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In vitro growth assay

Cells were seeded in triplicate in 12-well plates at a concentration of 3 X 10* cells per well.
Cells were collected at days 2, 4, 6 and 8, and viable cells, as assessed by trypan blue
exclusion, were counted in a haemocytometer.
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Gene silencing in eukaryotes is associated with the formation of
heterochromatin, a complex of proteins and DNA that block
transcription. Heterochromatin is characterized by the methyl-
ation of cytosine nucleotides of the DNA, the methylation of
histone H3 at lysine 9 (H3 Lys 9), and the specific binding of
heterochromatin protein 1 (HP1) to methylated H3 Lys 9 (refs 1—
7). Although the relationship between these chromatin modifi-
cations is generally unknown, in the fungus Neurospora crassa,
DNA methylation acts genetically downstream of H3 Lys 9
methylation®. Here we report the isolation of KRYPTONITE, a
methyltransferase gene specific to H3 Lys 9, identified in a mutant
screen for suppressors of gene silencing at the Arabidopsis
thaliana SUPERMAN (SUP) locus. Loss-of-function kryptonite
alleles resemble mutants in the DNA methyltransferase gene
CHROMOMETHYLASE3 (CMT3)°, showing loss of cytosine
methylation at sites of CpNpG trinucleotides (where N is A, C,
G or T) and reactivation of endogenous retrotransposon
sequences. We show that CMT3 interacts with an Arabidopsis
homologue of HP1, which in turn interacts with methylated
histones. These data suggest that Cp)NpG DNA methylation is
controlled by histone H3 Lys 9 methylation, through interaction
of CMT3 with methylated chromatin.

Heterochromatin contains a characteristic set of post-translat-
ional histone modifications including H3 Lys 9 methylation, which
is carried out by the SET domains of the Su(var)3-9 class proteins"*.
Genetic studies show that Su(var)3-9 proteins are essential for
proper assembly of heterochromatin. For example, Drosophila
su(var)3-9 mutants suppress a silencing phenomenon called pos-
ition effect variegation (PEV)', and clr4 mutants de-repress silent
mating-type loci in Schizosaccharomyces pombe'>'>. Mice lacking
SUV39h genes show defects in pericentromeric heterochromatin,
chromosome instabilities, and increased tumorigenesis'®. The ‘his-
tone code” hypothesis®* proposes that histone modifications direct
the binding of specific proteins that mediate chromatin function.
For instance, the chromo domain of HP1 has been shown to
specifically bind methylated H3 Lys 9, and this binding is essential
for heterochromatin formation in vivo™~’. Here we provide evidence
that a histone code influences the enzymes that methylate DNA.

We performed a screen for ethylmethane sulphonate (EMS)-
induced suppressors of an epigenetic allele of the SUP locus (the
clark kent-st allele, clk-st)>'. clk-st plants show defects in the
number of floral organs (Fig. 1a) owing to cytosine methylation
and silencing of the SUP gene. In clk-st, SUP is methylated not only
at CpG dinucleotides but also at CpNpG sites and asymmetric sites
(cytosines not present in CpG or CpNpG contexts). We previously
reported that nine clk-st suppressor mutants were loss-of-function
alleles of the DNA methyltransferase CHROMOMETHYLASE3
(CMT3)°. ¢mt3 mutants reduce CpNpG DNA methylation and
reactivate the expression of SUP, PAI2 and a subset of retrotrans-
posons®'®. Further analysis of the clk-st suppressor mutants identi-
fied three alleles of a new locus, which we have named
KRYPTONITE (KYP) (Fig. la). These mutants, kyp-1 to kyp-3, are
recessive and show similar phenotypes, suggesting that they are loss-
of-function mutants. The kyp-2 mutant also suppresses a different
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clark kent allele, clk-3 (ref. 14). Other than suppression of the clk
phenotype, the kyp mutants did not exhibit morphological defects
even after extensive inbreeding.

The KYP gene was cloned and found to code for a protein of 624
amino acids containing a SET domain (Fig. 1b, ¢). A phylogenetic
study of Arabidopsis SET proteins suggests that KYP is most similar
to the Su(var)3-9 class of histone H3 Lys 9 methyltransferases'®. This
study described nine related Arabidopsis sequences listed as
SU(VaR)3-9 homologues 1-9, with KYP listed as number 4. Align-
ment of KYP with several H3 methyltransferases shows conserva-
tion of sequences critical for in vitro methylase activity including the
cysteine-rich pre-SET and post-SET motifs and specific residues
within the SET domain (Fig. 1¢c)"2

To test whether KYP methylates histones, we expressed a fusion
protein of glutathione S-transferase (GST) and the KYP SET
domain, and performed in vitro methylation assays. Similar to a
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Figure 1 KRYPTONITE mutants. a, A clk-st flower containing nine stamens and a
defective gynoecium and a kyp-7-suppressor mutant flower showing the normal six
stamens and a normal gynoecium. b, KYP amino acids 1-332, showing a nuclear
localization signal (underlined) and the YDG domain (blue)'®. ¢, KYP amino acids 333—
624 constituting the pre-SET, SET and post-SET domains, aligned with four histone H3
methyltransferases, human SUV39h1 (NP_003164), Schizosaccharomyces pombe Clrd
(T43745), human G9a (NP_006700) and Neurospora DIM5 (AF419248). Asterisks in the
pre-SET and post-SET domains mark conserved cysteines and those in the SET domain
mark residues important for methylase activity'. Triangles mark splice junctions affected
in kyp-1and kyp-2.
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GST-SUV39h1 control, GST-KYP methylated histone H3 (Fig.
2a). GST-KYP did not methylate histones H1, H2A, H2B or H4.
KYP also methylated a GST fusion protein containing the 57 amino-
terminal amino acids of histone H3, but not a mutant fusion protein
in which Lys 9 was mutated to arginine (Fig. 2b)"". Thus, like other
Su(var)3-9 class proteins, KYP is a H3 Lys 9 methyltransferase. All
three kyp alleles are predicted to reduce or eliminate the function of
the SET domain (Fig. 1c), suggesting that H3 Lys 9 methyltransfer-
ase activity is critical for KYP function.

We determined the effect of kyp on DNA methylation using both
bisulphite genomic sequencing and Southern blot analysis using
methylation-sensitive restriction enzymes. A bisulphite sequencing
analysis of the SUP gene, comparing the methylation profiles of kyp-
1 with those of the ¢mit3-7 and metl mutants (metl is a recessive
allele of the DNMT1-like MET1 CpG methyltransferase'®*~*"), is
shown in Fig. 3a. In the kyp-1 mutant, SUP showed a loss of DNA
methylation in all sequence contexts, but the loss of CpNpG
methylation and asymmetric methylation was stronger than that
of CpG methylation. Thus the kyp methylation phenotype
resembles that of ¢mt3 more than that of metI.

The kyp mutants (like cmt3 mutants) did not develop the late
flowering phenotype characteristic of reactivation of the normally
methylated and silenced FWA locus®”'. In wild-type plants, FWA is
methylated within two direct repeats of its promoter at CpG sites
(88%) and to a lesser extent at CpNpG sites (20%)>'. This contrasts
with SUP, which is methylated predominantly at CpNpG sites’. To
test whether kyp mutants affect CpG methylation at FWA, we
performed a Southern blot analysis of two methylation-sensitive
Cfol restriction sites that contain CpG within their recognition
sequences (Fig. 3b). The pattern of enzyme digestion was similar in
kyp-1, kyp-2 and clk-st, showing that neither kyp allele affects CpG
methylation. We assayed CpNpG methylation at FWA with the
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Figure 2 Methyltransferase activity of KRYPTONITE. a, Methyltransferase activity of
GST, GST—KYP (amino acids 291—-624), GST-SUV1 (SUV39h1, amino acids 82-412),
and GST—SUV1(H320R)' fusion proteins with histone substrates and the methyl donor
S-adenosyl-(methyl-"C)-L-methionine. Arrowhead marks Coomassie-stained purified
proteins (top). Individual histones are indicated. Fluorography (bottom) indicates
methyltransferase specificity for histone H3. b, GST—KYP methyltransferase assays using
GST—H3 fusion protein substrates, H3N (57-amino-acid H3N terminus) and K9R (H3N
terminus with a mutation to arginine at Lys 9). Arrowhead indicates GST—KYP fusion
protein. Bullet indicates GST—H3 fusion proteins. Fluorogram shows that GST—KYP
methylates wild-type but not Lys 9-mutant fusion proteins.
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Figure 3 Effect of kryptonite on DNA methylation and retrotransposon activation.

a, Bisulphite sequence analysis showing the methylation of SUP in different mutant
backgrounds. b, ¢, Southern blot of Cfol- (b) and Bgll-digested (¢) genomic DNAs probed
with FWA?'. The hypomethylated fwa- 7 mutant?' is included as an unmethylated control.
kb, kilobases. d—f, Southern blot of Hpall- and Mspl-digested genomic DNAS probed with
a 180-base-pair centromeric repeat (d)??, an Athila long terminal repeat (€)° or Ta3 (#°.
g, RNA blot hybridized with a TSI probe.
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methylation-sensitive enzyme Bglll, and found that kyp-1, kyp-2
and cmt3-7 all showed a significant increase in digestion relative to
the control strain clk-st. Thus, like cmt3 mutants, the kyp mutants
decreased CpNpG methylation but not CpG methylation of FWA.
We confirmed these results by bisulphite sequencing the FWA locus
from kyp-1 plants. We found levels of CpG methylation comparable
to wild type, but lower CpNpG methylation.

We next studied the effect of kyp on satellite methylation using a
180-base-pair centromere repeat probe** and the isoschizomers
Hpall and Mspl, which recognize 5'-CCGG-3'. Hpall is inhibited
by methylation of either the inner (CG) or the outer (CCG) cytosine
of the recognition site, whereas Mspl is sensitive only to methylation
of the outer cytosine, and thus detects CpNpG methylation. Similar
to ¢mt3 mutants’, kyp-1 and kyp-2 mutants show a small but
reproducible increase in Mspl digestion but not Hpall digestion,
indicating that kyp mutants reduce CpNpG but not CpG methyl-
ation at centromeric repeat sequences (Fig. 3d). We also detected
increased Mspl but not Hpall cleavage in kyp-1, kyp-2 and cmt3-7
mutants at two additional sequences tested, a highly repetitive
Athila retrotransposon long terminal repeat sequence (Fig. 3e)’
and the single-copy Ta3 retrotransposon (Fig. 3f).

a GST-CMT3 GST-HP1B GST-LHP1
chromo chromo chromo
H3 H3m H3 H3m H3  H3m
— el
b GST GST-CMT3 GST-CMT3 GST-HP1B GST-LHP1
control chromo full chromo chromo
H3 H3m H3 H3m H3 H3m H3 H3m H3 Ham

o -9

c 6His-LHP1 6His-GFP
GST-CMT3  GST GST-CMT3
in pd ft pd ft in pd ft

© &P (am)
CMT3
\ )~
_w DNA methylation

Histone methylation = /o

Figure 4 Interaction of CMT3 with histones and LHP1. a, Histone H3 peptide pull-down
assays. Equivalent amounts of the indicated purified GST fusion proteins were mixed with
matrices containing either unmodified histone H3 N-terminal peptides (H3) or Lys 9-
methylated peptides (H3m)®, and bound proteins were detected with anti-GST antibodies.
b, Biotinylated H3 N-terminal peptides (H3) or biotinylated Lys 9-methylated peptides
(H3m) were mixed with glutathione-agarose-bound GST fusion proteins, and bound
peptides were detected with streptavidin horseradish peroxidase (HRP). ¢, GST—CMT3
pull-down assays. Purified His-tagged LHP1 or His-tagged GFP fusion proteins were
mixed with glutathione-agarose-bound GST fusion proteins, and bound proteins were
detected with INDIA HisProbe-HRP. Approximately 5% of input proteins (in), 100% of
bound proteins (pd), and 5% of flow-through (ft) fractions are shown. d, Model showing
the proposed interaction of CMT3 with methylated histones by binding to LHP1.
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Thus the methylation phenotype of kyp resembles that of cmt3: a
loss of CpNpG methylation. However, the effect of kyp on CpNpG
methylation was weaker than that of cmt3-7 at most loci tested (Fig.
3). Furthermore, kyp-1 showed a greater loss of CpG and asym-
metric methylation at SUP (Fig. 3a), suggesting that, at some loci, its
effects on DNA methylation are more general than those of cm#3-7.

Similar to the ¢mt3 mutants, we found that kyp mutants induced
a low level of expression of two retrotransposon-related sequences,
an Athila sequence called TSI (ref. 23) (Fig. 3g) and the Ta3
sequence’ (not shown). These results further demonstrate that
KYP and CMT3 affect silencing at an overlapping set of loci.

The close similarity in methylation and silencing phenotypes of
kyp and c¢mt3 mutants prompted us to examine the relationship
between CMT3 and methylated histones. CMT3, like HP1, contains
a chromo domain®, suggesting the possibility that CMT3 binds
directly to methylated H3 Lys 9, thereby directing the methylation of
CpNpG sites. To examine this possibility, we first tested for the
ability of an in vitro translated CMT3 chromo domain (amino acids
329-490) and full-length in vitro translated CMT3 to bind matrices
containing either K9 di-methylated or unmethylated H3 N-terminal
peptides. Under previously published conditions®, we did not detect
specific binding to either matrix. Using a different approach, we
expressed full-length CMT3, the CMT3 chromo domain (amino
acids 366—-448), and a mouse HP1# chromo domain (amino acids
10—-80) as GST fusions in Escherichia coli. The HP18 chromo
domain fusion protein bound specifically to a matrix containing
methylated histone H3 peptides, but the full-length CMT3 and the
CMT3 chromo domain fusion proteins did not (Fig. 4a and not
shown). Finally, we reversed the experiment and tested whether
methylated or unmethylated biotinylated peptides could bind to the
same GST fusion proteins affixed to glutathione-agarose beads. The
H3 Lys 9-methylated peptide bound to the HP1 chromo domain
fusion but not to the CMT3 fusion proteins (Fig. 4b). Thus, unlike
HP1, the CMT3 chromo domain did not bind specifically to
methylated histone H3 under the conditions tested. Several other
chromo domains also do not bind methylated histones, including
those in the proteins murine PC1 and Suv39hl (ref. 5), M33 and
Mi2 (ref. 6), and Esal (ref. 7). Furthermore, chromo domains are
proposed to have other functions such as binding to RNA in the case
of the histone acetyltransferase MOF*>.

Arabidopsis possesses a homologue of HP1 (LHP1) that, like HP1
from other organisms, localizes to discrete subnuclear foci and
homodimerizes through its chromo shadow domain®. We found
that the LHP1 chromo domain (a GST fusion protein containing
LHP1 amino acids 54—183) specifically binds to methylated H3 Lys
9 (Fig. 4a, b). Thus a second possible explanation for the resem-
blance of kyp and cmt3 is that CMT3 interacts with LHP1, thereby
targeting CMT3 to methylated histones. To test this, we expressed
His-tagged full-length LHP1 and performed pull-down assays with
GST-CMTS3. Figure 4c shows that 6His-LHP1 bound GST-CMT3
but not GSTalone. A control protein, 6His—GFP, did not bind to the
GST-CMT3 matrix. We also found that in vitro translated full-
length CMT3 bound to a GST-LHP1 fusion protein but not to GST
alone, and that in vitro translated full-length LHP1 bound to GST -
CMTS3 but not GST alone (not shown). Therefore, CMT3 binds to
LHP1 in vitro. This suggests a model (Fig. 4d) in which CMT3 is
targeted to methylated chromatin through an interaction with
LHPI. Human HP1 can distinguish between different types of H3
Lys 9-methylated heterochromatin, binding in vivo to constitutive
heterochromatin such as centromeric regions, but not to facultative
heterochromatin such as the inactive X chromosome®. Therefore,
the interaction of CMT3 with LHP1 may serve to target CpNpG
methylation to particular chromosomal domains.

Our results show that the KYP histone H3 Lys 9 methyltransferase
is required for maintenance of DNA methylation. Studies of the
DIM5 H3 methyltransferase in Neurospora demonstrated an inti-
mate relationship between histone methylation and DNA methyl-
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ation, because loss of DIM5, as well as mutation of Lys 9 of histone
H3, resulted in a complete loss of DNA methylation in vivo®. Our
results extend these findings to the plant kingdom, suggesting that a
relationship between histone methylation and DNA methylation is
conserved throughout higher eukaryotes. However, unlike the
general loss of DNA methylation observed in dim5SQI4, kyp
mutants show a specific loss of CpNpG methylation, a phenotype
similar to that of loss-of-function alleles of the CMT3 DNA
methyltransferase gene. One possible explanation for this finding
is that, in plants, only CpNpG methylation is controlled by histone
H3 Lys 9 methylation. Alternatively, the more subtle effects of kyp
mutants on DNA methylation might be explained by the presence of
eight additional KYP homologues in the Arabidopsis genome'®, one
or more of which might function in the control of DNA methylation
in other contexts such as at CpG sites.

Our data suggest that loss of CpNpG methylation in the kyp
mutants results from lack of targeting of CMT3 to methylated
histones, possibly through an interaction with an Arabidopsis HP1
homologue. The central role that HP1 plays in chromatin biology of
animals and fungi suggests that recruitment of DNA methyltrans-
ferases to chromatin by HP1 could be a general eukaryotic
phenomenon.

Methods

Polymerase chain reaction (PCR) primers and PCR-based molecular markers are listed in
Supplementary Information.

Characterization of the kryptonite alleles

We cloned the KYP gene by fine-scale mapping the kyp-2 allele and sequencing the
candidate genes. kyp-2 was mapped by crossing to a Columbia sup-2 strain as described”.
We analysed 1,436 chromosomes (718 kyp-2 homozygous F, plants) with a series of PCR-
based molecular markers to narrow the KYP-containing region to between a marker on
bacterial artificial chromosome (BAC) clone sequence MXE10 and one on BAC clone
sequence MUA22. This defined an interval of 141 kilobases (kb) that contained only one
additional BAC clone sequence, MAC12, which contains the KYP gene (MAC12.7;
GenBank accession number AB005230). A description of the molecular nature of each kyp
allele is provided in Supplementary Information.

Histone methyltransferase assays

A GST-KYP fusion construct was made by cloning KYP (amino acids 281-625) into the
BamHI and EcoR1 sites of pGEX2TK by RT—PCR (PCR with reverse transcription of
RNA) from DNase-treated total RNA of Landsberg erecta (Ler)-strain inflorescences, and
confirmed by sequencing. The GST-SUV1 (82-412) and GST-SUV1(H320R) (a mutant
version in which histidine 320 is mutated to arginine) constructs' were a gift of

T. Jenuwein. Recombinant proteins were expressed and purified on glutathione-agarose
beads (Pierce) as described'. In vitro histone methyltransferase reactions were performed
as described' and proteins were separated by 18% SDS—PAGE and visualized by
Coomassie staining and fluorography. Histone methyltransferase reactions on

GST-H3 fusion proteins'” (a gift of Y. Shinkai) were performed using similar reaction
conditions.

Analysis of DNA methylation

Genomic DNA was isolated from leaves of 4-week-old flowering plants of all genotypes.
For the results reported in Fig. 3a, bisulphite sequencing on the top strand of a 1,028-
nucleotide region of SUP was performed as previously described’, with 15 independent
cloned PCR products of each region analysed. kyp-1 and cmt3-7 were in a homozygous
clk-st background and met1 was a previously described line in a clk background’. Detailed
data supporting the graphical presentation in Fig. 3a can be found in Supplementary
Information Table 1. Bisulphite sequencing of FWA was as previously described”, and the
data reported in the text are from an analysis of eight cloned PCR products.

RNA blot analysis

For Fig. 3g, total RNA was isolated from 4-week-old plants of each genotype, 40 pg of RNA
was loaded per lane, and a blot was probed with a TSI probe®. As we observed previously
with this probe’, there was a less-abundant TSI transcript of about 2.4 kb detected in the
clk-st strain.

Histone peptide binding assays

GST fusion constructs were made by cloning fragments of CMT3, HP18 and LHP1 into
the BamHI and EcoR1 sites of pGEX2TK, and clones were confirmed by DNA sequencing.
Affinity matrices were generated by coupling unmodified H3 N-terminal (residues 1-20)
or K9 dimethyl peptides (a gift of T. Jenuwein) to SulfoLink Coupling Gel (Pierce) as
described by the manufacturer. Binding conditions, buffers, and wash conditions for
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experiments shown in Fig. 4a, b were exactly as described’, except that the binding and
washing buffer for the GST-LHP1 results shown in Fig. 4a consisted of 50 mM sodium
phosphate and 25 mM NaCl at pH 6.0. For Fig. 4a, bound proteins were separated by 4—
20% gradient SDS—PAGE, blotted, and detected with an anti-GST monoclonal antibody
(Pierce). For Fig. 4b, the bound biotinylated peptides (Upstate Biotechnology) were
separated by 18% SDS—PAGE, blotted, and detected with streptavidin HRP conjugate
(Upstate Biotechnology).

Interaction of CMT3 with LHP1

A six-histidine fusion construct was made by cloning full-length LHP1 into the Xhol and
Pstl sites of pRSETB, and expressed in E. coli strain BL21. Proteins were purified on Ni-
NTA-agarose (Qiagen) and eluted with 100 mM imidazole before mixing with
glutathione-agarose-bound GST fusion proteins. Binding and wash buffers were the same
as in the peptide binding assays’. Bound proteins were separated by 4—20% gradient SDS—
PAGE, blotted, and detected with INDIA HisProbe-HRP (Pierce).
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The tumour-suppressor gene p53 is frequently mutated in human
cancers and is important in the cellular response to DNA
damage"?. Although the p53 family members p63 and p73 are
structurally related to p53, they have not been directly linked to
tumour suppression, although they have been implicated in
apoptosis’ . Given the similarity between this family of genes
and the ability of p63 and p73 to transactivate p53 target

10117 wve explore here their role in DNA damage-induced
apoptosis. Mouse embryo fibroblasts deficient for one or a
combination of p53 family members were sensitized to undergo
apoptosis through the expression of the adenovirus E1A onco-
gene'>~'*, While using the E1A system facilitated our ability to
perform biochemical analyses, we also examined the functions of
p63 and p73 using an in vivo system in which apoptosis has been
shown to be dependent on p53. Using both systems, we show here
that the combined loss of p63 and p73 results in the failure of cells
containing functional p53 to undergo apoptosis in response to
DNA damage.

Previous work has shown that p53-deficient E1A mouse embryo
fibroblasts (MEFs) treated with DNA-damaging agents are highly
resistant to apoptosis'>~'*. To determine whether p63 and/or p73
are involved in apoptosis induced by DNA damage, p63-deficient
(p63~'7) and p73-deficient (p73~'") ElA-expressing MEFs were
generated and treated with doxorubicin for 0, 6, 12, 24 and 48 h (Fig.
1A; Supplementary Information, Fig. S1a), stained with annexin V
coupled to fluorescein isothiocyanate, and analysed by flow cyto-
metry. ELA MEFs lacking p63 or p73 exhibited a partial resistance to
apoptosis in response to DNA damage; 70% of the p63~'~ E1A
MEFs and 80% of the p73~'~ E1A MEFs were viable, compared with
42% of the wild-type E1A MEFs at 12 h. At 24 h, 50% of the p63~'~
E1A MEFs and 65% of the p73~'~ E1A MEFs were viable, compared
with 5% of the wild-type E1A MEFs (Fig. 1A).

Because p63-deficient and p73-deficient E1A MEFs exhibited a
partial resistance to apoptosis, we hypothesized that they might
cooperate with p53 or with each other in the DNA damage response.
Therefore, double-homozygous E1A MEFs deficient for all pairs of
combinations (p53~'7; p63 /", p53~' 75 p737 7, p63~' 5 p737'7)
were generated and treated with doxorubicin. As shown in Fig. 1A,
all the double-knockout cells, including the p63 /"5 p73~/~ E1A
MEFs, were resistant to apoptosis in response to DNA damage. The
p537'7;p637 and p53~'7; p73~/" E1A MEFs were more resistant
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