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Quantitative real-time' PCR ChIP assay

Quantitative real-time PCR was conducted: using theé: SYBR Chromatin immunoprecipitation assay was carried out using
Green: I Master: or Probe- Master: on a- LighitCycler: 480 the CHIP: Assay kit (Upstate Biotechnology, Waltham, MA,
(Roche). The primer and probe sequences: are: indicated: in USA) as previously described (Tanikawa: er a/., 2003). PCR
Supplementary Table 1. The mRNA of 26 normal tissues was amplifications of XEDAR intron 1, containing the consensus
purchased from TAKARA Clontech (Kyoto, Japan): p33-binding sites, were: performed on’ immunoprecipitated
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Figure 5 A schema of X-linked ectodermal dysplasia receptor
(XEDAR) function as a tumor suppressor gene. XEDAR was
induced through a pS3-dependent manner and mediated anoikis
pathiway through the cross-talk between FAS and FAK. However,
XEDAR:is frequently inactivated in colorectal cancers by the p53
mutation, or by its genetic or epigenetic alterations.

chromatin’ using :the primers indicated in Supplementary
Table 1. ‘

Gene reporter: assay

DNA fragments, including potential p53-binding sites of the
XEDAR gene, were amplified and subcloned into. the pGL3-
promoter.vector (Promega). The primers for amplification are
indicated in Supplementary Table 1. To make a series of
mutant vectors, a point mutation ‘T” was inserted into the site
of the fourth and the fourteenth nucleotide ‘C* and into. the
seventh and the seventeenth nucleotide ‘G’ of the consensus
p53:BS using the QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA). A reporter assay was carried
out ‘using the Dual Luciferase assay system (Promega) as
previously described (Oda et al., 2000).

Bisulfite sequencing: analysis

Genomic DNA of 3pg was digested for 16h with 30U of
Sau3AI (Takara, Tokyo, Japan) in a 150 ul of reaction volume.
The digested DNA was denatured in 0.3 M of NaOH for 20 min
at 37°C; and then the unmethylated cytosine residues were
sulfonated by incubation in 3.12m of sodium bisulfite (pH 5.0)
and 0.5 mm of hydroquinone at 55°C for 16h. The sulfonated
DNA was recovered using the QIAquick PCR purification
system (Qiagen) according to. the manufacturer’s recomnien-
dations; The conversion reaction was completed by desulfo-
nating in 0.3m of NaOH for 20 min at 37°C. The DNA was
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ethanol precipitated and resuspended in double-distilled water.
The modified DNA was subjected to PCR amplification of the
CpG islands in the XEDAR- promoter- using: the primers
indicated in.Supplementary Table 1. Amplified: products were
subcloned using the TOPO-TA Cloning System (Invitrogen).
Plasmid DNA of 4t least six insert-positive clones was isolated
and ‘sequenced using the ABI sequencing system (Applied
Biosystems, Foster City, CA, USA).

Mutation analysis
The entire coding region of the p33 gene was amplified by PCR
using cDNA prepared: from 77 cancer cell lings, and PCR
products were directly sequenced. For analysis in'the XEDAR
gene; genomic DNA was purified by standard protocol. Six
coding exons of the YEDAR gene were amplified, purified and
sequenced. ‘The primers used in this analysis are indicated in
Supplementary Table 1.

Antibodies '

Anti-Flag monoclonal (clone M2) and polyclonal (F7425)
antibody, as well as anti-B-actin monoclonal antibody (clone
AC15) were purchased from Sigma. Anti-p53 monoclonal
antibody (Ab-12, clone DO-7) and anti-p21¥2'! monoclonal
antibody (Ab-1, clone EA10) were purchased from Calbio-
chem: (San Diepo, CA, USA). Anti-XEDAR polyclonal
antibody (T-14), anti-FAS monoclonal antibody (B-10), anti-
HA monoclonal (F-7) and polyclonal (Y-11) antibody, as well
as_ anti-c-Mye "polyclonal antibody (A-14) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
HA monoclonal antibody (clone 3F10) was purchased from
Roche. Anti-FAK polyclonal antibody (ab2999) was. pur-
chased from Abcam (Cambridge; UK). Rabbits were immu-
nized with the ‘recombinant proteins corresponding to the
extracellular domain (amino acids 1-139) of XEDAR: Anti-
bodies were subsequently purified on antigen affinity columns.
For labeling F-actin, Alexa fluor 594 phalloidin. (Molecular
Probes, Eugene, OR, USA) was used.

Spreading assay and-processing morphogenesis

Forty-eight hours after transfection with each'siRNA oligo-
nucleotide; HEK 293 cells were detached with 0.02% ethyle-
nediaminetetraacetic acid (EDTA); resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% of fetal bovine
serum and plated onto 6-well plates.: Spreading cells ‘were
counted after 4 h of incubation, and processing morphogenesis
was determined 12 h-later.

Anchorage-independent growth assay

Soft agar “assays were carried out in 6-well culture plates.
A volume of 2ml of culture media with 0.5% agar was
solidified in the bottom of each well, At 24 h after transfection
with either plasmid, equal numbers of cells were suspended in
1.5ml of media with 0.33% agar and added to each well. Cells
were fed with -Iml of media supplement with geneticin
(Invitrogen) every 3. days. After 2 weeks of incubation,
colonies were ‘stained with iodonitrotetrazolium chloride
(Sigma) and scored using the Image J software.

Cell death assay

Cells were incubated with adriamycin for 2h or infected with
either Ad-p53 or Ad-LacZ at 6h after transfection of siRNA
oligonucleotide.- Apoptotic cells were quantified by FACS
analysis: as previously described (Matsuda et al, 2002).
Activities of caspase-3 were monitored using a caspase-3 assay
kit (MBL, Nagoya, Japan). Cell viability was determined using



the MTT assay using Cell Counting Kit-8 (Dojindo, Kuma-
moto; Japan).
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An RNA-dependent RNA polymerase
formed by TERT and the RMRP RNA

Yoshiko Maida', Mami Yasukawa', Miho Furuuchi!, Timo Lassmann”, Richard Ppssematoﬁ, Naoko Okamoto',
Vivi Kasim', Yoshihide Hayashizaki®, William C. Hahn™* & Kenkichi Masutomi'*”

Constitutive expression of telomerase in human cells prevents the onset of senescence and crisis by maintaining telomere
homeostasis. However, accumulating evidence suggests that the human telomerase reverse transcriptase catalytic subunit
(TERT) contributes to cell physiology independently of its ability to elongate telomeres. Here we show that TERT interacts
with the RNA component of mitochondrial RNA processing endoribonuclease (RMRP), a gene that is mutated in the inherited
pleiotropic syndrome cartilage-hair hypoplasia. Human TERT and RMRP form a distinct ribonucleoprotein complex that has
RNA-dependent RNA polymerase (RdRP) activity and produces double-stranded RNAs that can be processed into small

interfering RNA in a Dicer (also known as DICER1)-dependent manner. These observations identify a mammalian RdRP

composed of TERT in complex with RMRP.

Telomerase is a ribonucleoprotein complex that elongaltes telomeres:
Although several proleins interact with telomerase ™, the minimal
componen(s of active telomerase include the catalylic telomerase
reverse’ lranscriptase (TERT) and a noncoding RNA (TERC) that
¢ncodes the template o synthesize telomeric DNA Telomere home-
ostasis mediated by telomerase maintaing genomic stability and reg-
ulates cell lifespan®. Mulations - in TERT, . TERC or dyskerin, &
tclomerase-associated: nucleolar protein. involved ' in ribosonial
RNA maturation? are found in dyskeratosis congenita, a syndrome
characterized by cctodermal dysplasia and bone marrow failure, and
TERT mutations have been reported in aplastic-anaemia and idio-
pathic pulmonary fibrosis®. Morcover, alterations in the regulation of
telomeres and lelomerase conlribute to malignant transformation by
affecting genomic integrity and cell immortalization®.

However; accumulating evidence suggests thal TERE hasactivities
beyond telomere maintenance”™? and forms several intracéllular
complexes™ In particular, the overexpression of TERT induces
increased. tumour susceplibility™'" and disrupts stem-cell function
independently of telomere maintenance!”; whereas the suppression
of TERT expression alters global chromatin structure!!. Indeed, some
of these telomere-independent functions of TERT do not require the
éxpression of TERC™.

Identification of a second RNA that interacts with TERT
To identify human TERT partners, we stably averexpressed a tandem
atlinity peplide (TAP)-lagged TERT proteinin HeLa 83 cells, isolaled
TERT immune complexes, and identified a heterogeneous mixture of
38 RNA sequences associated with TERT (Supplementary Fig. 2 and
Supplementary Table 1). We found that 5% of the sequences corre-
sponded to. TERC and the RNA componeént of mitochondrial RNA
processing endoribonuclease (RMRP). RMRP is a 267-nucleotide
noncoding RNA that is a small nucleolar RNA, like TERC, and is
also found in mitochondria®™, RMRP mutations are found in the
pleiotrapic inherited syndrome, cartilage-hair hypoplasia'®.

From a single immune complex, we ¢confirmed that cither over-
expressed or endogenous TERT interacts with RMRP and TERC, by

isolating TAP=TERT (Fig. 1a) or endogenous TERT (Fig. 1b).com-
plexes in both Heba and 2931 cells under conditions in which we
failed to recover: the ribozyme RNase P Wealso found: that: the
abundance of TERT=RMRP and TERT=TERC complexes was sim-
ilar, even though TERC was expressed at five-fold higher levels than
RMRP i these cells (Fig. 1¢ and: Supplementary Fig. 3).
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Figure 1| TERT and RMRP interact. a, Detection of RMRP and TERC. RNA
species associated with TAP=TERT complexes from a single
immunoprecipitation (IP) were isolated and subjected to PCR with reverse
transcription (RT=PCR). RT (—) indicates the absence of reverse
transcriptase: Right panel shows the levels of TAP-TERT. HA,
haemagglutining IB, immunoblot. b, TERT interacts with endogenous
RMRP. TERT complexes from 293T and HeLa cells were isolated with an
anti-TERT antibody and associated RNAs were subjected to RT-PCR.

¢, RNAs purified from TERT complexes isolated from HeLa 83 cells
expressing TAP~TERT or a control vector or 293T cells were subjected to
northern blotting. Ab, antibody.
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To characterize the interaction between TERT and RMRP, we used
TERT truncation mutants and found that the amino terminal end
of TERT (1-531) was necessary for interactions with RMRP (Sup-
plementary Fig. 4). This region overlaps with two regions required
for the binding of TERC*'™. These observations demonstrate that
TERT and RMRP form a new ribonucleoprotein complex distinct
from the TERT-TERC enzyme.

The TERT-RMRP complex has RdRP activity

To test whether RMRP substitutes for TERC to.reconstitute telome-
rase activily, we combined recombinant TERT with TERC or RMRP
RNAs transcribed i vitro. Although we detected telomerase activity
with TERT and TERC (Supplementary. Fig. 5), we failed to detect
telonierase activity when TERT and RMRP were co-incubated.
TERT has also been shown (o act as @' terminal transferase'’; and
human TERT shares sequence similarity to both viral reverse (ran-
scriplases and. RARPs'®, RdRPs participate in: the endogenous RNA
interference (RNAI) pathway and in the regulation of post-transcrip-
tional ‘gene silencing!” . To examine whether the TERT-RMRP
complex has RARP and/or terminal transferase activity, we eslablished
an’ RNA synthesis activity assay with recombinant TERT protein
(Supplementary Fig: 6) and RNA molecules transcribed in vitro. We
predicted three modes that the TERT=RMRP complex might use to
elongate RNA: (1) as:an RdRP that uses a de-novo-synthesized RNA
primer to elongate’a complementary strand (Fig. 2a, lefi panel); (2) as
an RARP. that uses a 3’ fold-back (back-priming) configuration of
template RNA as a primer (Fig: 2a, middle panel); or (3) as a terminal
transferase (Fig. 2a, right panel). Viral RARPs**? have been shown to
use the first two modes to prime RARP activity, and cellular RARPs in
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binds RMRP but lacks RARP activity. TERT immune complexes were
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fission yeast™ and fungi™ use similar priming mechanisms to produce
double-stranded (ds) RNAs that act as precursors for RNAL

We found that recombinant TERT and RMRP produced two dif-
ferent products depending on the salt concentration (Fig. 2b and
Supplementary Fig. 7). Specifically, we found ~267-nudeotide-
(corresponding to sense RMRP) and ~534-nucleotide-sized pro-
ducts (hereafter referred to as sensé plus antisense RMRP products)
under high salt conditions, and RVMRP-sized products under low salt
conditions, To discriminate between these modes, we (reated the
products of the RARP assay with RNase T1 (Fig: 2¢) using conditions
that favour: the digestion of single-stranded RNA. RNase T1 treat-
ment eliminated the ~267-nucleotide RMRP-sized RNA products
produced under low salt concentrations (data not shown), indicating
that [“PJUTP was incorporated by terminal transferase activity.

I contrast, under high salt conditions, we found two RNAs (~267
and ~534 nucleotides) that collapsed into a'single ~267-nucleotide
band after treatment with RNase T1.(Fig. 2¢). To eliminate the pos-
sibility that the sense plus antisense product represented partially
denatured RNAs, we treated the products of the RdRP assay with,
bacterial RNase 1T to digest dsRNA, and found that only the input
~267-nucleotide RNA remained (Fig: 2d). Furthermore, when we
left out adenine or guanine ribonucleotides; we failed to detect the
sense plus antisense product (Fig. 2e). These observations confirm
that-the ~534-nucleotide sense plus antisense products are formed
by RARP-activity and represent a double-stranded hairpin structure
created by an RNA miolecule composed of sense and antisense strands
of RMRP.

To confirm that the interaction between TERT and RMRP: was
required for RARP activity; we performed an RARP activity assay using
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isolated from 293T cells expressing Flag-tagged TERT ot Flag-tagged TERT-
DN. RdRP activity is shown in the bottom panel. WT, wild-type. g, Northern
blotting to detect complementary sequence of RMRP. h, Time course of
RdARP activity. i, RNA products produced by recombinant TERT and
truncation mutants of RMRP transcribed in vifro, Faint signals at 200, 120
and 60 nucleotides are TERT terminal transferase products. j, RNA products
produced by the RARP activity derived from recombinant TERT or TERT-
DN and total RNA: A limited pool of RNAs serves as template for RARP
activity,
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combinations of recombinant mutant TERT proteins and RMRP. We
failed to detect RARP reaction products when TERT and TERC were
co-incubated (Supplementary Fig. 8). Moreover, when we used the
TERT-HTI mutant that does not bind RMRP (Supplementary Fig. 4),
we failed to observe labelled RNA products (Supplementary Fig. 8)
under conditions in which we detected two different RNA products in
reactions containing wild-type TERT and RMRP: We previously
described a catalytically inactive TERT mutant (TERT-DN) that fails
to elongate telomeres' ;. We confirmed that the recombinant TERT-
DN mutant retained the ability to bind RMRP (Fig. 2f), but that the
TERT-DN-RMRP complex lacked detectable RARP. activity (Fig: 2f).
Thus TERT actsas the catalytic subunit for both the telomerase reverse
transcriptase and RARP activitics.

TERT-RMRP RdRP produces dsRNA

These observations suggest that the TERT=RMRP RdRP synthesizes
dsRNA in a teniplate-dependent manner: To confirm the synthesis of
the RMRP complementary strand, wé used the sense strand of RMRP
ag a probe in northern blotting. We detécted the antisense strand of
RMRP in reactions containing recombinant wild-type TERT protein
and RMRP; but not in reactions containing TERT-DN and RMRP
(Fig. 2g). Furthermore, we detected the sense plus antisense product
in the RARP assay using the antisense strand of RMRP as a probe
(Supplementary Fig. 9). These observations indicate that the TERT-
RMRP RdRP produces dsRNAs in a template-dependent manner
invitro.

To determine whether the TERT-RMRP RdRP uses a back-prim-
ing mechanism, we examined the priming process using TERT and
RMRP as a model system and found that elongation products
appeared in a time-dependent manner (Fig. 2h and Supplementary
Fig. 10). To assess whether the RMRP RNA forms a 3" fold-back
configuration, we generated 3’ RMRP truncation mutants and failed
to find any reaction products (Fig. 2i). Thus, unlike what has been
described for other cellular RARPs; the TERT-RMRP RdRP has a
restricted preference for RNA molecules that can be used as a tem-
plate. Indeed, when we incubated Eunf ied: recombinant  TERT
together with total cellular RNA and ["PJUTP, we identified a lim-
ited number of labelled RNAs (Fig. 2j). Although the secondary
structure adopted by RMRP to create the 3/ fold-back is not known,
these observations suggest that RMRP can itself serve as a primer for
the polymerization process using a 3' fold-back structure.

Toascertain whether this RARP activity also occurs in vive, we used
the sense strand of RMRP as a probe and found ~534-nucleotide
RNAs that contain antisense RMRPin RNA derived from 293T, HelLa
and MCEF7 cells (Fig. 3a and Supplementary Figs 11 and 12).
Moreover; we detected sense products and sense plus antisense pro-
ducts using RMRP antisense=strand probe (Fig. 3b). These observa-
tions confirmed that the ~534-nucleotide products contain both
sense and antisense RMRP sequences. To determine whether TERT
was necessary for the appearance of antisense RMRP in cells, we
examined the levels of the complementary RMRP strand in cells that
do not express TERT and TERC (VA-13 cells)?, in cells that transi-
ently express low levels of TERT (B] cells)???**% and in cells that
constitutively express TERT (293T and HelLa cells). We also intro-
duced a control vector ora vector that encodes TERT in VA=13.and
BJ cells. We detected the complementary RMRP strand using a
quantitative RNase protection assay with a sense-strand probe that
detects antisense RMRP (Fig. 3¢ and Supplementary Fig. 13), and
using northern blotting with both sense and antisense strand-specific
RMRP probes (Fig. 3d and Supplementary Fig. 11a). The levels of
antisense RMRP correlated with the expression of TERT (Fig. 3¢, d).
These observations confirmed that the TERT-RMRPRARP produces
double-stranded RMRP in vivo.

Effects of the TERT-RMRP complex on RMRP expression

To assess the consequences of overexpressing the TERT=RMRP com-
plex on RMRP Jevels, we introduced RMRP into cells that lack TERT
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Figure 3| Identification of dsRNA synthesized by the TERT-RMRP RdRP.
a, Northern blotting to detect complementary sequence of RMRP in cell
lines. ‘+” indicates samples treated with RNase. b, Northern blotting to
detect the RMRP sense strand. ¢, TERT expression correlates with the levels
of antisense (AS) RMRP detécted by RNase protection assay. Vector denotes
cells infected with a control vector. d, TERT expression correlates with the
levels of the sense (S) plus antisense RMRP products detected by northern
blotting. The bottom panel shows levels of the small nuclear RNA U2,

expression (VA-13); that transiently express TERT in a cell-cycle-
dependent manner (B] fibroblasts), and that constitutively express
TERT (VA-13 and BJ-fibroblasts expressing ectopic TERT, and Hela
and MCF7 cells). After expressing RMRP in cells lacking TERT (VA-
13); we found that RMRP levels were increased (Fig. 4a and
Supplementary Fig: 14). In contrast, in cells that express TERT, we
found that the steady-state levels of RMRP were decreased when
RMRP was overexpressed, regardless of the promoter that was used
toexpress RMRP (Fig. 4a and Supplementary Fig, 14), Wealso found
that forced TERT expression in VA-13 or BJ cells suppressed RMRP
expression (Fig. 4b and Supplementary. Fig. 15). Consistent with
these findings, suppression of TERT in HeLa cells led to increased
RMRP expression (Fig. 4c).

Because the 3! end of RMRP was essential for TERT-RMRP acti-
vity (Fig. 2i), we examined the effects'of expressing RMRP truncation
mutants lacking 3’ ends and found that only: truncation mutants
lacking intact 3’ ends were readily overexpressed (Fig. 4d). These
observations demonstrate that RMRP expression levels are depen-
dent on the TERT-RMRP RdRP and suggest that RMRP levels are
controlled by an RARP-dependent, negative-feedback mechanism.

Identification of siRNAs derived from RMRP

Inother organisms, RARPs synthesize dsRNAs thatare processed into
active short interfering RNAs (siRNAs)?'. Because manipulating
TERT and RMRPlevels affected RMRP expression; we proposed that
the TERT-RMRP complex produces RMRP-specific:siRNA o regu-
late RMRPlevels. To test this possibility, we used sense and antisense
probes: corresponding to RMRP (nucleotides 21-40) in northern
blotting and found double-stranded 22-nucleotide RNAs (Fig. de
and Supplementary Fig, 11b). Because siRNAs contain 5 monopho-
sphate and 3’ hydxo\yl groups™ ™, we characterized the chemical
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Figure 4 | Effects of dsRNA produced by the TERT-RMRP RdRP. a, Semi-
quantitative RT-PCR for total RMRP and retrovirally delivered RMRP
(ectopic) in cell lines expressing control or RMRP expression vectors.
Promioters used to express RMRP are indicated. The relative intensity of
RMRP is noted below each panel. CMV, cytomegalovirus. See
Supplementary Fig. 14. b, RT-PCR for total RMRP. See Supplementary Fig,
15, Effects of suppressing TERT on RMRP levels. A control SiRNA (green
fluorescent protein (GFP) shRNA) or two different TERT-specific shRNAs
were stably introduced into Hela cells. d, Effects of RMRP mutants on

fature of tlie small RNA ends. We found that calf intestinal phos-
phatase slowed the migration of these short RNAs, and subsequent
incubation with polynucleotide kinase and ATP restored the mobility
of the short RNAs; indicating that either the 5 or the 3" end of this
small RNA is monophosphorylated (Fig. 4f and data not shown).
Moreover, incubation with polynucleotide kinase in the absence of
ATP did not alter the migration (Fig. 4f), and oxidation and
B-elimination treatment increased the migration of these small
RNAs (Fig. 4g), indicating that the 3’ ends bear vicinal 2',3' dihy-
droxyls. Together, these observations confirm that these small RNAs
contain 5' monophosphate and 3' hydroxyl groups, and therefore
share the size and chemical composition of known siRNAs:

To demonstrate that dsRNAs produced by the TERT-RMRP
RARP are processed into siRNA, we suppressed the expression
of Dicer with two distinct Dicer-specific short. hairpin. RNAs
(shRNAs). Suppression of Dicer to levels that partially inhibited the
processing of the microRNA n7iR-16 (Fig. 5a and Supplementary Fig.
16) led to diminished levels of the siRNAs derived from RMRP
(Fig. 5a). When we suppressed Dicer expression in Hela, 293T or
MCF7 cells, we found that endogenous RMRP levels increased up to
3.7-fold (Fig. 5b). Suppressing Dicer expression in VA-13 cells that
Jack TERT did not affect the levels of single-stranded RMRP (Fig. 5b),
but did increase levels of the elongated sense plus antisense RMRP
products in cells that constitutively express TERT (Supplementary
Fig. 17). Moreover, we found that only the sense strands of these
endogenous RMRP-specific siRNAs were associated with human
AGO? (also known as EIF2€2; Fig. 5¢). These observations indicate
that the endogenous RMRP-specific siRNAs are processed by the
RNA-induced silencing complex, similar to other small RNAs that
are processed into siRNA.

14

o

miR-16

RMRPlevels: LTR; long terminal repeat. RT-PCR was used to detect RMRP
Jevelsin ¢ and d. e, Detection of small RNA species in human cells. Northern
blotting to detect small RNAs (22 nucleotides in length) using antisense (left
panel) and sense (right panel) probes derived from nucleotides 21-40 of
RMRP. f, g, Analysis of the termini of the small RNA species identified in
& Total RNA was incubated with the indicated enzyme (f), or oxidation-p-
elimination reactions (g) were performed. Northern blotting was performed
with antisense probe. CIP, calf intestinal phosphatase; PNK, polynucleotide
kinase. ATP-indicates samples lacking ATP.

To confirm that these small RNAs act as siRNAs, we identified small
RNAs from total RNA that hybridized to probes spanning RMRP,
synthesized siRNA corresponding to the identified sequences, and
tested the consequences of introducing this siRNA in Hela, 2931
and MCE7 cells. We found that the synthesized siRNA suppressed
endogenous RMRP levels (Supplementary Fig. 18). These observations
provide evidence that similar to other cellular RdRPs, the TERT-
RMRP RARP synthesizes dsRNAs that act as a precursor for siRNAs.

Discussion

Here we demonstrate that human TERT and RMRP form a distinct
ribonucleoprotein complex that has the ability to produce dsRNAs
(Supplementary Fig. 1). Like RARPs found in other organisms, the
human TERT=RMRP complex produces dsRNAs that act as sub-
strates for the generation of siRNA. However, unlike other cellular
RARPs2621323¢ 1he human TERT=RMRP RdRP shows a strong
preference for RNA templates that can form 3’ fold-back structures.
Because othet cellular RARPs have been identified using assays that
require primer-independent RARP activity”****", the substrate spe-
cificity of the human TERT-RMRP RdRP may, in part, account for
the difficulty in identifying mammalian enzymes that have RARP
activity.

Although the cellular RARPs described until now do not show a
primer requirement, several viral RARPs use both primer-dependent
and primer-independent mechanisms, and fungal and yeast RdRPs
are also able to use a back-priming mechanism?®*?%, Because TERT isa
closed right-handed polymerase’” evolutionarily related to both
reverse transcriptases and viral RARPs'®; these observations are con-
sistent with previous observations that indicate that right-handed
RARPs exhibit primer-dependent RARP polymerase activity™.
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Figure 5| Production of RMRP-derived endogenous siRNAs depends on
Dicer. a, Effect of suppressing Dicer on RMRP-derived small RNAs,
Northern blotting was performed to detect: (1):'small RNAs using the
antisense strand of RMRP as a probe in the indicated cells expressing control
shRNA (GEP shRNA) or Dicer-specific ShRNAs (Dicer shRNAT and
shRNA2);(2) precursor microRNA pre-miR-16 and mature miR-16 using a
miR-16-specific probe; and (3) U6 RNA. See Supplementary Fig. 16.

b, RT-PCR for total RMRP from cell lines expressing control shRNA or
Dicer-specific shRNAs. IB, immunoblot; The relative intensity of RMRP is
noted at the bottom of the panel. ¢; RMRP-derived small RNAs are
associated with AGO2, Human AGO2 immune complexes were isolated
using anti-AGO2-specific antisera or pre-immune sera, and small RNAs
were detected by northern blotting, Blotting of oligonucleotides (RMRP
20-41 and RMRP. AS 41-20) is also shown:

Using RMRP as a template; the TERT-RMRP RdRP produces
dsRNAs that are processed by Dicer into 22-nucleotide dsRNAs that
contain'5' monophosphate and 3’ hydroxyl groups and are loaded
into AGO2, confirming that these short RNAs represent endogenous
siRNAs, Recent work has shown that in oocytes and embryonic stem
cells; endogenous siRNA can also be formed by the transcription of
complementary sense and antisense strands™"". Thus, in mammals
at least two mechanisms lead to the production of dsRNAs that are
processed into siRNA. Further work will.be necessary to determine
whether there are tissue-dependent differences in the use of these two
mechanisms and whether other mammalian RARPs exist.

- We found that the TERT-RMRP RARP regulates RMRPlevels by a
negative-feedback control mechanism. The identities and functions
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of the RNAs other than RMRP that act as templates for the TERT-
RMRP RdARP remain to be identified (Fig: 2j). However, because
endogenously encoded siRNAs suppress L1 retrotransposition in
human cells®, these observations suggest that the TERT-RMRP com-
plex” may-regulate the expression of other- genes- by generating
siRNAs.

Because mutations in RMRP are found in cartilage=~hair hypopla-
sia'®, these findings suggest that perturbation: of the TERT-RMRP
complex is involved in the pathogenesis of this disorder. The involve-
ment of human TERT in two syndromes characterized by stem-cell
failure (cartilage-hair hypoplasia and dyskeratosis congenita)™*
suggests: that ribonucleoprotein complexes containing TERT -has a
critical role in: stem cell biology. Indeed; overexpression of mouse
TERT: in mice lacking Tere leads to defects in normal: hair follicle
stem-cell function'? at least in part by altering gene expression pro-
grams related to stem cell function™, In'manimals, TERT may regu-
late both telomere biology and gene expression-through: these two
ribonucleoprotein complexes.

METHODS SUMMARY

RNAs that bind TERT were identified from HeLa S3 cells: expressing a- TAP
epitope-tagged TERT. RNAs that bound to TERT after two rounds of purifica-
tion were analysed using an Experion capillary electrophoresis device (Bio-Rad)
to visualize RNA species. For RNA cloning and sequencing, the same samples
were separated usinga 7 M urea/15% polyacrylamide gel, and RNAs recovered
from- thie gel were cloned using a small RNA ‘cloning Kit (TaKaRa): Purified
glutathione: S-transferase (GST)-TERT was isolated: from: Escherichia coli and
incubated with either TERC or RMRP transcribed in vitro, to assess the ability of
such complexes to exhibit telomerase or RARP activity. RNAi was used to sup-
press TERT and to show that the TERT-RMRP complex also produces dsRNA in
cells. Northern blotting with sense and antisense probes specific.for RMRP
(nucleotides 21-40) identified 22-nucleotide; double-stranded RNAs that con-
tained a 5" monophosphate and a 3" hydroxyl group, which:were loaded into
human'AGO2. To determine the function of these RMRP-derived small RNAs; a
chemically synthesized siRNA corresponding to these small RNAs (siRNA: 5'-
GGCTACACACTGAGGACTC-3'; Dharmacon). was. transfected  into. Hela,
293T and MCF7 cells;

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature;
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METHODS

Cell culture and stable expression of TAP-TERT. The human cell lines 2937,
MCE7, Hela, Hela $3 and VA-13 were maintained in DMEM supplemented
with 10% heat-inactivated FBS, B} fibroblasts were cultured as described .
Amphotropic. retroviruses, were' created. as. described™ ™ using the vectors
pWZL-Blast-N-Flag/HA-TERT (for HeLa-S3-TAP-TERT}), pBABE-puro._or
pBABE puro-TERT. After infection, cells. were selected with blasticidin® S
(10 igml. ") for 5 days or with puromycin (2 figmi ") for 3 days.

Purification of TERT conpléxes and cloning of RNAs. Hela $3'cells (2 10%)
expressing or lacking (control) TAP=TERT were lysed in 5 ml of lysis buffer A
(20 mM TrissHCYL, pH 7.4, 150 mM NaCl, 0.5% NP-40, 0.1 mM dithiothreitol
(DTT)) and incubated for 30 min on ice. The lysate was then pelleted by cent-
rifugation (16,000¢) for 20 minat 4~ C. The supernatant was incubated with anti-
Flag (M2) antibody-conjugated agarose overnight at 4~ C. The beads: were
washed' thiee. times with lysis buffer. A and  eluted- with 3% Tlag peptide
(130mg pl = ") The resulting elution’ was incubated with. Protein’ A Sepharose
headsand an anti-HA antibody (F7; Santa Cruz) ford a4 C. The beads were
washed three times with lysis buffer A, and’ RNA was isolated: using TRIzol
(Invitrogen). RNA samples’ prepared in this manner were analysed using an
Experion capillary electrophoresis device (Bio-Rad) to vistalize RNA species.
For RNA cloning and the sequencing, the same samples were separated usinga
7 M Urea/15% polyacrylamide gel; and. RNAs recovered from gel were cloned
using a small RNA cloning Kit {TaKaRa).

RNA preparation for immunoprecipitation RT-PCR. RNA samples that'were
prepared from the Hela S3 cells expressing TAP=TERT as described earlier were
also subjected to) RT-PCR. For immunoprecipitation: of endogenous TERT
complexes, cells (13 10%) were lysed in 600 ul of lysis buffer A, sonicated and
pre-cleared with 15 il of 50% slurry of Protein A Sepharose (Pierce) for 2hat
4°C.'The pre-cléared total cell lysate was incubated with a rabbit polyclonal anti-
TERT antibody (Rockland, 2 pl} for 3 hat 4.°C, followed by incubation with 30 ut
of 50% slurry of Protein'A Sepharose overnightat 4 “C. After binding, the beads
were washed: three tinies for 30 min with lysis buffer A, RNA derived from a
single immiunoprecipitation was isolated from the Protein'A Sepharose. using
TRIzol (Invitrogen) followed by RT-PCR with primers specific foi: TERC, RMRP
or RNase P.- Although - other: RNAs also “co-purified .with: human TERT
(Supplementary Table 1); we failed to confirm thie interaction of Alir sequences
or the 5:85 ribosomal RNA on the Y chiomosome with TERT (data not shown),
RT-PCR and quantitative RT-PCR. Either total cellular RNA or RNA from
imniunoprecipitation was isolated using TRIzol (Invitrogen) and subjected to
RT-PCR. The following primers were used:  TERC (43F, 5'.TCTAACCC
TAACTGAGAAGGGCGT-3/ and 163R, 5'-TGCTCTAGAATGAACGGTGGA
AGG-3'), RMRP (F5, 5“TGCTGAAGGECTGTATCCT-3" and. R257, 5'-
TGAGAATGAGCCCCGTGT-3"), 'RNase - P (F50,  5'-GTCACTCCACTCC
CATGTCC-3" and R318; 5'-AATTGGGTTATGAGGTCCC-3"), and the human
B-actin gene (also known'as ACTB) (5~ CAAGAGATGGCCACGGCTGCT-3'
and 5"~ TCCTTCTGCATCCTGTCGGCA=3"). The reverse transcription reaction
was peiformed for 60 min at 42 °C using the recovered RNA, and PCR was
immiediately petforined (22 cycles for 293T cells, and 26 cycles for Hela cells:
94.°C;:305;60°C;305;:72°C, 30s).

Quantitative RT-PCR (qRT=PCR) was performed with a LightCycler 480 11
{Roche) according to the manufacturer’s protocols. The: expression levels of
RMRP were detected using the following primers and probe; forward primer;
5":GAGAGTGCCACGTGCATACG-3', reverse primer, 5’ -CTCAGCGGGATA-
CGCTTCTT-3', VIC-labelled 'TaqMan'. MGB' probe,: 5'-ACGTAGACATT-
CCCCE3", B-actin was used as a reference.

Total: RMRP. iwas detected - using . primers  (F5, . 5'-TGCTGAAGGCC
TGTATCCT:3' and R257, 5 -TGAGAATGAGCCCCGTGT-3") that amplify
both endogenots and ectopically introduced RMRP. In Fig. 4a, for VA-13, B]
and MCF?7 cells; reverse transcription was performed using random hexamers
(GE Healtheare) and ectopically. expressed: RAMMRP was: detected with vector-

specific primers (5, 3'-TGCTGAAGGCCTGTATCCT-3" and LKO.I-RT, 5'-

ACTGCCATTTGTCTCGAGGT-3"). For Hela cells, reverse transcription was
petformed with pQC3/" (5"~AAGCGGCTT CGGCCAGTAACGTTA-3") and
PCR was performed with: the primers F5 (5'-TGCTGAAGGCCTGTATCCT-
3%y and 'R257 (5’«"!'GAGAA’1'GAGCCCCG'F GT-3"): Northern: blotting “and
_"qRT-PCR experiinents (Supplementary Fig: 14) confirmed that the differences
in RMRPlevels that were observed using the RT=PCR conditions used in Fig: 4a
dccurately reflect: RMRP levels: Signal intensity was measured. with Image]
software.

Telomerase activity reconstituted i vifro and TRAP assay. [ vitroreconstitu-
tion of telomerase activity (telomere-specific reverse transcriptase activity) was
pertormed as described previously™: In brief, recombinant TERT was expressed
in the TnT T7-Coupled Reticulocyte Lysate System (Promega)-following the

nature-.

manufacturer’s instractions: Purified TERC or RMRP was included in the in
vitratranscription/translation reactions. The telomeric repeatamplification pro-
tocol: (TRAPI® Y was: used ' to- detect telomere-specific reverse transcriptase

activity.
Affinity: purification  of récombinant. GST-TERT fusion proteins. GST-
TERT-HA, GST-TERT-HT1.and GST-TERT-DN.in the pGENKZ expression

vector™ were provided by S. Murakami. Bacteria (BL21-Gold) containing these
vectors were plated at 307 C overnight and: then a single colony, was picked to
inoculate liquid cultures, which were incubated at 37°C overnight. Thereafter
1 ml of this culture was re-inoculated into 100 ml of Luria-Bertani mediuny,
incubated at:37 *C for 4 h without isopropyl-B-v-thiogalactoside (IPTG) induc-
tion, collected by centrifugation; susperided in a lysis buffer (20 mM Tris-HCI,
pH 7.4, 150 mM.NaCl; 0.3% NP-40, 0.1 mM. DTT, 10 mM phenylmethyl sul:
phonyl flucride (PMSE), proteinase inhibitor (Nacalai Tesque)) and sonjcated
twice for: 105 at 4 °C. After centrifugation of the sonicated lysates; the super-
natants were passed. through! DEAE-Sepharose, and the GST-fusion proteins
werd recovered: using glutathione-Sepharose 4B beads. The resin: was washed
with Iysis buffer & at least three times; and the GST-fusion proteins were then
cluted with glutathione at 4. C for 1 h (20 mM glutathione (reduced form)) in
clution buffer (50 mM: TrissHCE pH 8.8, 150 mM NaCl, 0.5% NP-40, 0.1 mM
D'ET; 10 mM PMSE proteinase inhibitor ( Nacalai Tesque) ). Supplementary Fig. 6
shows that wild type and TERT-DN were produced at similar levels using this
methodand the effects of incubation tine and [PTG on yield: Theaverage vield for
this method:is. 500 ng (5 ng il of active form of TERT frony 100 m} culture:
RARP assay. The affinity purified recombinant GST=TER'T fusion protein (10 ng)
was incubited with T g of full length RMRP. RNA or truncated RMRP products
(RMRP 12200, RMRP:1-120 and: RMRP 160 for Fig.:2i) transcribed in vitro
(SP6)in 200 mM: KCI, 50 mM Tiis-HCl pH 8:3, 10mM DTT, 30 mM MgCls,
SOPMFATP, 50 iM rGTP, 50 pM rCTPand 2 uCiof [-7P]UTPat 32 "Cfor 2 h.
To perform the éxperiments underJow salt conditions, 20 il 0f 0.2X SSCwas then
added to-adjust’ final salt’ concentration: to- 15mM NaCl and 1.5 mM sodium
citrate; wheteas 20 il of 4% SSC was added to'adjust final salt concentration to
300 mM NaCl and 30 mM soditim citrate to achieve high salt conditions. These
mixtures were incubated at 37 °C for a further Th. Resulting products were treated
with proteinase K to stop the reaction and purified with phenol-chloroform. To
ensure that RNA produicts were completely denatured, we perfornied both con-
ventional formamide treatiment (with 95% formamide/20 mM EDTA gel-loading
buffer at 95°C for 5 min) and a further treatinent with. 1 M de-jonized glyoxal at
65C for 15 min.

To analyse double-stranded RNA produced by the TERT=RMRP complex, we
performed this RARP assay and treated the products with bacterial RNase 111
(E: coli, Ambion; 50 mM NaCl, 10 mM Tris-HCL pH 7.9, I miM DTT, 10mM
MgCls} or RNase T1 (Roche;- 50 mM - Tris-HCI, pH 8.3, 300 mM . NaCl and
30 mM sodium citrate).

Northern blotting, Total RNA and small RNAs (<200 nucleotides in length)
were isolated using a mirVana miRNA Isolation Kit (Ambion) according to the
manufacturer’s: protocol: Total RNA or small RNA (101g) was separated on
denaturing polyacrylamide gels, then blotted onto Hybond-N -+ membranes (GE
Healthcare) using 4 Trans-Blot SD Semi-Dry Transfer  Cell (Bio-Rad):
Hybridization: was ‘performed. in: Church buffer: (0.5M. NaHPO,,:pH 7.2,
I'mM EDTA and 7% SDS) containing 10% c.p.m: ml ™! of each “P-labelled probe
for 14 h. The membranes were washed in 2X $SC, and the signals were detected
by autoradiography:

Identification of short RNA species derived from RMRP. Using ten conse-
cuative probes correspondingto. the RMRP sequence, we found that the small
RNAs derived from RMRP shown in Figs de~g and 5a were detected by probes
containing the complementary sequences to. nucleotides 2140 of RMRP. To
deterinine the function of these’ RMRP-derived small RNAS; we purchased a
chemically synthesized  siRNA targeting  this” 20-nucleotide ‘portion of - the
RMRP sequence (siRNA: 5'-GGCTACACACTGAGGACTC-3"; Dharmacon)
and transfected this siRNA into Hela, 293T and MCE7 cells plated on six-well
dishes using Lipofectamine 2000 (Invitrogen) according to: the manufacturer’s
protacol.

RNase protection assay, RMRP RNA was transcribed with SP6 RNA polymerase
in the presence of {2=""PJUTP using RiboMAX Large Scale RNA Prodiiction
System (Promega). Total cellular RNA (30 ug) was hybridized overnight at 60.7C
with equal-amounts of “?P-labelled RMRP sense probe. Hybrids were digested
with RNase'A'and RNase T1. The protected fragments were separated by PAGE
under denatiring conditions and visualized by autoradiography.

Analysis of the chemical structure of the ends of sniall RNAs. To deterniine the
phosphorylation: status: of the_ termini-of small RNAs, 30 ng of small RNA
(<200 nucleotides in length) was treated with calf intestinal alkaline phospha-
tase (C1P; TaKaRa) for 2Ivat 37.°C. CIP was inactivated by phenol=chloroform
extraction: Part 6f the CIP=treated RNA was then treated with T4 polynucleotide
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kinase (TaKaRa) supplemented with I mM ATP for 21 at-37.°C, and phenol-
chloroform extraction was performed. Small RNA (151ig) was treated with T4
polynucleotide kinase without ATP for 2lvat 37°C. The reaction was inactivated
by phenol-chloroform extraction. After overnight sodium acetate-ethanol pre-
cipitation at 20 °C, the {reated RNAS were Tesolved by 20% denaturing poly-
acrylamide/urea gel electrophoresis and then-analysed by northern blotting™*,

To further analyse the 3¢ end of these small RNAs, we performed oxidation
and [-elimination reactions: Specifically, the NalO; reaction was performed by
adding 20 jig of small RNA in water to 5X borate buffer. (148 mM borax and
148 mM boric acid; pH 8.6) and freshly dissolved 200'mM NalOj to create a final
concentration of 1X borate buffer and 25 mM NalOj: The mixtures were incu-
bated for 10 min at 20 °C. Glycerol was added to quench remaining NalOy; and
the samples were incubated for a further 10 min at 20°C. For B-elimination;
smiall RNAs were dried by centrifugation and evaporation and dissolved in'50
of 1% borax buffer {30 niM borax, 30 mM boric acid and 50 mM NaOH; pH 9.5)
and incubated at 45°C for 90 min. Nucleic'acids were recovered by’ sodium
acetate-cthanol precipitationat =20 °C overnight; and the treated RNAs were
resolved by 209 denaturing 7. M urea PAGE and analysed by northern blotting™:
Stable expression of shRNA. We used the pLKO.1-puro’ vector and the
sequences described below 1o create shRNA' vectors specific for TERT, Dicer
and GEP; These vectors were used to make amphotropic retroviruses and poly-
clonal cell populations were purified with selection with puromycin (2 pgml- B
The sequences - used - for “the indicated short - hairpin RNAs are shown
below: where the capitalized letters represent the targeting sequences: TERT
ShRNAT, 5-GGAAGACAGTGGTGAACTTCC CetcgagGGAAGTTCACCACTGT
CTTCCttttt-3! “and 5'-aattcaaaaaGGAAGACAGTGGTGAACTTCC CetegagGG
AAGTTCACCACTGTCTTCC-3s TERT shRNA2; 5'-GGAACACCAAGAAGT
TCATCTetcpagAGATGAACTTCTTGGTGTTCCttttt-3! and 5'-aattcaaaaaGGA

ACACCAAGAAGTTCATCTctegagAGATGAACTTCTTGGTGTTCC-3!, Dicer
sequences: Dicer shRNAT, 5'-GCTCGAAATCTTACGCAAAT Actegag TATTTG
CGTAAGATTTCGAGCutttg-3" and 5 -aattcaaaaaGCTCGAAATCTTACGCA
AATACtcgag TATTTGCGTAAGATTTCGAGC-3"; Dicer shRNA2, 5"-CCACA
CATCTTCAAGACTTAActcgag TTAAGTCTTGAAGATGTGTGGtttteg-3 and
5'-aattcaaaaaCCACACATCTTCAAGACTTAACtcgag I TAAGTCTTGAAGATG
TGTGG-3.

Immunoprecipitation of human AGO2 complexes. HeLa or 293T cells were
lysed in lysis buffer A-and immunoprecipitation was performed using pre-
immune sera or anti-AGO2 antibodies” (provided by H. Siomi-and M. C
Siomi). RNA was isolated using TRIzol from the protein A beads and resolved
by electrophoresis on 7 M trea 20% PAGE. Small RNAs were detected by nosth-
crnn blotting with an antisense probe, a sense probe derived from nucleotides
2140 of RMRP; or a* miR-16-specific probe (5-CGCCAATATTTACGTGC
TGCTA:3!).
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Requirement of ATM for Rapid p53 Phosphorylation
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P53 phosphorylation at Serd6 following DNA damage is important for: preferential transactivation of
proapoptotic genes. Here, we report that ataxia-telangiectasia mutated (ATM) kinase is responsible for Serd46
phosphorylation of p53 during early-phase response to DNA damage. To elucidate the direct phosphorylation
of p53 at Serd6 by ATM, an ATM mutant (ATM-AS) sensitive to ATP analogues was engineered. /i vifro kinase
assays revealed that p53 was phosphorylated at Serd46 by ATM-AS, even when ATP analogues were used as
phosphate donors, although this phosphorylation site is not in an SQ motif, a consensus ATM site. Further-
more, Serd6 phosphorylation by ATM was dependent on the N- and C-terminal domains of pS3, unlike Ser15
phosphorylation. Immunofluorescence analyses showed that Ser46-phosphorylated p53 was observed as foci in
response to DNA damage and colocalized with y-H2AX or Ser1981-phosphorylated ATM. These results suggest
that ATM phosphorylates a noncanonical serine residue on p53 by mechanisms different from those for the

phosphorylation of Serls.

The (umor suppressor protein p33 activates the transcription
of numerous target genes involved in cell cycle arrest, apopto-
sis, and DNA repair (5, 15; 35). Upon various cellular stresses,
p53 is phosphorylated and acetylated at multiple sites to acti-
vate downstream target genes (13, 31, 306).

Phosphorylation of p53 at Ser15 leads to the dissociation of
MDM2, an E3 ubiquitin ligase, from p53 to prevent MDM2-
dependent p53 degradation (36). We have previously shown
that Serd46 on p53 is phosphorylated following DNA damage
and that this phosphorylation contributes to the expression of
pS3-regulated apoptosis-inducing protein 1 (pS3AIP1) (33).
Serd6 phosphorylation also contributes to the preferential
transactivation of other proapoptotic genes, such as Noxa and
PUMA, to prevent tumor formation (18, 27). Although p38
mitogen-activated protein (MAP) kinase, protein kinase C &
(PKC3), homeodomain-interacting protein kinase 2 (HIPK2),
and dual=specilicity tyrosine phosphorylation-regulated kinase
2 (DYRK2) have been reported to phosphorylate p53 at Serd6
in ‘response to UV or adriamycin (ADR), a radiomimetic
DNA-damaging agent, these enzymes are controversial candi-
dates for direct kinases for Serd6 phosphorylation occurring in
early phase (within 1 h) in response to ionizing radiation (IR)
(6, 11, 16, 41, 49). :

Ataxia-telangiectasia mutated (ATM) is a member of the

* Corresponding author. Mailing address for Masato Enari: Biology
Division, National Cancer Center Research Institute, 5-1-1: Tsukiji,
Chuo-ku, Tokyo 104-0045, Japan. Phone; 81-3-3542-2511. Fax: 81-3-
3542:0807. E-mail: menari@ncc.go.jp. Mailing: address for  Yoichi
Taya: Cancer Science Institute of Singapore, Center for Life Sciences
#02-07, 28 Medical  Drive, National University of ' Singapore,
Singapore 117456, Singapore. Phone: 65-6516-8706. Fax: 65-6873-
9664. E-mail: csiyt@nus.edu.sg.

¢ Published ahead of print on 1 February 2010,

1620

phosphatidylinositol 3-phosphate kinase (PI3-K) family and is
crucial for the initiation of signaling pathways following expo-
sure to IR. Functional defects of the gene encoding ATM
cause the human genetic disorder ataxia-telangiectasia (A-
T). The major hallmarks of A-T are neurodegeneration,
immunodeficiéncy, genomic instability, and cancer predis-
position (26). Following exposure to IR; ATM phosphoryl-
ates Ser/Thr-Gln (S/T-Q) sequences on numerous. proteins
participating in DNA damage responses (29). Among these
proteins; p53 phosphorylation at Serl5 is a well-known tar-
get of ATM (3,7, 21).

Here, we found that ATM directly phosphorylates p53 at
Serd6 as well as Ser15 and that ATM is required for acute
DNA damage response to induce Ser46 phosphorylation. Un-
like Serl5 phosphorylation; the Serd6 phosphorylation: by
ATM requires both proline-rich and C-terminal domains of
p53. Furthermore, Ser46-phosphorylated p33 is partially co-
localized with IR-activated ATM that is known to localize at
DNA double-strand break (DSB) sites: Interestingly, Ser46
phosphorylation by IR-activated ATM is induced within 1 h
and ATM is required for early-phase response to DNA
damage.

MATERIALS ANDMETHODS

RNA inferference (RNAi) ‘experiments and RT-PCR. For: the: expression of
short_hairpin RNA (shRNA), oligonucleotides: containing sequences homolo-
gous to ATM (3-GATCCCCAAGCTATCAGAGAAGCTAATAAATTCAAG
AGATTTATTAGCTTCTCTGATAGCTTITTTITGGAAA-3! and 5-AGCTT
TTCCAAAAAAAGCTATCAGAGAAGCTAATAAATCTCTTGAATITATT
AGCTTCTCIGATAGCTTIGGG-3) or to HIPK2 (5:GATCCCCGAAAGTA
CATTTTCAACTGTTCAAGAGACAGTTGAAAATGTACTTICTTITIGG
AAA-3' and 5-AGCTTTTCCAAAAAGAAAGTACATTITTCAACTGTCTCT
TGAACAGTTGAAAATGTACTITCGGG-3') (10) were synthiesized and: the
duplex oligonucleotide DNA was inserted into the pSUPER:retro vector (Oligo-
engine) to generate pSR-ATM and pSR-HIPK2, respectively. These plasmids
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were digested to obtain DNA fragments containing the H1 promoter and DNA
coding for shRNA, and these DNA fragments were inserted into plenti6,2/'V5-
DEST (Invitrogen) to generate pL-shATM and pL-shHIPK2, respectively. Len-
tiviruses were produced in accordance with the manufacturer’s instructions (In-
vitrogen) and used to infect MCF7 or U20S cells. To gencrate stable cell lines,
infected cells were selected with blasticidin (Invitrogen). The sequences of prim-
ers for reverse transcription-PCR (RT-PCR) were as follows: 5'-GGCCTCAC
ATGTGCAAGTTTTC-3' and 5'-TTGGTAGGTATCAAGGAGGCTC-3' for
HIPK2 and 5'-TCCACAGTCTTCTGGGTGGCAGTGA-3" and 5'-GGGGAG
CCAAAAGGGTCATCATCTC-3' for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH)." For: experiments: with short. interfering. RNA: (siRNA),
Allstars  negative-control” siRNA: and Hs_ATM_5_HP validated siRNA were
purchased from Qiagen. Sequences of siRNAs and primers for RT-PCR for
HIPK2 and DYRK?2 are described by Hofmann et al. and Taira et al,, respec:
tively (17, 41). For p53 knockdown, siRNA described previously was used (12).
Each 100 pmol of siRNA was transfected with. HiPerfect transfection reagent
(Qiagen) and RNAiMax transfection reagent (Invitrogen) into MCF7 or U20S
cells (2 ¢ 107 cells). At'48 h-after transfection, cells were used for assays.

Immunoblotting analysis. To prepare whole-cell lysates; cells were collected
and stored’ at =80°C. The cells were thawed: in:chilled IP150: buffer (50:mM
HEPES [pH 7.0}; 150 mM NaCl,: I mM EDTA; 2.5 mM EGTA, 109 glycerol; 1
mM dithiothreitol [DTT],: 1. mM NasVOy; and. 5 mM:NaF). containing 0.1%
NP-40 and a protease inhibitor; cocktail consisting of 10: jug/ml pepstatin' A;:10
wg/ml antipain, 10 pg/ml chymostatin, 10 jLg/ml leupeptin, 10 pug/ml E-64; and 10
wg/ml phenylmethylsulfonyl fluoride (PMSF). The lysates were centrifuged for
15 min in'a microcentrifuge at 4°C, and the supernatants were collected and
boiled in sodium dodecyl sulfate (SDS) sample buffer. The samples were sepa-
rated on SDS-PAGE gels and blotted onto Immobilon-P. transfer membrane
(Millipore); The membranes were blocked with blocking solution containing 5%
nonfat dry milk in phosphate-buffered saline (PBS) containing 0.19% Tween 20
(PBS-T) for 1 hrat room temperature and then incubated with primary antibodies
dituted in Can’ Get Signal Solution: ‘1. (Toyobo): overnight: at. 4°C. After three
washes with: PBS:T; the membranes were incubated for 1 h with secondary
antibodies: in. PBS-T ‘containing 1% nonfat dry milk at room: temperature. Im-
munoblots were visualized by chemiluminescence (Western Lightning; Perkin-
Elmer). Anti-ATM antibody (2C1) was purchased from GeneTex, Inc,; anti-p53
antibody (9282), anti-phospho-Ser15-0f-p53 antibody (9284), and anti-phospho-
Thr68-0f-Chk2 antibody (2661) were from Cell Signaling Technology; anti-phos-
pho-Ser1981-0f-ATM antibody (10H11.E12) was from: Rockland Inc; anti-glu-
tathione . S-transferase: (anti-GST) antibody (B14): was from. Santa Cruz
Biotechnology; and anti-FLAG. (M2) antibody was from Sigma. Antibodies to
phospho-Ser392 of p53 were described previously (28, 33,.40). Anti-phospho-
Serd6-of-p53 mouse monoclonal antibody was: generated with a synthetic phos-
phorylated: peptide (Lab of Monoclonal ‘Antibody Co., Inc.). Signals from im-
munoblots were quantified by Multi-gauge v.3.0 (Fujifilm).

Plasinids and: purification of recombinant proteins. An expression construct
of FLAG-tagged wild-type ATM was a gift from M. Kastan. To construct ex-
pression vectors for the mutant ATM, parts of the FLAG-tagged wild-type ATM
were mutated using a QuikChange site-directed mutagenesis kit (Stratagene).

- Cells transiently transfected with constructs were thawed in IP150 bufter supple-
mented with 0:3% Nonidet P-40, followed by centrifugation. ATM was purified
using anti-FLAG M2 agarose (Sigma) and then eluted into IP150 buffer with 3
FLAG peptides (Sigma) after two washes with IP150 buffer with 0.3% Nonidet
P-40, two washes with IP500 buffer containing 500 mM:NaCl with 0.3% Nonidet
P-40, and two washes with IP150 buffer without detergent. For kinase assays
using ATM-AS; a series of ATMs, including ATM-WT and ATM-KD, were
prepared in'IP150 or 1P500 supplemented with 0.03% Nonidet P-40. GST fusion
proteins ‘were: expressed in: Escherichia coli: BL21 cells' from pGEX-4T-1 or
pGEX-6P-1 vectors (GE Healthcare). .

In vitro Kinase assay, ATP was purchased from Cell Signaling Technology, and
all ATP: analogues were from Biolog. /i vitro kinase assays were performed in
kinase buffer. (9802) (25 mM: Tris-HCl:[pH 7.5}, 5:mM B-glycerophosphate, 2
mM dithiothreitol, 0.1 mM Na;VO;, and 10 mM MgCl,) (Cell Signaling Tech-
nology) supplemented with 10 mM MnCl; and 0.1 mM ATP or ATP analogues,
at 30°C for:30 or 60 min. Reactions were stopped by the addition of SDS sample
buffer followed by boiling. Reaction products were subjected to immunobloiting.

Confocal immunofiuorescent microscopy. Cells were fixed with 3.7% formal-
dehyde in PBS for 10 min at room temperature, permeabilized with 0.5% Triton
X-100 in PBS:for 10 min at room temperature, and then blocked with PBS
containing 3% bovine serum albumin (BSA) and 0.1% goat serum for 1 h-at
room temperature. Cells were incubated with primary antibodies overnight at
4°C and then with'secondary antibodies (Alexa Fluor 488 goat anti-rabbit IgG or
Alexa Fluor 594 goat anti-mouse IgG; Invitrogen) for I h at room temperature.
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Vectashicld with DAPI (4',6-diamidino-2-phenylindole; Vector Laboratories
Inc.) was used as the mounting medium. The primary antibodies used for im-
munostaining were anti-p53 (Ab-6; Calbiochem), anti-phospho-Ser1981 of ATM
(10H11.E12; Rockland Inc.); anti-phospho-SeriS of p53 (40), anti-phospho-
Serd6 of p53 (33), anti-phospho-Thr68 of Chk2 (2661; Cell Signaling Technol-
ogy), anti-phospho-Ser957 of SMC1. (NB100-205; Novus Biologicals), anti-y-
H2AX (JBW103; Upstate Biotechnology Inc.), and anti-PML antibody (PG-M3;
Santa: Cruz Biolechnology).- All: primary. antibodies were diluted in Can Get
Signal A (Toyobo). These immunostained objects were observed under a con-
focal immunofluorescent’ microscope using a Zeiss LSMS Exciter system
equipped with. Zen software (Carl Zeiss Inc.). For preestraction experiments,
cells were extracted with 0.2% Triton X-100 for 3 min at room temperature prior
to 3.7% formaldehyde fixation; followed by the same procedures described
above. Fluorescence resonance energy transfer (FRET) signals were obtained as
described previously (23). In brief; cells were exposed to 488-nm light to excite
Alexa’ Fluor 488 (donor fluorescence) and the emission of Alexa Fluor 568
(acceptor molecules) was scanned to detect FRET.

RESULTS

ATM is required for p53 phosphorylation at Ser46 following
exposure to IR but not to UV. It was reported that Serd6
phosphorylation of p53 is abrogated following exposure to IR
in A-T lymphoblasts (38). To identify the kinase that phos-
phorylates p53 at Serd6 in response to IR, we first assessed

whether ATM is required for this phosphorylation in other cell.

lines. Human mammary carcinoma MCEF7 cells were infected
with lentiviruses: encoding a short hairpin: RNA (shRNA)
against: ATM to generate: stable cell: lines' devoid of ATM
expression: (pL-shATM) : (Fig.: 1A). The phosphorylation: at
Serd6 as well as Ser15 (3, 7,21) was delayed and attenuated in
ATM-depleted cells (Fig. 1B). Similar results were obtained
using - human osteosarcoma U20S cells depleted of ATM (Fig.
1C and D). On the other hand, downregulation of ATM ex-
pression had no effect on phosphorylation at Ser392 of p53 in
either MCFE7 or U20S:cells: (Fig.. 1B and. D). In contrast;
depletion of ATM had little effect on phosphorylation at Ser46
or. Serl5 after exposure to UV (Fig. 1E and F). We also
performed immunoblotting to assess Ser46 phosphorylation at
various doses of IR. Serd6 phosphorylation was obviously de-
tected at a high dose of IR compared to Serl5 phosphoryla-
tion, consistent with previous reports (33) (Fig. 2). These find-
ings suggest that ATM is responsible for the phosphorylation
of p53 at Ser46 after exposure (o IR but not to UV.

ATM phosphorylates p53 at Serd6 in vifro. To examine
whether ATM associates with kinases that phosphorylate p53
at Serd6, FLAG-tagged ATM transiently expressed in 293T
cells was purified by immunoprecipitation with anti-FLAG an-
tibody and used for in vifro kinase assays using full-length p53
fused to GST (GST-p53) as a substrate (Fig. 3A). When wild-
type: ATM. (ATM-WT) was mixed with. GST-p53, ATM-WT
phosphorylated 'p53 at Serd6-as well as at: Ser15, although
neither a kinase-dead ATM mutant (ATM-KD) nor eluates
from cells transfected with an empty vector (control) produced
the same phosphorylation patterns: (Fig. 3A). On the other
hand, p53: phosphorylation' at Ser392 by ATM was not de-
tected, as shown in Fig. 3A. Given that ATM purified from
293T cells contains the kinase activity to phosphorylate p53 at
Serd6, similar experiments were carried out using differentcell
lines, including human lung carcinoma H1299 and MCF7 cells,
Recombinant ATM purified from these cells also phosphory-
lated p53 at Serd6 as well as Ser15 (Fig. 3B and:C), suggesting
that the Serd6 kinase activity in'the immunoprecipitatés was
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Vor. 30, 2010 RAPID p53 PHOSPHORYLATION AT Ser46 BY ATM- 1623
A 2Gy aGy 10Gy the immunoprecipitate was dependent on ATM, consistent
with the result that ablation of ATM caused impaired IR-
IR 005124005124 005124 (hn) induced Ser46 phosphorylation (Fig. 1B and D).
u-p-Ser15 d - - Construction of ATM sensitive to ATP analogues. It is be-

p-Serd6 - lieved that the S/T-Q motif is important for the phosphoryla-
P e iy ' tion of substrates by ATM (22; 34), and ATM phosphorylates
a typical SQ motif in p53 at Ser15 (3, 7, 21). On the other hand,

u-p53 - - i Sl

v the Ser46 phosphorylation site is not in the SQ motif and
CBB “imesiimssd vt oy e therefore is a noncanonical' ATM site (data’not shown). To
assess whether ATM kinase directly phosphorylates Ser46, a
B MCF7 pL-vec . pL-shATM combined chemical and genetic approach was adopted. This
IR 005124005124 005124 (hr strategy involved the alteration of a conserved bulky residue in
a-p-Seris a e the-ATP-binding pocket of kinase to small'amino acids: The
, resulting mutant with an enlarged ATP-binding pocket was
a-p-Serdé § able to bind ATP analogues that wild-type kinase cannot ac-
cept. This method has allowed the search for bona fide sub-
@ps3 T =W - - ww— — strates of various kinases, including the Src family kinase (39),
CBB o i L ' stress-activated protein kinase/Jun N-terminal kinase (SAPK/

' : ' : IJNK) (14), and cyclin-dependent kinase 1 (cdk 1) (43). The -
C MCF7 pL-vec  pL-shATM X-ray crystallographic structure of ATP-bound PI3-Ky belong-

ing to the PI3-K family showed: that the Tyr867 residue on

IR 005124005124 005124 (hn) PI3-Ky contacts the N° position of the adenine ring of ATP

a-p-Ser1s s e ~— i (45). The sequence alignment of ATP-binding pockets among
Sorde members of the PI3-K family showed that this tyrosine residue
opser L= - s is conserved: and ‘corresponds to Tyr2755 in' ATM (data not

shown). To engineer ATM sensitive to- ATP analogues (ATM-
AS), a Tyr2755 residue in ATM was replaced with alanine. An
ATM-AS molecule was expressed and could be immunopre-
cipitated with anti-FLAG antibody similarly to ATM-WT. Im-
portantly, Tyr2755 is deep in the ATP-binding pocket and far
from the substrate binding site in order not to alter the sub-
strate specificity of the kinase. To assess whether ATM directly

a-p53

CBB

¥IG. 2. Dose- and time-dependent accumulation of p53 and Serd6
phosphorylation: (A) Time kinetics of accumulation and phosphoryla-
tion of p53 in MCF7 cells after exposure to IR of the indicated doses.
Cell lysates were subjected to immunoblotting as described for Fig. 1B.
(B and C) Time kinetics of accumulation and phosphorylation of p53

in: MCF7 cells and its derivatives after exposure to IR of 2 Gy (B) or
4Gy (C). Cell lysates from the above stable cells were subjected to
immunoblotting as described for Fig. 1B, The expression level of ATM
is shown in Fig. 1A.

not a cell-line-specific phenomenon. Moreover, an in vifro ki-
nase assay with GST-p53 carrying an alanine substitution at
Serl5 (S15A) or Ser46 (S46A) showed that each phosphory-
lation event is mutually independent (Fig. 3D). The effect of
ATM kinase inhibitors, wortmannin and KU-55933, on Ser46

phosphorylates p53 -at :Ser46, in vifro. kinase: assays with
ATM-AS were performed (Fig. 4A). Natural ATP or various
N¢-substituted ATP analogues were used as phosphate donors,
and ATM kinase activity was determined using a phospho-
Seri5-specific antibody. ATM-WT ' phosphorylated p53 at
Ser15 in the presence of natural ATP; however, when bulky
ATP analogues were used, ATM-WT was not able to transfer
a phosphate group to Serl5 (Fig. 4A), suggesting that the ATP
analogues used did not associate with ATM-WT. On the other
hand, ATM-AS exhibited markedly improved specificity. for

NC.substituted ATP analogues (Fig. 4A). When N°1-methyl-
butylated-ATP (1-MeBu) was used as a phosphate donor, the
kinase activity of ATM-WT was minimal and ATM=-AS phos-

kinase activity was assessed. p53 phosphorylation at Serd6 was
blocked by both ATM kinase inhibitors as efficiently as that at
Serl5 (Fig. 3E and F), suggesting that Ser46 Kinase activity in

FIG. 1. ATM is required for the phosphorylation of p53 at Ser46 in response to IR but not UV. (A and C) Expression level of ATM. MCF7
cells (A) or U20S cells (C) were infected with control lentiviruses (pL-vec) or lentiviruses encoding shRNA to'ATM (pL-shATM); and cell lysates
from the selected stable cells were subjected to immunoblotting. Coomassie brilliant blue (CBB):staining is also shown as a loading control. (B
and D) Time kinetics of accumulation and phosphorylation of p53 in MCE7 cells and its derivatives after exposure to IR of 10 Gy (B) or in U20S
cells and its derivatives after exposure to IR of 20 Gy (D). Cell lysates from the above stable cells were analyzed by immunoblotting with antibodies
against p53 («-p53); phospho-Ser15 (a-p-Serl3), phospho-Serd6 (o-p-Serd6), and phospho-Ser392 (a=p-Ser392).of p53. CBB staining shows the
amount of total protein applied to each lane. (E and F) Time kinetics of accumulation and phosphoryhuon of p53.in MCF7 cells and its denvatwes
after exposure to UV of 20 J/m> (E) or in derivatives of U20S cells after exposure to UV of 30 I/m? (F). Cell lysates from the above stable cells
were subjected o immunoblotting as described for panel B. The expression level of ATM is shown in panels A and C. The immunoblots in Fig.
1B and D to F were scanned to compare the amount of phosphorylation at Serd6 or Ser392 in ATM-depleted cells (pL-shATM) and in MCE7 or
U208 celis. The amount of phosphorylated p53 at each residue was calculated by dividing the value of phosphoryhted p53 by that of total p53
at that time point.
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FIG. 3. ATM phosphorylates p53 fused to GST (GST-p53) at Serd6 in virro, (A) Kinase activity of ATM. HEK 293T cells: were transiently
transfected with an empty vector (control) or an expression construct of FLAG-ATM wild-type (ATM-WT) or kinase-dead ATM (ATM-KD). The
kinase activity of ATM purified with an anti-FLAG antibody was analyzed by an in vifro kinase assay using GST-p53 as a substrate. Phosphorylated
p53 was detected by immunoblotting with the indicated antibodies. ATM in the reaction mixture was also detected by anti-ATM antibody. Cell
lysates from MCF7 cells treated with.3 nM ADR are used for positive controls (p.c.) of antibodies. (B and C) Kinase activity of ATM in lysates
from different cell lines. H1299 (B) or MCE7 (C) cells were transiently transfected with an empty vector (control) or an expression construct of
FLAG-ATM-WT, The kinase activity of ATM purified with an anti-FLAG antibody was analyzed by an i vito kinase assay using GST-pS3 as a
substrate. Phosphorylated p53 was detected by immunoblotting as described for panel A. (D) GST-p53 carrying an alanine substitution at Ser15
(S15A) or at Serd6 (S46A) was subjected to the in vifro kinase assay as in panel A. (E) Effect of an ATM kinase inhibitor on the Ser46 kinase activity
of ATM. The in vitro kinase assay was performed as in panel A with different concentrations of wortmannin. DMSO, dimethyl sulfoxide. (F) Effect
of KU-55933 on the Serd6 kinase activity of ATM. The in virro kinase assay was performed as in panel A with or without 10 M KU-55933, «,

anti.

phorylated p53 at Ser15 more efficiently than ATM-WT (Fig.
4A, row 1V), : :

Kinase domain of ATM directly phosphorylates Ser46 of
p53. To explore whether ATM itself directly phosphorylates
Ser46 on p53, in vitro kinase assays using ATM-AS and N%1-
MeBu-ATP were performed. If ATM directly phosphorylates
Serd6 on p53, ATM-AS would phosphorylate Serd6 as well as
Ser15 with N®1:MeBu-ATP. If ATM aclivates a separate
Serd6 kinase that is contained in the ATM immune complex,
ATM-AS would phosphorylate Ser15 but not Serd6 with N°-

“1-MeBu-ATP, as unmodified kinases. cannot use ATP ana-
logues as a phosphate donor. The in vitro kinase assay revealed
that the phosphorylation pattern of Serd6 was quite similar to
that of Serl5 (Fig. 4B). ATM-AS phosphorylated both serine
residues more efficiently than normal ATP even when N°-1-

MeBu-ATP was used (Fig. 4B, lanes 8 and 9). In contrast,
"ATM-WT phosphorylated both Serl$5 and Serd6 of pS3 only in
the presence of normal ATP (Fig. 4B, lanes 5 and 6). These
phosphorylations were not due to contamination of ATP as-
sociated with the immunoprecipitates because the immunopre-

cipitate coniplex did not phosphorylate p53 in the absence of .

phosphate donors (Fig. 4B, lanes 1, 4, 7, and 10). These find:
ings suggest that ATM itself directly phosphorylates Serd6
without any effector kinase.

ATM requires N- and C-terminal domains. of p53 for Serd6
phosphorylation. To investigate how ATM phosphorylates a
noncanonical target such as Serd6 on p53, the efficiency of
Serd6 phosphorylation was analyzed using various deletion
mutants of p53. The consensus sequences required for phos-
phorylation by ATM were identified using a short. peptide
library (22, 34). However, there is a possibility that ATM might
require the whole structure of substrates for sufficient phos-
phorylation. Therefore, the phosphorylation efficiency between
full-length p53 and a short peptide containing Ser15 or Serd6
was compared to evaluate whether Ser46 phosphorylation is a
conformation-dependent event. ATM was able to phosphory-
late Ser15 on short peptides as efficiently as full-length p53
(Fig. 5A, left). In contrast, no Serd6 phosphorylation was de-
tected on a short peptide (Fig. 5A, right); indicating that the
whole structure of p53 is required for Ser46 phosphorylation.
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FIG. 4. ATM directly phosphorylates Serd6 of p53 using a mechanism different from that for Serl5. (A) Recombinant ATM was purified from
293T cells expressing FLAG-tagged ATM using anti-FLAG antibody and detected by immunoblotting with anti-ATM antibody. Kinase activity of
ATM-WT or an ATM mutant sensitive to ATP analogues (ATM-AS and ATM-Y2755A) was measured by i vino kinase assays using GST-p53;
In this assay; natural ATP or various N%-substituted ATP analogues (row I, ATP; row II, N®-benzyl ATP [N%Bn-ATP]; row III, NSphenylethyl
ATP [NSPhEt-ATP]; row IV, N I-methylbutyl ATP. [N%1-MeBu-ATP]; row V, N%2-methylbutyl ATP [N®-2-MeBu-ATP]) were used as
phosphate donors, and the kinase activity was determined using a-p-Serl5 of p53 antibody. (B) i1 vitro kinase assays of ATM-WT, ATM-AS, and
‘ATM-KD using GST-p53 as the substrate. Immunoprecipitates from 293T cells transfected with empty vector (control) were also subjected to the
same assay. ATP or N°-1-MeBu-ATP (1-MeBu) was used as a phosphate donor for the kinase reaction. " indicates a sample without a phosphate

donor in the reaction mixture. «; anti.

To exclude the possibility that Ser46 was not exposed because
a small region of p33 was fused to a larger GST protein, in vifro
kinase assays using chemically synthesized p53 peptide were

performed (data not shown). Dot blot analysis showed that
ATM did not phosphorylate short peptides containing Ser46
without GST (data not shown). Furthermore, antibodies spe-
cifically recognized chemically synthesized: phosphorylated
forms of corresponding short peptides (data not shown).

Taken together, these data suggest:that the entire p53 struc-
ture is required for Ser46 phosphorylation.

To map other regions that may be required for Serd6 phos-
phorylation, various deletion mutants of p53 were used (Fig.
5B). Deletion of the proline-rich (APro) or C-terminal (AC)
domains of p53 caused decreased Serd6 phosphorylation in
vitro: (Fig. 5C). In contrast, deletion of the N-terminal TAD1
domain had little or no eflect on Serd6 phosphorylation.
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FIG: 5. ATM requires the whole structure of p53 for Ser46 phosphorylation. (A) Comparison experiments of phosphorylation by ATM between
p53 full-length and short peptides containing Serl5 (left panel) or Serd6 (right panel) from p53. Full-length p53 and short peptides were produced
as GST fusion proteins and used for in viiro kinase assay. To compare the phosphorylation efficiencies; full-length p53 and short peptides were
mixed and the mixtures were subjected to immunoblotting with indicated antibodies. Specificity of a-p-Ser46 antibody was examined using peptides
phosphorylated or not on Serd6 (data not shown). (B) Schematic representation of deletion mutants of p53. Various deletion mutants of p53 were
used for the experiments shown in panels C and D. ATADI corresponds fo the deletion of amino acids 1 to 39 of p53, APro corresponds to the
deletion of amino acids 64 to 92, and AC corresponds to the deletion of amino acids 292 1o 393. (C and D) Phosphorylation of p53 deletion mutants
i vitro (C) or in vivo (D). (C) In vitro kinase assays using deletion mutants of p53 fused to GST as the subsirates. Immunoblotting with anti-GST
antibody shows the amount of each substrate in the reaction mixture. (D) Deletion mutants of p53 were transiently expressed in H1299 cells, and
at 24 h after transfection, cells were exposed to 0 Gy (—) or 10 Gy (+) of IR. The phosphorylation of p53 at 1 h after IR was detected by

immunoblotiing. «, anti.

To confirm the effect of the deletion of p53 on Serd6 phos-
phorylation'in vivo, the deletion mutants of p53 used for in virro
kinase assays were expressed transiently in H1299 cells and the
transfected cells were exposed to IR. The proline-rich and
C-terminal domains were required for IR-dependent Serd6
phosphorylation (Fig. 5D), which was consistent with in vitro
data shown above. These findings imply that the whole struc-
ture of p53 is required for Serd6 phosphorylation by ATM,
although ATM is directed to SerlS by amino acid sequerices
surrounding it. ;

ATM phosphorylates Serd6 of p53 at the sites of DSBs.
After exposure to IR, activated ATM is recruited to DSBs and

phosphorylates various substrates, including Chk2, SMC1, and
H2AX (4, 24, 47). To investigate where ATM phosphorylates
Serd6 on p53, antibodies specific for detection of Ser15- and
Serd6-phosphorylated p53 were used for immunolluorescence
analyses. The specificity of these antibodies was confirmed by
immunofluorescence with p53 mutants bearing a mutation at
Serl5 or at Ser46 and by immunoblotting with samples from
cells with or without DNA damage (data not shown). Follow-
ing exposure of cells to IR, p53 accumulated in the nuclei (Fig.
6A and B) and Serl15-phosphorylated p53 (Fig. 6A and C)
exhibited a diffuse nuclear distribution. On the other hand,
confocal immunofluorescent microscopic analyses with an an-
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FIG. 6. Serd6, but not Serl5, of p53 is colocalized with activated ATM at DSB sites. (A and B) At 48 h after transfection with either control
or p53 siRNA, MCE7 cells were exposed to 0 Gy () or 10 Gy (++) of IR and subjected to confocal immunofluorescent analysis at 30 min after
irradiation. (A) Immunofiuorescence with anti-phospho-Serl15-0f-p33 (green) and anti-p53 (red) antibodies. (B) Immunofluorescerice with
anti-phospho-Serd6-of-p53 (green) and anti-p53 (red) antibodies. (C) Immunofluorescence with anti-phospho-Ser15-of-p53 (green) and anti-y-
H2AX (red) antibodies. (D) Immunofiuorescence with anti-phospho-Serd6-of-p53 (green) and anii-y-H2AX (red) antibodies. (E) Release of
Serd6-phosphorylated p53 from chromatin by preexiraction of a detergent prior to formaldehyde fixation. MCF7 cells were exposed to 0 Gy )
or 10 Gy (+) of IR and subjected to confacal immunofluorescent analysis 30 min after irradiation. To assess whether activated ATM (Ser1981-
phosphorylated ATM), Serd6-phosphorylated p53, or y-H2AX is tightly associated with DSB; precxtraction (PE) before fixation was performed.
(F) Immunofluorescence with anti-phospho-Ser46-0f-p53 (green) and anti-y-H2AX or anti-PML (red) antibodies. Nuclei were stained with DAPL
(blue). FRET signals occurring because of colocalization between Serd6-phosphorylated p53 and y-HZAX or PML are shown (bottom panels).
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