pluripotent stem
cells; p53

INTRODUCTION

The possibility of inducing pluripotency in somatic cells and
even further generating cardiomyocyte from induced pluripo-
tent stem cells (iPSCs) through forced expression of repro-
gramming factors has opened new attractive options for car-
diovascular regenerative medicine (24). The storehouse of
genetic data in every living cell, including iPSCs, is DNA;
therefore, its integrity is fundamental to life. However, DNA is
not inert. Metabolic compounds in the cell, such as reactive
oxygen, carbonyl and nitrogen species, and alkylating agents,
can damage DNA (13, 20, 30, 31). These injuries occur
instinctively in every cell, and the rate of incidence is signif-
icant. Unrepaired damage leads to mutation, DNA instability,
cellular senescence, and possibly diseases, including life-
threatening cancers. Retaining DNA integrity is essential to
any cell, especially human iPSCs, which possess immense
clinical potential. In fact, every cell has numerous tools to
detect and repair different types of DNA impairment. The
major transcription factor p53 regulates a wide range of cellu-
lar processes, including cell death and cell cycle progression,
cell metabolism, autophagy, mRNA translation feedback
mechanisms, and, most importantly, DNA damage repair for
maintaining DNA integrity (23, 27, 34).

p53 protein contains four functional domains: a transcriptional
activation domain (TAD), a DNA-binding domain, a tetrameriza-
tion domain, and a COOH-terminal basic domain (12). Each
domain performs an integral role in enabling the various functions
of p53. The DNA-binding domain is responsible for the funda-
mental role of the p53 family of proteins, as a sequence-specific
transcription factor (12). The tetramerization domain enables p53
to undergo tetramerization, which is essential for its high DNA
binding affinity and transcriptional activation (3). The COOH-
terminal basic domain, which serves as a regulatory domain, can
both positively and negatively regulate p53 activities (11). The
NH2-terminus TAD of p53, which is the focus of this report, is
crucial for the function of the p53 family of proteins.

The NMR spectroscopy structure of p53 has revealed that the
unstructured and natively unfolded p53-TAD is composed of two
TADs: TAD1 and TAD2 (Fig. 1A) (6). Deletion and mutation of
p53-TAD1 indicates that TAD1 is unnecessary for apoptosis but
is a prerequisite for cell cycle arrest (26). Particularly, inducible
expression of p53 carrying the TAD1 mutation resulted in cell
death without significant cell cycle arrest (36), whereas p53-
TAD2 mutants were unable to induce apoptosis but retain a
modest ability to undergo cell cycle arrest (35). Similarly, an
apoptotic defect was also found in a mouse with deletion of p53
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proline-rich residues (9). p53 plays a prominent role as a facili-
tator of DNA repair by halting the cell cycle to allow time for the
repair machineries to restore genome stability. However, whether
p53-TAD has any direct role on DNA repair processes is yet to be
unraveled. Therefore, in this study, we aimed to determine if
p53-TAD is involved in DNA repair and integrity in human
cardiac fibroblast-derived iPSCs. Ideally, it would be reasonable
to study the role of p53-TAD in the DNA repair process by
knocking out p53-TAD1 and p53-TAD2 separately. Considering
the association of p53-TAD1 with the induction of apoptosis (36),
activation of p53 by inducing DNA damage in p53-TAD1 knock-
out (KO) cells would result in cell death. As cell survival is
important to study, and because the DNA repair mechanism and
role of p53-TAD1 have already been established (36), it is logical
to delete both p53-TADs from the cells. To achieve this, we
knocked out both TAD1 and TAD2 of p53 in human (h)iPSCs
using CRISPR/Cas9 gene KO technology, and here we report our
findings.

MATERIALS AND METHODS

p53-TAD-deficient stable cell line using CRISPR/Cas9. Plasmid
pLentiCRISPR V2 was a gift from Feng Zhang (Addgene plasmid no.
52961). Two guide sequences [single guide (sg)RNA1: 5=-GAAAAT-
GTTTCCTGACTCAG-3= and sgRNA2: 5=-CCCCGGACGATATT-
GAACAA-3=] for human Tp53 (NCBI Accession No. NM_000546.5)

flanking the TADs were designed using the online program (http://
crispr.mit.edu/). Two oligos for each guide sequences were then
synthesized (Invitrogen) as follows: sgRNA1 oligos, forward 5=-
CACCGGAAAATGTTTCCTGACTCAG-3= and reverse 5=-AAAC-
CTGAGTCAGGAAACATTTTCC-3=; and sgRNA2 oligos, forward
5=-CACCGCCCCGGACGATATTGAACAA-3= and reverse 5=-AA-
ACTTGTTCAATATCGTCCGGGGC-3=.

pLentiCRISPR V2 was digested by BsmBI, and the annealed oligos
were then cloned into the vector. To make the lentivirus, pLentiCRISPR
(with cloned sgRNA) was cotransfected with packaging plasmids pVSVg
(no. 8454, AddGene), pRSV-Rev (no. 12253, AddGene), and pMDLg/
pRRE (no. 12251, AddGene) into human embryonic kidney (HEK)-
293(F) T cells. Packaged lentiviruses were collected from the superna-
tant. hiPSCs were then transduced with lentiviruses carrying CRISPR
sgRNA targeting p53-TAD following the manufacturer’s instructions.
Transduced hiPSCs were selected in growth medium containing 5 �g/ml
puromycin (P8833, Sigma) for 48 h. Cells were seeded sparsely and
cultured normally to get visible individual clones. These clones were
picked and propagated. Clones were screened for p53-TAD KO by
Sanger sequencing and confirmed by Western blot analysis.

iPSC culture. Previously generated and published human cardiac
fibroblast-derived iPSCs were used in this study (33). hiPSCs were
cultured in mTeSR1 medium (Stemcell Technologies) using our
previously published methods (33).

Population doubling time and Western blot analysis. Human iPSCs
were plated at low density. The number of cells per unit area was
determined at the time of seeding and 24 h later. Population doubling

Fig. 1. p53 transactivation domain (TAD)
knockout (KO) scheme. A: human p53 pro-
tein structure domains and functions. B and
C: schematic of CRISPR/Cas9 knockout of
p53-TADs in human induced pluripotent
stem cells (hiPSCs). sgRNA, single-guide
RNA; N, NH2-terminal; C, COOH-terminal;
WT, wild-type.
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time was computed by linear regression of log2 values of cell num-
bers. Protein lysates of hiPSCs were obtained using RIPA buffer
(Sigma-Aldrich) and protease inhibitors. Equivalents of 10 �g pro-
teins were separated using 4–20% SDS-PAGE and subjected to
Western blot analysis. The following antibodies were used: NH2-
terminal-specific rabbit monoclonal anti-p53 (Cell Signaling Technol-
ogy, Danvers, MA), rabbit COOH-terminal anti-p53 (Sigma-Aldrich),
rabbit monoclonal anti-checkpoint kinase 2 (Chk2; Thr68, Cell Sig-
naling Technology), rabbit monoclonal anti-Chk2 (Cell Signaling
Technology), rabbit monoclonal anti-Mre11 (Cell Signaling Technol-
ogy), rabbit anti-Rad50 (Cell Signaling Technology), rabbit anti-
xeroderma pigmentosum group D (XPD; D3Z6I, Cell Signaling Tech-
nology), rabbit anti-xeroderma pigmentosum group A (XPA; D9U5U,
Cell Signaling Technology), rabbit anti-DNA polymerase H (DNA
Pol �; E1I7T, Cell Signaling Technology), and rabbit anti-DNA-
binding protein 2 (DDB2; D4C4, Cell Signaling Technology). Load-
ing conditions were determined by GAPDH.

Proliferation, apoptosis, and senescence. The baseline condition of
these cellular parameters was measured in hiPSCs with p53 wild-type
(WT) and p53-TAD KO. For proliferation, cells were seeded in
96-well plates (3 � 103 cells/well) and cultured for 48 h. Dehydro-
genase activity as a measurement of cell proliferation was measured
with a MTS assay kit following the manufacturer’s protocol (G1112,
Promega). For apoptosis, cells were seeded in 96-well plates (3 � 103

cells/well) and cultured for 48 h. An apoptosis assay was performed
using the Annexin V apoptosis detection kit (BDB556547, Fisher
Scientific). For senescence, cells grown on Matrigel-coated coverslips
were fixed in 4% paraformaldehyde, and the fraction of cells that
reached replicative senescence and irreversible growth arrest was
evaluated by the expression of the senescence-associated protein
p16INK4a (Abcam).

DNA damage response and comet assay. For the DNA damage
response, cells were grown on Matrigel-coated coverslips, fixed in 4%
paraformaldehyde, and immunolabeled with a human anti-phospho-
histone H2A.X (Ser139, Cell Signaling Technology). A fraction of
�H2A.X-positive cells was counted using ImageJ software (National
Institutes of Health). The comet assay was performed using the
OxiSelect Comet Assay kit (Cell Biolabs). Cells were embedded in
agarose gel and placed on top of a microscope slide. Slides were
treated with alkaline lysis buffer to remove proteins and subsequently
immersed in Tris-EDTA buffer. Electrophoresis was performed to
induce the formation of comets. Slides were stained with Vista green
dye and analyzed by fluorescence microscopy (18). The distance
between the center of the head and the center of the tail, i.e., the tail
moment length, was measured with ImageJ using the comet assay
plugin. The tail moment was then calculated by the product of the
percentage of damaged DNA and the tail moment length.

Transcript analysis by RT-PCR. Total RNA was extracted from
cells with TRIzol reagent (Invitrogen) and used to quantify transcripts
of Oct4, Nanog, Sox2, and proliferation cell nuclear antigen (PCNA).
cDNA for mRNAs was obtained from 2 �g total RNA in a 20-�l
reaction using TaqMan Reverse Transcription Reagents (Thermo-
Fisher Scientific) and 100 pmol of oligo(dT)15 primer. This mixture
was incubated at 37°C for 2 h. Quantitative RT-PCR was performed
with the primers described below (see RT-PCR primers). The Eppen-
dorf realplx2 Real-Time PCR system was used. cDNA synthesized
from 100 ng total RNA was combined with Maxima SYBR Green
qPCR Master Mix (ThermoFisher Scientific) and 0.5 �M each of
forward and reverse primers. Cycling conditions were as follows:
95°C for 10 min followed by 40 cycles of amplification (95°C
denaturation for 15 s and 60°C annealing-extension for 1 min). To
avoid the influence of genomic contamination, forward and reverse
primers for each gene were located in different exons. Quantified
values were normalized against the input determined by the house-
keeping gene GAPDH.

RT-PCR primers. The following primers were used: human Oct4,
forward 5=-CAGTGCCCGAAACCCACAC-3= and 5=-GGAGAC-

CCAGCAGCCTCAAA-3=; human Sox2, forward 5=-GTCATTT-
GCTGTGGGTGATG-3= and reverse 5=-AGAAAAACGAGGGAA-
ATGGG-3=; human Nanog, forward 5=-CAGAAGGCCTCAGCAC-
CTAC-3= and reverse 5=-ATTGTTCCAGGTCTGGTTGC-3=; human
PCNA, forward 5=-TGTCGATAAAGAGGAGGAAGC-3= and re-
verse 5=- AAGAGAGTGGAGTGGCTTTTG-3=; human MDM2, for-
ward 5=-TGTTGTGAAAGAAGCAGTAGCA-3= and reverse 5=-
CCTGATCCAACCAATCACCT-3=; human cyclin-dependent kinase
inhibitor 1A (CDKN1A), forward 5=-AGTCAGTTCCTTGTG-
GAGCC-3= and reverse 5=-CATGGGTTCTGACGGACAT-3=; hu-
man p53-induced death domain protein, forward 5=-AAGGTTC-
CGTGGAGTCTGCT-3 and reverse 5=-CAGAGTGGTCAGGGTTC-
CAT-3=; human Bcl-2, forward 5=-CTGAGTACCTGAACCG-
GCA-3= and reverse 5=-GAGAAATCAAACAGAGGCCG-3=; human
Bax, forward 5=-CAGAGGCGGGGTTTCATC-3= and reverse 5=-
AGCTTCTTGGTGGACGCAT-3=; human insulin-like growth factor
1 receptor, forward 5=-GTACAACTACCGCTGCTGGA-3= and re-
verse 5=-TGGCAGCACTCATTGTTCTC-3=; human Bcl-2-binding
component 3 (BBC3), forward 5=-GTGTGGAGGAGGAGGAG-
TGG-3= and reverse 5=-TGTCGATGCTGCTCTTCTTG-3=; human
DNA-binding damage protein 2 (DDB2), forward 5=-ACCTCCG-
AGATTGTATTACGCC-3= and reverse 5=-TCACATCTTCTGC-
TAGGACCG-3=; human XPD, forward 5=-GGAAGACAGTATC-
CCTGTTGGC-3= and reverse 5=-CAATCTCTGGCACAGTTCT-
TGA-3=; human XPA, forward 5=-CCAGGACCTGTTATGGA-
ATTTGA-3= and reverse 5=-GCTTCTTGACTACCCCAAACTTC-
3=; and human DNA Pol H, forward 5=-GCTACTGGACAGGATC-
GAGTG-3= and reverse 5=-CACCACCCTTCCATGATTTGTA-3=.

Cell cycle analysis. Cells were collected, washed in PBS, and
resuspended at 1 � 106 cells/ml in propidium iodide (PI) staining
buffer (0.1% sodium citrate, 0.1% Triton X-100, and 20 �g/ml PI).
Cells then were treated with 20 �g/ml RNase at room temperature for
30 min. Cell cycle histograms were generated after analysis of
PI-stained cells by FACS with a BD FACSCalibur Analyzer. For each
culture, at least 1 � 104 events were recorded. Histograms generated
by FACS were analyzed by a Cell Cycle platform, FlowJo Software
(version 10.4.1), to determine the percentage of cells in each phase
(G1, S, and G2/M).

Data analysis. Data are presented as means � SD. Statistical analysis
was performed using SigmaStat v4.0 software. Data were initially tested
for normality (Shapiro-Wilk test) and equal variance for assignment to
parametric or nonparametric analysis. When the normality failed, the
Mann-Whitney rank-sum test was performed. Comet assay parameters
were also analyzed by one-way ANOVA followed by Kruskal-Wallis
one-way ANOVA on ranks. P � 0.05 was considered significant.

RESULTS

CRISPR/Cas9, guide RNA design, and p53-TAD KO. To
investigate the function of p53-TAD on DNA damage repair,
using CRISPR/Cas9 gene KO technology, we knocked out
p53-TAD in hiPSCs to generate a stable p53-TAD KO hiPSC
line. Guide RNA sequences flanking TADs of human p53 (Fig.
1, B and C) were designed and cloned into pLentiCRISPR, and
lentiviruses carrying p53-TAD sgRNA were produced as de-
scribed above in METHODS. To establish a stable p53-TAD KO
hiPSC line after puromycin selection, cells were sparsely
seeded, and individual colonies were picked and propagated.
Clones were screened for changes in the p53-TAD DNA
sequences. Out of several clones, one clone had 16 nucleotide
deletions at the TAD1 region and a single nucleotide addition
at TAD2 (Fig. 2A). The nucleotide deletion at TAD1 intro-
duced a new stop codon between TAD1 and TAD2, leading to
a premature termination of translation. This may lead to a
complete KO of p53; however, p53 RNA has several start
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Fig. 2. p53 transactivation domain (TAD) knockout (KO). A: diagram showing the deletion of 11 bp (red dashed lines and black arrowhead) in p53 TAD1 (bottom
left) and 1-bp addition (brown arrowhead) in TAD2 (bottom right). Box: single-guide (sg)RNA-binding site. B: amino acid sequence alignment of wild-type (WT)
p53 and p53-TAD KO. Open boxes denote TAD1 and TAD2. Shaded blue boxes denote the translation starting site. Shaded red boxes denote the translation
stop site. The bent arrow shows translation start site for truncated p53. C: Western blot analysis of p53 expression in puromycin-selected p53-TAD clones using
antibody specific to NH2-terminal (left) and COOH-terminal (right) domains of p53. HEK, human embryonic kidney; hiPSCs, human induced pluripotent stem
cells.
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codons, and the translation of RNA would resume from the
next immediate start codon (Fig. 2B and Supplemental Fig.
S1). The total protein lysate from these cells was subjected to
Western blot analysis using an antibody specific for the p53
NH2-terminal sequence. Three clones obtained out of several
clones showed p53-TAD KO (Fig. 2C, left). Upon further
analysis of these clones using a p53 COOH-terminal specific
antibody, one of the clones, clone 3, revealed a 53-kDa band
and an additional 47-kDa lower molecular weight band (Fig.
2C, right). The faint 53-kDa protein could be a p53 isoform.
The lower 47-kDa band would be the truncated p53 protein.
Collectively, DNA sequencing and Western blot analysis
clearly indicated that TADs of p53 were knocked out in
hiPSCs. Clone 3 was cultured, expanded, and used for further
experiments.

p53-TAD KO does not affect expression of hiPSC pluripo-
tent markers. We analyzed whether the deletion of p53-TAD
would damage the pluripotency of hiPSCs. p53-TAD KO
iPSCs were immunolabeled for the pluripotent markers Nanog,
Oct4, and Sox2 (Fig. 3A), and transcript expression of pluri-
potent markers were analyzed by quantitative real-time PCR
(Fig. 3B). Expression of these pluripotent markers in p53-TAD
KO cells were comparable to p53-WT hiPSCs.

Effect of p53-TAD KO on p53-regulated genes. Deletion of
p53-TAD impairs the expression of p53-regulated genes. To
characterize the p53-TAD KO cell, we analyzed the transcript
expression of various p53-regulated genes by RT-PCR. Ex-
pression of MDM2, CDKN1A (p21), and p53-induced death
domain were found to be downregulated; however, Bcl-2, Bax,
insulin-like growth factor 1 receptor, and Puma (BBC3) tran-
script expression levels were not affected in p53-TAD hiPSCs
compared with p53-WT hiPSCs (Fig. 3C). We also analyzed
p53-regulated DNA repair genes, such as XPA, DDB2, DNA
Pol �, and XPD. p53-TAD deletion in hiPSCs affected gene
expression of XPA and DDB2 but not DNA Pol � and XPD
(Fig. 3D). These data clearly conclude that the deletion of
p53-TAD specifically affects certain gene expression but not
all p53-regulated genes.

p53-TAD KO accelerates hiPSC proliferation. One of the
critical roles of p53 is cell cycle regulation. Deletion of p53 in
cells accelerates the growth of the cell in vitro and in vivo by
promoting cell cycle progression (7, 8, 35). We tested whether
p53-TAD deletion in hiPSCs would induce accelerated prolif-
eration and mimic the effects of total p53 gene KO. Prolifer-
ation of WT and p53-TAD KO hiPSCs were measured by
estimating NAD(P)H-dependent dehydrogenase enzyme activ-
ity using a MTS assay kit. Proliferation was 36% higher in
TAD-p53 KO than WT hiPSCs (Fig. 4A), but no significant
difference in cell death was observed (Fig. 4B). Because of
increased proliferation, the average population doubling time
reduced from 16.6 h (WT hiPSCs) to 10.7 h in TAD-p53 KO
hiPSCs (Fig. 4C). However, the p53-regulated PCNA tran-
script did not show a significant change in expression (Fig.

4D). These data clearly show that because of the functional
loss of p53 in p53-TAD KO, hiPSC cycle regulation was
impaired, leading to increased proliferation and decreased
population doubling time. Collectively, the proliferation, pop-
ulation doubling time, RT-PCR, and immunolabeling data
show that p53-TAD deletion does not affect pluripotency of
hiPSCs but accelerates cell cycle progression.

p53-TAD KO affects DNA damage repair. Next, we ana-
lyzed whether upstream of p53 in the DNA damage repair
process is affected by p53-TAD deletion in hiPSCs. To induce
DNA damage, doxorubicin (Doxo), a chemotherapeutic agent
that is coupled with the formation of DNA strand breaks, was
used. Both p53-WT and p53-TAD KO hiPSCs were exposed to
the low dose of 0.25 �mol/l Doxo, and cell lysis was subjected
to Western blot analysis. Expression of total Chk2 was com-
parable in both cell types. Chk2 underwent phosphorylation, a
key mediator of DNA damage response (32), in both cell
groups after Doxo treatment. However, levels of phosphory-
lated Chk2 were significantly higher in p53-TAD KO hiPSCs.
Moreover, Rad50 and Mre11, the major components of the
MRN complex that is recruited by the Chk2 at damaged DNA
sites, were not found to be affected (Fig. 5A). Analysis of
p53-regulated DNA repair proteins revealed that XPA, DNA
Pol �, and DDB2 expression were significantly reduced at the
basal level, whereas expression of XPD was not affected in
p53-TAD KO hiPSCs. Interestingly, Doxo treatment had no
effect on p53-regulaed DNA repair proteins in both p53-WT
and p53-TAD KO hiPSCs except for XPA in WT cells (Fig.
5B). The �H2A.X protein accumulates at regions of DNA
strand breaks, allowing the recognition of DNA damage (25,
28). Localization of �H2A.X at sites of DNA damage was
present in Doxo-treated p53-TAD KO hiPS cells, indicating
that assembly of �H2A.X is not affected by the deletion of
p53-TAD (Fig. 5C). These data clearly show that activation
and recruitment of DNA repair proteins were not affected by
deletion of p53-TAD in hiPSCs.

To determine whether deletion of p53-TAD in hiPSCs af-
fected DNA repair, both p53-WT and p53-TAD KO hiPSCs
were treated with Doxo, and DNA damage was measured using
a comet assay after 72 h of recovery (Fig. 5D). iPSCs were
embedded in agarose on microscope slides and lysed to form
nucleoids. After electrophoresis, slides were stained with Vista
green dye, and comets were identified using fluorescence
microscopy (Fig. 5E). The fluorescence intensity of the tail
(damaged DNA) relative to the head (intact DNA) reflects the
percentage of DNA damage. The distance between the center
of the head and the center of the tail, i.e., the tail moment
length, indicates the frequency of DNA strand breaks. Tail
moment was calculated by the product of the percentage of
damaged DNA and tail moment length. Tail moment provides
a parameter that comprises both the extent of DNA damage and
frequency of DNA strand breaks; this index was found to be
comparable at baseline and to increase similarly in WT and

Fig. 3. p53 transactivation domain (TAD) deletion does not affect pluripotent markers in human induced pluripotent stem cells (hiPSCs). A: representative images
of Oct4-, Sox2-, and Nanog-immunolabeled (red) p53-TAD knockout (KO) hiPSCs. Phalloidin is shown in green; the nucleus is shown in blue. B�D: mRNA
transcript levels of pluripotent markers (B), p53-regulated genes (C), and p53-regulated DNA repair genes (D) in wild-type (WT) and p53-TAD KO hiPSCs as
measured by RT-PCR. Symbols denote plotted values. Data are means � SD; n 	 3. *P � 0.05 vs. WT. RQ, relative quantity; a.u., arbitrary units; CDKN1A,
cyclin-dependent kinase inhibitor 1A; PIDD, p53-induced death domain; XPA, xeroderma pigmentosum group A; DDB2, DNA-binding protein 2; IGF1R,
insulin-like growth factor 1 receptor; DNA Pol �, DNA polymerase H; XPD, xeroderma pigmentosum group D; BBC3, Bcl-2-binding component 3.
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p53-TAD KO iPSCs after Doxo. Tail moment decreased dra-
matically in cells expressing p53-WT but remained high in
cells with p53-TAD deletion after 72 h of recovery Fig. 5F).
Importantly, after recovery, the number of �H2A.X-positive
cells was found to be significantly higher in p53-TAD KO cells
compared with WT-p53 iPSCs (Fig. 5G, H). Collectively, these
data clearly indicate that deletion of p53-TAD affects the repair
of DNA damage.

p53-TAD KO induces senescence in hiPSCs. Accumulation
of DNA damage leads to cellular senescence (15). p53-TAD
deletion leads to loss of DNA repair mechanisms. To deter-
mine whether continuous culture of p53-TAD deletion after the
removal of Doxo would push the cell to permanent cell cycle
arrest, both WT-p53 cells and p53-TAD cells were immuno-
labeled for the cellular senescence marker p16INK4a. The frac-
tion of p16INK4a-positive p53-TAD cells was significantly
higher compared with hiPSCs expressing WT-p53 (Fig. 6, A
and B). Analysis of cell cycle using FACS revealed a signifi-
cant amount of p53-TAD KO cells arrested at the G2/M phase
because of accumulation of DNA damage compared with
p53-WT hiPSCs (Fig. 6, C and D). These data clearly imply
that because of the loss of DNA repair processes and accumu-
lation of damaged DNA in p53-TAD KO cells, these cells
eventually become senescent by expressing the cellular senes-
cence marker p16INK4a.

DISCUSSION

Proper functioning of the organism is dependent on the
presence of efficient mechanisms regulating the life processes
of each cell within it, and, undoubtedly, p53 protein plays a
primary role in regulating the multiple processes that occur,
even at the organ level. p53 protects against the reproduction of
cells with genome changes that result from DNA damage by
stopping the cell cycle and inducing the activation of cell repair
mechanisms as well as inducing cell death. In our study, we
investigated the role of the TAD of p53 in DNA integrity and
repair in iPSCs. For the first time, we have shown that the TAD

of p53 can be deleted in hiPSCs using CRISPR/Cas9 gene KO
technology and that clones of p53-TAD KO hiPSCs can be
established. As a result of loss of function of p53 because of
p53-TAD deletion, cells showed accelerated proliferation, a
well-documented phenomenon. Western blot analysis of p53-
TAD KO clones, using an antibody specific for NH2-terminal
p53, revealed an absence of p53 but reappeared when analyzed
using a COOH-terminal p53 antibody. This clearly shows that
the expression of other isoforms containing the p53 COOH-
terminal are not affected in p53-TAD KO cells. When a
domain is deleted from a protein, the remaining protein is
expected to be expressed and runs as a lower molecular band
in SDS-PAGE gels. With the COOH-terminal p53-specific
antibody, a truncated 47-kDa p53 band was revealed in p53-
TAD KO cells, which is the TAD-deleted p53 protein.

DNA damages are repaired in eukaryotes by the collabora-
tive action of mechanisms centered on homologous recombi-
nation or nonhomologous end joining (14, 16). An extremely
conserved MRN complex containing the proteins Mre11,
Rad50, and Nbs1 plays critical roles in DNA damage repair (5,
29). Preceding these highly structured processes, the random
broken ends of DNA needs to be identified and processed.
MRN complex proteins are involved in the preliminary pro-
cessing of DNA strand breaks, owing to their nuclease action
and DNA-binding ability (5, 21). These events dwell in Mre11
protein and moderately depend on collaboration of Mre11
through Rad50 ATPase. The MRN complex adheres to the
sites of DNA strand breaks immediately after their induction,
and this process is independent of ataxia telangiectasia mutated
serine/threonine kinase (ATM) (21) and precedes p53 activa-
tion (5, 21). In our analysis, Mre11 and Rad50 expression
levels were unaltered in p53-TAD KO hiPSCs indicating that
deletion of p53-TAD has no effect on MRN complex proteins.
Chk2, a key mediator of the DNA damage response, was also
activated in both cell groups after Doxo treatment (32). Simi-
larly, histone protein H2AX, which is rapidly phosphorylated
after DNA damage (25, 28) and recruited at the sites of DNA

Fig. 4. p53 transactivation domain (TAD) deletion
enhances the growth properties of human induced
pluripotent stem cells (hiPSCs). A and B: cell pro-
liferation (A) and death (B) measured in both wild-
type (WT) and p53-TAD knockout (KO) hiPSCs. C:
population doubling time (PDT) in WT and p53-
TAD KO hiPSCs. D: mRNA transcript levels of
proliferation cell nuclear antigen (PCNA) in both
WT and p53-TAD KO hiPSCs measured by RT-
PCR. Symbols denote plotted values. Data are
means 
/� SD; n 	 3. *P � 0.05 vs. WT.
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breaks, was not affected in p53-TAD KO cells. Therefore,
upstream of p53 in the DNA damage repair mechanism is not
affected in p53-TAD KO iPSCs. The p53-dependant DNA
repair proteins XPA and XPD play crucial roles in the nucle-
otide excision repair system (4). Upon p53-TAD deletion,
hiPSCs lost the ability to express XPA, DNA Pol �, and DDB2
but not XPD. However, XPD expression levels did not increase
in either cell group, indicating that XPD has no significant role
in iPS DNA repair. Although it is very much possible that XPA
may have a significant role in hiPS DNA repair, at this point it
is difficult to conclude its function because a significant in-
crease in XPA protein expression was not observed in Doxo-
treated cells. Therefore, further specific gene KO studies are
necessary to confirm such claims.

In our study, a milder dose of Doxo induced significant
DNA damage in both WT and p53-TAD KO hiPSCs. After 72
h of recovery, only WT hiPSCs corrected their damaged DNA,
whereas p53-TAD KO hiPSCs did not undergo complete DNA
damage repair. This ensures the necessity of functional p53-
TAD to repair damaged DNA by cells. Recently, Gong et al.
(10), using a zebrafish p53 isoform �113p53/�133p53 trans-
genic model, showed that in response to DNA damage, p53
isoform �113p53/�133p53 promotes DNA double-strand
break repair and protects cells from death and senescence.
However, to our knowledge, ours is the first report to show the
direct role of p53-TAD in the DNA repair process.

Functional impairment of the DNA damage mechanism both
in vitro (19) and in vivo (17) leads to an accumulation of

Fig. 5. p53 transactivation domain (TAD) deletion impairs DNA damage repair in human induced pluripotent stem cells (hiPSCs). A and B, left: Western blots
of Rad50, Mre11, phosphorylated checkpoint kinase 2 (p-Chk2) at Thr68, and total Chk2 (A) as well as xeroderma pigmentosum group D (XPD), xeroderma
pigmentosum group A (XPA), DNA-binding protein 2 (DDB2), and DNA polymerase H (DNA Pol �) (B) in wild-type (WT) and p53-TAD knockout (KO)
hiPSCs with and without doxorubicin (Doxo) treatment. Western blot quantifications are shown on the right. Data are means � SD; n 	 3 in all cases. *P �
0.05 vs. the respective nontreated cells; †P � 0.05 vs. WT; ‡P � 0.05 vs. WT 
 Doxo. C: p53-TAD hiPSCs were immunolabeled for �H2A.X (green; left)
and counterstained with DAPI (blue; right). D: schematic of DNA damage repair methodology. E: nucleoids in WT hiPSCs and p53-TAD KO hiPSCs treated
with Doxo (top) and after recovery (bottom) were stained with Vista green dye (green). Comets were apparent with Doxo and after recovery of p53-TAD KO
hiPSCs, whereas intact DNA was noted in WT hiPSCs after recovery. F: tail moment of WT hiPSCs and p53-TAD KO hiPSCs nuclei at baseline (control), after
Doxo, and after recovery. a.u., arbitrary units. Symbols denote plotted values. Data are means � SD; n 	 3 in all cases. *P � 0.05 vs. control; **P � 0.05 vs.
Doxo. G: representative micrograph of hiPSCs immunolabeled for �H2A.X (green; left) and nuclei stained with DAPI (blue; right). H: fraction of WT p53 and
p53-TAD KO hiPSCs positive for �H2A.X. Symbols denote plotted values. Data are means � SD; n 	 3 in all cases. *P � 0.05 vs. WT.
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damaged DNA, which induces premature aging and expression
of the cellular senescent marker p16INK4a (2). In agreement
with a previous finding (19), we also observed that prolonged,
continuous culture of p53-TAD hiPSCs arrest at G2/M, express
p16INK4a, and become senescent. The role of p53-TAD in the
accumulation of DNA damage induced cellular aging in hiPSCs
has never been reported. Here, we clearly show that p53-TAD
deletion in hiPSCs leads to DNA damage accumulation and drives
the cells to cellular senescence. Because both TADs were deleted
in p53-TAD KO hiPSCs, the findings that 1) the necessity of
p53-TAD for DNA repair and integrity and 2) p53-TAD prevents
cellular senescence should be attributed to both TAD1 and TAD2.
However, given the role of TAD1 in apoptosis, we can speculate
that TAD2 alone is responsible for the above-stated functions. In
any case, to distinguish the roles of TAD1 and TAD2 on DNA
repair, further studies are warranted.

Recently, Nakada et al. (22) demonstrated that a hypoxic
regime reduces mitochondrial metabolism and promotes pro-
liferation in cardiomyocytes, resulting in increased regenera-

tion after myocardial infarction in mouse models. Furthermore,
the report showed that systemic hypoxemia in mice resulted in
inhibition of oxidative metabolism, decreased production of
reactive oxygen species and oxidative DNA damage, and
reactivation of cardiomyocyte mitosis (22). Therefore, prevent-
ing oxidative DNA damage or promoting DNA damage repair
has great potential in cardiac regeneration. However, the in-
duction of prolonged hypoxia is poorly tolerated (22), and
organ/cell type-specific hypoxia induction in mammalians is
merely impossible. Here, we showed that p53-TAD plays a
crucial role in DNA repair and integrity. Small molecules that
can selectively activate p53-TAD to promote DNA repair and
integrity can be designed and developed to overcome this
critical clinical issue.

Conclusions. iPSCs and iPS-derived cells have immense
potential in regenerative medicine, including cardiac regener-
ation (24). Reprogramming-induced genome instability in
iPSCs causes tumor formation in vivo (1). This major clinical
issue complicates the use of iPS-derived cells to regenerate the

Fig. 6. p53 transactivation domain (TAD) deletion affects the senescence of human induced pluripotent stem cells (hiPSCs). A: representative micrographs of
p53-TAD knockout (KO) hiPSCs immunolabeled for p16INK4a (green); nuclei were stained with DAPI (blue). B: fraction of wild-type (WT) and p53-TAD KO
hiPSCs positive for p16INK4a. C: cell cycle arrest as analyzed by FACS. D: fraction of WT hiPSCs and p53-TAD KO hiPSCs in G1, S, and G2/M cell cycle phases.
Data are means � SD. *P � 0.05 vs. WT.
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injured myocardium. Our findings clearly show that p53-TAD is
required for the cells to retain DNA integrity, and, to our knowl-
edge, this is the first report showing the direct role of p53-TAD on
DNA repair mechanisms. Small molecule-based p53-TAD acti-
vators could promote DNA integrity in iPSCs and iPS-derived
cells. Before cell transplantation, for the purpose of cardiac re-
generation, cells can be treated to promote DNA integrity and
prevent tumor formation by transplanted cells.
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