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Fig. 2. Time course of P450 activities in fresh and cryopreserved chimeric hepatocytes after isolation or thawing, respectively, as

assessed by HPLC

Fresh and cryopreserved 2YM-chimeric hepatocytes were stored after isolation and thawing, respectively, at 4°C for 3 and 6 h. The fresh
and cryopreserved chimeric hepatocytes were purified by Percoll isodensity cenfrifugation after isolation or thawing. Fresh and
cryopreserved chimeric hepatocytes, just after purification (0 h) and after storage for 3 h and 6 h, were treated with four substrates specific
for four P450s (Table 1): (A) 1A2, (B) 2C9, (C) 2C19, and (D) 3A. The incubated medium was used to analyze each metabolite by HPLC; the
metabolic activity of each P450 is shown as pmol/10° cells/min (Table 3)-

cytes from the chimeric mice showed similar P450 activi-
ties to unpurified ones, supporting this suggestion (Fig.
1).

Glucuronide conjugation of ketoprofen in chi-
meric m-hepatocytes: Glucuronide conjugates were
detected by in vitro metabolic assay for ketoprofen using
fresh and cryopreserved hepatocytes from the 6YF-chi-
meric mouse and cryopreserved donor cells (6YF)
however, uPA(wt/wt)/SCID mouse hepatocytes did not
show products of UGT activity. The proportion of non-
metabolized ketoprofen in fresh chimeric hepatocytes
was similar to that in donor cells and lower than that in
cryopreserved chimeric hepatocytes (Fig. 4). The
proportion of ketoprofen-glucuronide in fresh chimeric
hepatocytes was significantly higher than that of both
cryopreserved chimeric hepatocytes (P<0.05). The
transferred ketoprofen-glucuronide levels in fresh chi-
meric hepatocytes were also higher than those of both
cells, but not significantly so (Fig. 4). From these results,
we suggest that the freeze-thaw procedure decreased cel-
lular glucuronide conjugation activities on drugs such as
ketoprofen.

Discussion

Recent studies have revealed that chimeric mice may
be a useful model for the examination of drug absorp-
tion, distribution, metabolism, and excretion (ADME)
and drug interactions via enzyme induction and
inhibition in vivo.'3*712"' S.Warfarin has been shown
to be metabolized to S-7-hydroxywarfarin, catalyzed
by CYP2C9, and is primarily recovered in urine in hu-
mans.'” The mass balance and metabolic disposition of S-
warfarin in chimeric mice were found to be similar to
reported human data.'*'® In humans, ketoprofen is
primarily metabolized by UGT and converted to
ketoprofen g]ucuronides.s) When chimeric mice were ad-
ministered ketoprofen, glucuronide conjugates were de-
tected in their sera and bile.” By treatment with typical
inducers of P450 (3-methylcholanthrene and rifampicin),
human CYP1A and CYP3A4, respectively, were induced
in the chimeric mouse liver.'” After treatment with
quinidine, a specific inhibitor of human CYP2D6, the
area under the curve (AUC) of CYP2D6 metabolites was
significantly decreased in the chimeric mice, but not in
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Fig. 3. P450 activities of liver microsomes from chimeric mice, uPA/SCID mice, and human livers as determined by LC-MS/MS

Microsomes from a 6YF-chimeric mouse and pooled microsomes of uPA/SCID mice and human livers were treated with eight substrates
specific for seven P450s (Table 1), and the metabolite concentrations were measured by LC-MS/MS; the metabolic activity of each P450 is
shown as pmol/mg protein/min (Table 2): (A) 1A2, (B) 2A6, (C) 2C9, (D) 2C19, (E) 2D6, (F) 2E1, (G) 3A, midazolam, and (H) 3A, testosterone.

control mice." These findings demonstrate that h-
hepatocytes in the chimeric mouse liver had normal hu-
man phase I and II enzyme activity, and that the chimeric
mice may have advantages in studies of ADME and drug
interactions. However, no study had examined the meta-
bolic activity of fresh h-hepatocytes isolated from chimer-
ic mice. In the present study, we determined whether the
chimeric mouse could be a useful source of fresh h-
hepatocytes for in vitro metabolic studies.

The metabolic capacities of fresh and corresponding
cryopreserved hepatocytes from several donors have
been compared by testosterone hydroxylation, 7-ethoxy-
resorufin-O-deethylase (EROD), and 7-ethoxycoumarin-
O-deethylase (ECOD). These activities were found to be
lower in cryopreserved hepatocytes than in fresh
ones.'”'® Phase Il enzyme activities, GST, UGT toward 4-
methylumbelliferone (MUF), and sulfotransferase (SULT)
were also significantly reduced after cryopreservation of
h-hepatocytes, whereas the activity of UGT toward 4-
hydroxybiphenyl (HOBI) and that of SULT were similar
to those measured in fresh h-hepatocytes.'” Despite the
observed reductions of these enzyme activities,

cryopreserved h-hepatocytes are regarded as the best in
vitro model for use in predicting human intrinsic clear-
ance of xenobiotics.'® This is because ahead-of-time ex-
perimental planning using fresh h-hepatocytes and attain-
ing reproducible studies using the same donor of fresh h-
hepatocytes is not feasible. Additionally, because large in-
dividual variations are known to exist among h-hepato-
cytes, pooled hepatocytes derived from several donors
could help eliminate such individual variation, but such
pooling of fresh h-hepatocytes is not possible. Here, we
compared the P450 activities of fresh and cryopreserved
chimeric hepatocytes originating from the same donor,
and fresh h-hepatocytes from human livers. Results indi-
cated that CYP1A2, 2C19, and 2D6 activities declined,
while CYP2A6, 2C9, 2E1, and 3A activities were not af-
fected by the freeze-thaw procedure. Fresh and
cryopreserved chimeric h-hepatocytes were used for the
determination of ketoprofen glucuronidation. Concen-
trations of ketoprofen-glucuronide and transferred
ketoprofen-glucuronide were higher in fresh chimeric
hepatocytes than in their cryopreserved counterparts.
Chimeric hepatocytes from the same donor showed
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Fig. 4. Glucuronidation of ketoprofen in fresh and cryopreserved chimeric hepatocytes, uPA(wt/wt)/SCID mouse hepatocytes, and

cryopreserved donor hepatocytes, as determined by LC-MS/MS

Fresh and cryopreserved chimeric hepatocytes, uPA(wt/wt)/SCID mouse hepatocytes, and cryopreserved donor hepatocytes (6YF) were in-
cubated with ketoprofen for 3 h. The conditioned medium was treated with B-glucuronidase and 1N KOH, and the concentration of
ketoprofen was measured by LC-MS/MS (Table 2): (A) Non-metabolized ketoprofen, (B) Ketoprofen-glucuronide, (C) Transferred ketoprofen-
glucuronide, and (D) other metabolites. The concentrations of ketoprofen-glucuronide and transferred ketoprofen-glucuronide were calcu-
lated by the formulas indicated in Materials and Methods, and the activities were expressed as the ratio of the concentration of ketoprofen
or its glucuronide conjugate to the ketoprofen concentration at 0 h. The values shown are the means £SD of three or five different chimeric

mice. *p<0.05, **p<0.01. ND, not detected.

smaller variations in P450 activities than fresh h-hepato-
cytes from different individuals (Fig. 1). These results in-
dicated that fresh chimeric hepatocytes may address the
problem of individual differences in fresh h-hepatocytes.
Additionally, the fresh and cryopreserved chimeric
hepatocytes tested retained P450 (CYP1A2, 2C9, 2C19,
and 3A) activities for at least 6 h. These studies demon-
strated that chimeric mice can provide fresh h-hepato-
cytes ahead of time, making reproducible studies using
the same donor possible.

The decreased metabolism in cryopreserved hepato-
cytes could be attributable to two mechanisms: inactiva-
tion of P450 enzymes and loss of the cofactor NADPH
due to cell membrane damage.’”® The addition of a
NADPH-generating system to the incubation mixture has
been shown to increase benzo[a]pyrene metabolite for-
mation by cryopreserved rat hepatocytes to approximate-
ly the level of freshly isolated rat hepatocytes.”” When
cryopreserved rat hepatocytes were purified by Percoll
centrifugation after thawing, to remove dead and mem-
brane-damaged cells, benzo[a]pyrene metabolism reco-

vered to equal that of fresh rat hepatocytes.” The
decline in phase II enzyme activities has also been shown
to be overcome by Percoll centrifugation, but not com-
pletely to the level of freshly isolated cells.?” Addition of
endogenous cofactors uridine 5’-diphosphoglucuronic
acid (UDPGA) and adenosine 3’-phosphate 5’-phos-
phosulfate (PAPS) to cryopreserved rat hepatocytes im-
proved 7-hydroxycoumarin-glucuronide and 7-hydroxy-
coumarin-sulfate formation to levels observed in fresh
hepatocytes.”” The UDPGA and PAPS synthesis machine-
ries may be damaged during freezing and thawing. Fresh
or cryopreserved chimeric hepatocytes would be useful
in clarifying the mechanisms underlying the decline in
metabolic activities after freezing and thawing. The
results of this study also suggest that fresh chimeric
hepatocytes are useful for testing phase I and Il reactions,
including glucuronidation, without the need for Percoll
purification or the addition of cofactors.

Chimeric hepatocytes contain about 17% of m-hepato-
cytes, and 66Z antibodies react specifically with m-
hepatocytes. We purified h-hepatocytes from the chimer-
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ic hepatocytes by 66Z rat IgG and magnetic bead-conju-
gated anti-rat IgG antibodies. After the magnetic removal
of m-hepatocytes, the proportion of m-hepatocytes
decreased to approximately 3%. We measured the P450
activities of microsomes isolated from the chimeric
mouse and pooled microsomes from uPA/SCID mice and
human livers using the same substrates as those used in
the cell suspension study. Because we were not able to
obtain microsomes from the donor of the chimeric mice
(6YF), pooled human microsomes were used for this
study. Except for CYP2D6 and 2E1, the activities of uPA/
SCID mouse liver microsomes were similar to, or lower
than, those of pooled human liver microsomes. The activ-
ities of CYP2D6 and 2El1 in uPA/SCID mouse liver
microsomes were 50-100% higher than those of pooled
human liver microsomes, respectively. We also found
that P450 activities were similar between pre- and post-
purified chimeric hepatocytes. From these results, we
deduced that m-hepatocytes contaminating the chimeric
hepatocytes might not significantly affect the activities of
chimeric hepatocytes.

Gender differences in CYP3A4 activities have been re-
ported when using cryopreserved human hepatocytes.”
We assumed that P450 activities were independent of
the gender in recipient uPA/SCID mice, because we re-
cently showed that there was no significant difference in
P450 activity (CYP1A2, 2C9. 2C19, 2D6, and 3A) be-
tween microsomes from male and female chimeric
mice.” In the present study, hepatocytes isolated from
both male and female chimeric mice were used, and
there was no difference in P450 or UGT activity between
them (data not shown); however, the number of animals
was limited.

Non-platable 4YF- and 6YF-donor cells were engrafted
and grown in the uPA/SCID mice and hepatocytes were
isolated from the livers using the collagenase perfusion
method. Fresh chimeric hepatocytes adhered well onto
the culture dishes, compared with fresh and
cryopreserved h-hepatocytes. This suggests that fresh chi-
meric hepatocytes would be suitable for P450 induction
and toxicity studies that are usually performed with plat-
ed cells.

Cryopreserved h-hepatocytes isolated from the chi-
meric mice were demonstrated to be useful for evaluat-
ing the induction of CYP1A2 and 3A4;® in addition,
CYP1A2 and 3A4 mRNA induction and expression from
three different donor hepatocytes were reproduced in
cryopreserved chimeric hepatocytes.”® Due to the higher
plating efficiency of fresh hepatocytes compared to
cryopreserved cells, fresh chimeric hepatocytes would be
useful for evaluating the human P450 induction abilities
of xenobiotics.

We conclude that fresh and reproducible h-hepato-
cytes isolated from chimeric mice could be a useful tool
in predicting the pharmacokinetics of chemical entities

in addition to in vivo chimeric mouse studies. Compara-
tive in vitro and in vivo studies using chimeric mice with
the same donor could generate abundant data for resolv-
ing poorly understood phenomena and mechanisms.
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Developmental pluripotency associated 4 (DPPA4) is one of the uncharacterized genes that is
highly expressed in embryonic stem (ES) cells. DPPA4 is associated with active chromatin and
involved in the pluripotency of mouse ES cells. However, the biological function of DPPA4
remains poorly understood. In this study, we performed fluorescence recovery after photoble-
aching (FRAP) analysis to examine the dynamics of DPPA4 in ES cells. FRAP analysis showed
that the mobility of DPPA4 is similar to that of histone H1. In addition, biochemical analysis
with purified proteins and immunoprecipitation analysis showed that DPPA4 directly binds to
both DNA and core histone H3. The analysis using truncated proteins indicated that DPPA4 is
associated with DNA via the N-terminal region and histone H3 via the C-terminal region.
In vitro assembled chromatin showed resistance to micrococcal nuclease (MNase) digestion in
the presence of DPPA4. Moreover, MNase assay and FRAP analysis with the truncated pro-
teins implies that DPPA4 binding to both DNA and histone H3 is necessary for the chromatin
structure resistant to MNase and for the proper localization of DPPA4 in ES cell nuclei. These
results suggest that DPPA4 modulates the chromatin structure in association with DNA and

histone H3 in ES cells.

Introduction

Mouse embryonic stem (ES) cells, derived from the
inner cell mass of the blastocyst, have unlimited
capacity for sclf-renewal and can differentiate into
various cell types (Keller 2005). Moreover, human ES
cells and induced pluripotent stem (iPS) cells have
been established (Thomson ef al. 1998; Takahashi
et al. 2007; Yu et al. 2007). Thus, they are expected
to become a valuable resource for stem cell therapy.
The pluripotency of mouse ES cells is maintained by
the leukemia inhibitory factor (LIF) Jak/STAT3, bone
morphogenic protein (BMP) Smad/Id, and Wnt/
B-catenin signaling pathways (Burdon ef al. 2002;
Boiani & Schaéler 2005). In addition, several transcrip-
tion factors including Oct-3/4, Sox-2, Nanog, Sall4,
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and KIf family proteins play essential roles in mouse ES
cell pluripotency (Chambers et al. 2003; Mitsui et al.
2003; Niwa et al. 2005; Zhang et al. 2006; Masui ef al.
2007; Jiang et al. 2008). These signaling pathways and
core transcription factors synergistically contribute to
the maintenance of pluripotency in mouse ES cells,

e.g., the LIF/Jak/STATS3 signaling pathway maintains

ES cells in an undifferentiated state by the regulation of

Kif4 gene expression (Niwa et al. 2009).

Genes involved in ES cell pluripotency and many
other genes including Dppa4 (developmental pluri-
potency associated 4) are highly expressed during early
mouse embryogenesis (Hamatani ef al. 2004). Dppa4
is one of the genes originally identified as being highly
expressed in early mouse embryo and ES cells (Bortvin

et al. 2003). It has been reported that the expression of

Dppa4 gene is potentially regulated by Oct-3/4 and
Sox-2 in ES cells (Boyer ef al. 2005; Chakravarthy
etal. 2008). The expression of Dppa4 gene is
restricted to early embryo and genn cells (Maldonado-
Saldivia ct al. 2007). DPPA4 has the SAP (SAF-A/B,
Acinus and PIAS) domain, which is a putative

Genes to Cells (2010) 15, 327-337
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DNA-binding motif, and is considered to be involved
in chromosomal organization, RNA processing, DNA
repair, and apoptotic degradation of chromatin (Arav-
ind & Koonin 2000). Several genes including Dppa4
have been identified by the RNAIi screening against
the requirement for self-renewal in mouse ES cells
(Ivanova et al. 2006). Thus, it is considered that
DPPA4 plays an important role in ES cells via assacia-
tion with chromatin. In fact, we have previously
reported that DPPA#4 associated with active chromatin
is required for maintaining mouse ES cells in an undif-
terentiated state (Masaki et al. 2007).

Recent studies have revealed that unique chroma-
tin states are maintained in ES cells. Major architec-
tural chromatin proteins, such as histone H1, loosely
bind to chromatin (Meshorer efal. 2006). The
promoters of some developmental regulator genes
have bivalent chromatin profiles in which both active
(tri-methylation of histone H3 at lysine 4) and inac-
tive (tri-methylation of histone H3 at lysine 27) chro-
matin marks are juxtaposed (Azuara et al. 2006;
Bernstein et al. 2006). In addition, Polycomb repres-
sive complex 2 (PRC2) binds to promoters of the
developmental regulator genes and represses their
transcription in ES cells (Boyer ef al. 2006; Lee et al.
2006). The proteasome promotes a dynamic turnover
of transcription factors and RNA polymerase II bind-
ing at tissue-specific genes, thereby restricting permis-
sive transcriptional activity and keeping the genes in a
potentiated state (Szutorisz et al. 2006). These reports
indicate that ES cells have a unique open chromatin
structure and suggest that pluripotency and difterenti-
ation are regulated by chromatin states. Thus, DPPA4
is associated with chromatin and possibly involved in
the unique chromatin structure of ES cells.

In this study, to gain an insight into the molecu-
lar function of DPPA4 in mouse ES cells, we inves-
tigated the behavior of DPPA4 by fluorescence
recovery after photobleaching (FRAP) analysis.
Interestingly, FRAP analysis showed that the mobil-
ity of DPPA4 was similar to that of histone HI.
Purified recombinant DPPA#4 protein directly binds
to DNA and core histones in vitro, and immunopre-
cipitation analysis showed the binding between
DPPA4 and histone H3 in ES cells. The analysis of
truncated DPPA4 proteins revealed that DPPA4
binds to DNA and histone H3 via the N-terminal
and C-terminal regions, respectively. Furthermore,
the addition of DPPA4 into in wvitro reconstituted
chromatin resulted in an increased resistance to mi-
crococcal nuclease (MNase) digestion. Based on
these results, we proposed a model that DPPA4
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modulates the chromatin structure in association
with DNA and histone H3 in ES cells.

Results

DPPA4 shows similar dynamics to linker histone
Hi1

DPPA4 is involved in the maintenance of pluripotency
in ES cells, but its function remains to be clarified.
The putative SAP DNA-binding domain of DPPA4
raises a possibility that DPPA4 contributes to DNA
metabolism through binding to chromatin. To investi-
gate the molecular function of DPPA4 on chromo-
somal organization, we analyzed the dynamic property
of DPPA4 and compared it with that of histones in
living ES cells using FRAP analysis. As a preliminary
experiment for FRAP analysis, the localization of
DPPA4-EGFP (enhanced green fluorescent protein
[GFP]) fusion protein was compared with that of
endogenous DPPA4 by chromatin fractionation and
cytochemistry detecting EGFP. Western blot analysis
showed 42-kDa (DPPA4) and 75-kDa (DPPA4-
EGFP) bands in ES cells transfected with DPPA4-
EGFP expression vector, and the latter was not
detected in mock-transfected cells (Fig. 1A). We
carried out chromatin fractionation by increasing salt
concentration. In the presence of 150 mm NaCl,
DPPA4-EGFP, DPPA4, and core histone H3 were
hardly solubilized, while a linker histone H1 was
slightly solubilized (Fig. 1B). By addition of 500 mm
NaCl, DPPA4-EGFP, DPPA4, and histone H1 were
mostly solubilized, whereas histone H3 was retained in
chromatin even under high-salt conditions (Fig. 1B).
This suggests that DPPA# is a chromatin factor show-
ing a similar behavior to linker histone HI, but not
core histone H3. DPPA4-EGFP, as well as endogenous
DPPAA4, localizing in chromatin during both the inter-
phase and mitotic phase (Fig. 1D and F), suggesting
that the localization of DPPA4-EGFP in ES cells
corresponds to that of endogenous DPPA4. Taken
together, these data suggest that DPPA4 is a chroma-
tin factor like histone H1 rather than core histones.
Using ES cells transiently transtected with DPPA4-
EGFP, linker histone H1"-EGFP, and core histone
H3-EGFP expression vectors, FRAP analysis was per-
formed. In ES cells expressing histone H3-EGFP, flu-
orescence of bleaching strip was hardly recovered
120 s after bleaching, indicating that histone H3 is
actually an immobile protein (Fig. 2A). In contrast, in
ES cells expressing histone H1"-EGFP or DPPA4-
EGFP, fluorescence of bleaching strip gradually
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Figure 1 Cellular localization of developmental pluripotency
associated 4 (DPPA4)-EGFP in embrvonic stem (ES) cells. (A)
Western blot analysis of DPPA4-EGFP expression in chroma-
tin fraction of ES cells transfected with DPPA4-EGFP or
empty vector. (B) Western blot analysis for DPPA4-EGFP.
endogenous DPPA4, histone H1 and H3 in soluble (S) and
insoluble (I} fractions of ES cells treated with the buffer con-
taining 150 mm and 500 mm NaCl. (C-D) Confocal images of
interphase (C) or metaphase (D) ES cells, showing endogenous
DPPA4 immunostained with anti-DPPA4 antibodies (green;
upper) and fluorescent DPPA4-EGFP (green; lower). Nuclei
were  counterstaiined  with  4,6"-diamino-2-phenylindole
(DAPI, blue). Scale bars, 5 pm.

recovered within 120 s, indicating that DPPA4 and
histone H1° are mobile proteins compared with his-
tone H3. The time-dependent changes in fluores-
cence intensity of the bleaching strip in these cells

© 2010 The Authors

DPPA4 modulates chromatin structure

were plotted versus the pre-bleach level to produce
FRAP recovery curves. The histone H3 signal scar-
cely recovered (Fig. 2B), whereas DPPA4 and histone
H! showed gradual recovery after bleaching
(Fig. 2C,D). Interestingly, FRAP recovery curves
merged with DPPA4-EGFP, and histone H1°-EGFP
showed that the mobility of DPPA4 is very similar to
that of histone H1° mobility in living ES cells
(Fig. 2E).

DPPAA4 directly binds to DNA in vitro

Next, to investigate the biochemical function of
DPPA4, we purified recombinant DPPA4-His, pro-
tein expressed in E. coli (Fig. 3A). With the use of
purified DPPA4, gel shift assay was performed to
examine whether DPPA4 directly binds to DNA.
Purified DPPA4 and pBluescript DNA were mixed
and the protein-DNA complex was analyzed by aga-
rose gel electrophoresis. As shown in Fig. 3B, the
bands were stepwise shifted in a2 DPPA4 amount-
dependent manner. These results are consistent with
the previous report that DPPA4 has the SAP DNA-
binding domain (Aravind & Koonin 2000). Stel-
la/DPPA3, which has the SAP domain, binds to
methylated DNA it vitro and protects against DNA
demethylation in early mouse embryo (Nakamura
et al. 2007). To investigate the effect of DNA meth-
ylation on the DNA-binding capacity of DPPA4,
CpG sites of plasmid DNA were methylated by the
CpG methylase Sss 1. Methylated plasmid DNA
showed resistance to digestion of Hap II, a methyla-
tion sensitive restriction enzyme (data not shown).
Gel shift assay showed that DPPA4 binds to methylat-
ed plasmid DNA as well as non-methylated plasmid
DNA (Fig. 3C), suggesting that DNA methylation
does not affect DNA binding of DPPA4.

DPPA4 directly binds to histone H3 in vitro and

in pivo

DPPA4 is considered a chromatin factor, providing
the possibility of the association between DPPA4 and
core histones. To examine whether DPPA4 directly
binds to core histone proteins (H2A, H2B, H3 and
H4) in wvitro, we carried out Far-Western blotting
analysis. Core histone proteins were purified from ES
cells (Fig. 4A), and were used as a prey protein in
Far-Western blotting analysis with purified DPPA4.
As shown in Fig. 4B, histone H3 and H2B were
detected, but neither H2A nor H4 bands. In case of
using DPPA4 as a prey protein, the DPPA4 band was
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Figure 2 Fluorescence recovery after photobleaching (FRAP) analysis of developmental pluripotency associated 4 (DPPA4)-
EGEP, histone H1>-EGFP, and H3-EGFP in embryonic stem (ES) cells. (A) Representative images of FRAP analysis in kiving ES
cells transfected with histone H3-EGFP, H1°-EGFP, or DPPA4-EGFP expression vector. The bleach areas are marked with white
squares. The fluorescence recovery was monitored and shown at indicated time points after bleaching. Scale bars, 5 pm. (B-D)
Quantitative FRAP analysis (FRAP recovery curves) of transiently expressed histone H3-EGFP (B), H1°-EGFP (C), and DPPA4-
EGFP (D) in ES cells. Each value is the mean * SD. (E) Comparison of FRAP recovery curves between ES cells expressing his-

tone H1°-EGFP (blue) and DPPA4-EGFP (yellow).

detected in a reciprocal experiment with histone H3
(data not shown). These data suggest that DPPA4
binds to histone H3 and H2B in vitro. To confirm
DPPA4 binding to core histones, we performed
in vitro co-immunoprecipitation using purified recom-
binant DPPA4 and core histone proteins with anti-
DPPA4 antibodies. In the presence of histone H3 and
H4, histone H3 was co-immunoprecipitated with
anti-DPPA4 antibodies, but not with non-immune

330 Genes to Cells (2010) 15, 327-337

IgG (Fig. 4C). These results suggest direct binding
between DPPA4 and histone H3 in vitro.

To investigate whether DPPA4 directly binds to
core histone proteins in ES cells, co-immunoprecipi-
tation between DPPA4 and core histones was per-
formed using ES cell extracts. Whole ES cell extracts
were sonicated to disrupt the nucleosome structure,
and used for immunoprecipitation assay. DPPA4 was
immunoprecipitated with histone H3 in ES cell,
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Figure 3 Gel shift analysis using developmental pluripotency
associated 4 (DPPA4)-His,. (A) Coomassie brilliant blue stain-
ing of the purified recombinant DPPA4-His, protein from
E. coli. M, molecular mass markers. (B) Gel shift assay with
plasmid DNA (pBlueScript II SK+; pBS) and increasing
amount of DPPA4-His,, (0, 100, 200, 400, and 800 ng). (C)
Gel shift assay with methylated or non-methylated plasmid
DNA (pBS) and increasing amount of recombinant DPPA4-
His,, (0, 100, and 200 ng).

whereas H2B was only slightly detected, and the
others were not (Fig. 4D). These data suggest that
DPPA4 is mainly associated with histone H3 in ES
cells.

DPPAA4 binds to DNA via the N-terminal region
and to histone H3 via the C-terminal region

Next, to determine the DPPA4 regions mediating
interactions with DNA and histone H3, we purified
two truncated proteins, DPPA4 N-terminal region
(DPPA4AC-Hisg) containing the SAP domain and
C-terminal region (DPPA4AN-Hisy) (Fig. 5A,B).
Using purified wild-type (wt) DPPA4 and truncated
proteins, gel shift assay was performed. In the presence
of DPPA4AC as well as wt DPPA4, the bands were
stepwise shifted in a protein amount-dependent man-
ner, whereas the bands were slightly shifted in the pres-
ence of DPPA4AN (Fig. 5C). These results suggest
that the N-terminal region of DPPA4 has a greater
binding affinity for DNA than the C-terminal region.
Likewise, we performed in vitro immunoprecipita-
tion using these truncated proteins and total core
histones with anti-6xHis antibodies. Histone H3 was
efficiently precipitated with DPPA4AN  compared
with DPPA4 wt and DPPA4AC (Fig. 5D), indicating
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Figure 4 Interaction between developmental pluripotency
associated 4 (DPPA4) and core histones in vitro and in vivo. (A)
Coomassiec  brilliant blue staining of purified H2A/H2B,
H3/H4, and H2A/H2B/H3/H4 from embryonic stem (ES)
cells. M, molecular mass markers. (B) Far western blotting
analysis using recombinant DPPA4-His,, and purified histones
as a bait- and prey protein, respectively. The bands were
detected with anti-DPPA4 antibodies. Numbers on the left
side of the gel indicate the position of marker proteins. (C)
Western blot analysis of in vitro co-immunoprecipitation (IP)
using purified core histones (H2A + H2B, H3 + H4) and
recombinant DPPA4-His, by anti-DPPA4 antibodies or con-
trol IgG. The bands in input and IPs were detected with anti-
DPPA4 or anti-H3 antibodies. (D) Western blot analysis of
co-immunoprecipitation ([P} by anti-DPPA4 antibodies or
control IgG with ES cell extracts. The bands in input and IPs
were detected with anti-DPPA4, anti-H2A, ant-H2B, anti-
H3, and anti-H4 antibodies.

that the binding affinity of the C-terminal region of
DPPA4 for histone H3 is higher than that of the
N-terminal region. Taken together, these results sug-
gest that DPPA4 associates with IDNA and histone
H3 via the N- and C-terminal regions, respectively.

DPPA4 modulates chromatin structure in vitro
Because a similar mobility of DPPA4 to linker his-
tone H1" and DPPA4 binding to both DNA and

Genes to Cells (2010) 15, 327-337
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Figure 5 Binding analysis of truncated developmental pluripotency associated 4 (DPPA4) proteins to DNA or histone H3
in vitro. (A) Schematic representation of wild-type (wt) and truncated DPPA4 proteins (AC, AN). The SAP domain (amino
acids 81-115) is depicted by the black box. (B) Coomassie brilliant blue staining of the purified recombinant wt DPPA4-His,,
DPPA4AC-Hisg, and DPPA4AN-His, proteins from E. coli. M, molecular mass markers. (C) Gel shift assay with plasmid DNA
(pBS) and increasing amount of DPPA4-His,, DPPA4AC-His,, or DPPA4AN-His,, (100, 200, and 400 ng). (D) Western blot
analysis of in vitro co-immunoprecipitation (IP) using purified H2A/H2B/H3/H4 and DPPA4-His;, DPPA4AC-Hiss, or
DPPA4AN-His, by anti-His, antibodies or control IgG. The bands in input and IPs were detected with anti-oxHis (DPPA4)

and ant-H3 antibodies (H3).

histone H3 were revealed, we hypothesized that
DPPA4 modulates the chromatin structure like his-
tone H1. Thus, we investigated whether the chro-
matin structure is affected by DPPA4 using in wvitro
reconstituted chromatin. In vitro reconstituted chro-
matin was incubated with purified histone H1° and
DPPA4 (Fig. 6A), followed by digestion with
MNase. The addition of histone H1” enhanced the
resistance to MNase digestion compared to the addi-
tion of BSA (Fig. 6B), as previously reported (Kim
et al. 2004). Similar to histone H1, the addition of
DPPA4-Hisg, resulted in an increase in the resistance
to MNase digestion (Fig. 6B). These results indicate
that DPPA4 incorporated into the reconstituted
chromatin promoted the formation of nuclease-resis-
tant chromatin structure like histone H1 and imply
that DPPA4 modulates the chromatin structure in
ES cells.

We further investigated whether the formation of
nuclease-resistant chromatin structure requires DPPA4
binding to either DNA, histone H3 or both DNA
and H3, using truncated DPPA4 proteins (Fig. 5A,B).
The addition of DPPA4AC or DPPA4AN resulted in
a decrease in the resistance to MNase digestion com-
pared with wt DPPA4 (Fig. 6C). These results sug-
gest that the DPPA4 binding to both DNA and

Genes to Cells (2010) 15, 327-337

histone H3 is required for the formation of nuclease-
resistant chromatin structure.

Binding to both DNA and histone H3 is required
for the proper dynamics of DPPA4 in ES cells

Finally, to investigate whether binding of DPPA4 to
DNA and histone H3 affects the localization and
mobility of DPPA4 in ES cells, we performed locali-
zation and FRAP analyses using truncated DPPA4-
EGFP fusion proteins. The localization of truncated
DPPA4-EGFP fusion proteins was compared with
that of wt DPPA4 in ES cells. Confocal microscopy
showed nuclear localization of DPPA4AC-EGFP and
DPPA4AN-EGFP as well as DPPA4 wit-EGFP
(Fig. 7A). DPPA4 wt-EGFP and DPPA4AN-EGFP
were not localized in nucleoli, whereas DPPA4AC-
EGFP was diffusely distributed in an entire nucleus
(Fig. 7A).

In ES cells transiently transfected with DPPA4 wt-
EGFP, DPPA4AC-EGFP, and DPPA4AN-EGFP
expression vectors, FRAP analysis was performed.
FRAP analysis showed that DPPA4AC-EGFP and
DPPA4AN-EGFP signals were immediately recov-
ered in contrast to the DPPA4 wt-EGFP signal
(Fig. 7B-E). These data indicate that DPPA4 binding
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Figure 6 Modulation of chromatin structure by developmental pluripotency associated 4 (DPPA4). (A) Coomassie brilliant blue
staining of the purified recombinant H1%-His, and DPPA4-His, proteins from E. coli. M, molecular mass markers. (B) In witro
assembled chromatin with BSA, histone H1°-His, (H1%), or DPPA4-His, (DPPA4) was digested with increasing amount of
MNase. (C) In vitro assembled chromatin with BSA, DPPA4-His, (wt), DPPA4AC-His, (AC), or DPPA4AN-His, (AN) was
digested with increasing amount of MNase. Marker (M), 100-bp ladder.
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Figure 7 Cellular localization and fluorescence recovery after photobleaching (FRAP) analysis of truncated developmental plari-
potency associated 4 (DPPA4) proteins in embryonic stem (ES) cells. (A) Confocal images of ES cells, showing fluorescent
DPPA4-EGFP, DPPA4AC-EGFP, and DPPA4AN-EGFP (green). Nuclei were counterstained with DAPI (blue). Scale bars,
5 pm. (B-D) Quantitative FRAP analysis (FRAP recovery curves) in ES cells transiently expressing wt DPPA4-EGFP (B),
DPPA4AC-EGFP (C), and DPPA4AN-EGFP (D). Each value is the mean + SD. (E) Comparison of FRAP recovery curves
between ES cells expressing DPPA4 wt-EGFP (red), DPPA4AC-EGFP (green), and DPPA4AN-EGFP (yellow).
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to both DNA and histone H3 is required for the
proper dynamics in ES cell chromatin.

Discussion

Some FRAP studies concerning ES cells have previ-
ously been reported: Meshorer et al. (2006) showed
that architectural chromatin proteins such as linker
histone H1 and heterochromatin protein 1 (HP1)
loosely bind to chromatin; and van den Boom et al.
(2007) revealed that unditferentiated embryonic cell
transcription factor 1 (UTF1) is a strong chromatin-
associated protein with a dynamic mobility similar to
core histones. In the present study, we showed that
the mobility of DPPA4 is different from that of core
histones and similar to that of linker histone H1 in
ES cells (Fig. 2). Previous studies have shown that
histone H1 moves slowly compared with other chro-
matin binding factors such as HP1 and high-mobility-
group (HMG) proteins (Phair ef al. 2004), indicating
that DPPA4, like histone H1, is a slow-moving
mobile protein binding to chromatin. In addition,
histone H1 is not a major global regulator of tran-
scription, although histone H1 maintains the chroma-
tin structure {Fan et al. 2005). Thus, it is predicted
that DPPA4 is mainly involved in the maintenance of
the genome-wide chromatin structure rather than
overall transcriptional regulation, like histone H1. We
also showed that the addition of DPPA4 enhances the
resistance to MNase digestion (Fig. 6). It has been
reported that histone H1 and poly(ADP-ribose) poly-
merase-1 (PARP-1) exert a similar effect on reconsti-
tuted chromatin as modulator of chromatin structure
(Kim ef al. 2004). Thus, it is likely that DPPA4 mod-
ulates the chromatin structure like histone H1 and
PARP-1. Furthermore, DPPA4 is associated with
DNA and core histone H3 (Figs 3 and 4), and it
could not bind to histone H1 in our immunoprecipi-
tation conditions (data not shown). Based on these
results, we propose that DPPA4 modulates the chro-
matin structure via association with histone H3 and
DNA in ES cells. We previously reported that DPPA4
plays an important role in the maintenance of pluripo-
tency in association with active chromatin in ES cells
{Masaki et al. 2007). Recently, it was suggested that
the chromatin states of many inactive genes (so-called
bivalent domains) are more permissive for transcrip-
tion in ES cells than in ditferentiated cells (Spivakov &
Fisher 2007). Taken together, DPPA4 is likely to con-
tribute to the maintenance of these unique chromatin
states in ES cells by modulating the chromatin struc-
ture in the permissive bivalent domain into a compact
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state. It has recently been reported that DPPA4 inter-
acts with ES cell chromatin-remodeling complex es-
BAF (Brg/Brahma-associated factors) required for
pluripotency in ES cells (Ho ef al. 2009). In addition,
the chromatin-remodeling factor Chdl required for
pluripotency regulates the unique open chromatin
structure of ES cell (Gaspar-Maia et al. 2009). These
reports raise another possibility that DPPA4 s
involved in chromatin remodeling and maintenance of
the open chromatin structure in ES cells. Further stud-
ies are necessary to determine whether DPPA4 is
involved in modulating the chromatin structure into
the compact or open state in ES cells.

The analysis with truncated DPPA4 proteins
revealed that the N-terminal region of DPPA4
including the SAP domain has an affinity to DNA,
whereas the C-terminal region has a higher affinity to
histone H3 than the N-terminal region (Fig. 5).
Dppa2/4 conserved region included in the C-termi-
nal region of DPPA4 (Siegel ef al. 2009) seems to
play an important role in association with histone H3.
Both truncated DPPA4 proteins showed a weak etfect
on resistance to MNase digestion compared with wt
DPPA4 (Fig. 6), allowing us to consider a possibility
that the N-terminal and C-terminal regions of
DPPA4 coordinately contribute to the proper forma-
tion of chromatin structure. In addition, N-terminal
and C-terminal regions are essential for the proper
mobility of DPPA4 in ES cells (Fig. 7). These analy-
ses with truncated proteins support our model that
DPPA4 modulates the chromatin structure in associa-
tion with DNA and histone H3.

In our previous report, we suggested that DPPA4
associated with active chromatin contributes to the
maintenance of pluripotency in ES cells without feeder
cells (Masaki ¢f al. 2007). However, it has been
recently reported that DPPA4-deficient ES cells nor-
mally proliferate in the undifferentiated state on feeder
cells (Madan ef al. 2009). It is difficult to explain ratio-
nally the difference between our and their reports;
there might be a difference between knockdown of
DPPA4 expression and knockout of the gene, or a
difference in culture conditions. Alteratively,
DPPA4-deficient ES cells are more likely to lead to dif-
ferentiation. However, the underlying common ques-
tion is the actual role of DPPA4 in ES cells. In the
present study, we investigated the behavior of DPPA4
focusing on the biochemical function of DPPA4 as a
chromatin factor, and showed that DPPA4 has a simi-
lar mobility to linker histone H1, and directly interacts
with DNA and histone H3 via the N- and C-termi-
nal regions, respectively. Moreover, the chromatin
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containing DPPA4 was resistant to MNase digestion
when compared to that without DPPA4. These find-
ings imply that DPPA4 modulates the chromatin struc-
ture in ES cells and raises the possibility that DPPA4 is
involved in the maintenance of unique chromatin states
of ES cell. Thus, elucidating the tunction of DPPA4
potentially facilitates revealing novel properties of
unique chromatin states of ES cells.

Experimental procedures
ES cell culture

The mouse ES cell line, MGZRTcH2 (Masui ¢f al. 2005), was
maintained in ES medium consisting of Knockout DMEM
{Gibco Life Technologies, Carlsbad, CA, USA)} containing 1%
embryonic stem cell screened fetal bovine serum (FBS;
Hyclone Thenno Fisher Scientific, Waltham, MA, USA), 10%
Knockout Serum Replacement (KSR), 2 mm L-glutamine,
100 U/mL  penicillin, 100 pg/mL  streptomycin, 100 pm
MEM non-essential amino acids solution (Gibeo Life Technol-
ogies). 0.3 mm monothioglycerol (Sigma-Aldrich, St. Louis,
MO, USA), and 1000 U/ml LIF (Millipore, Billerica, MA,
USA) on gelatin-coated dishes.

Immunocytochemistry and Western blotting

Immunocytochemistry and Western blotting were performed
as described (Masaki ef al. 2007). The following primary anti-
bodies were used: DPPA4 (Masaki et al. 2007); GFP
(GFO90R; Nacalai Tesque, Kyoto, Japan); histone H1 (AE-4;
Santa Cruz Biotechnology, Santa Cruz, CA, USA); histone
H2A (Active Motil, Carlsbad, CA, USA); histone H2B (Active
Motif); histone H3 (ab1791, Abcam, Cambridge, UK); histone
H4 (Active Moutf); B-actin (AC-74. Sigma); and 6xHis (A190-
114A, BETHYL Laboratories, Montgomery, USA).

FRAP analysis

The mouse DPPA4, DPPA4AC (1-348), DPPA4AN (349-
888), histone H1° and histone H3 ¢DNAs were subcloned
into pBlueScript 11 SK+ (pBS) vector (Stratagene Agilent
Technologies. Santa Clara, CA, USA). Each ¢DNA in the
plasmid was excised and ligated into EGFP fusion protein
expression vector, pEGFP-N1 (Clontech Takara Bio, Shiga,
Japan). These vectors were transfected into ES cells with lipo-
fectamine2000 (Invitrogen Life Technologies, Corlsbad, CA,
USA), and transfected ES cells were plated on gelatin-coated
glass bottom dishes {(Matsunami. Osaka, Japan) 24 h after trans-
fection. The next day, the culture medium was changed to ES
cell medium containing Leibovitz L-15 medium (Gibco Life
Technologies) instead of Kunockout DMEM, FRAP experi-
ments were performed with 2 LSM 510 META contocal
microscope (Carl Zeiss, Oberkochen, Germany). The pre-
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bleach image was collected. followed by a 500-ms bleach pulse
with a spot 4 pym in diameter. Bleaching was performed with
the 488-nm line of a 25 mW argon laser set to 100%. Single
images were collected with the 488-nm line of the argon laser
(set to 5%) every 1s for 120 s. FRAP recovery curves were
created from images with the background subtracted. Total
fluorescence was determined for each inage and compared to
the total pre-bleach fluorescence o determine the amount of
fluorescence lost during the imaging. The fluorescence inten-
sity 1n the bleached area was normalized to the initial fluores-
cence in the bleached area.

Preparation and purification of proteins

Subcloned cDNAs of mouse DPPA4, DPPA4AC, DPPA4AN,
and histone H1® were inserted into pET21a+ (Novagen
Merck, Darmstadt, Gennany). E. wli BL21(DE3) cells were
transformed with each vector, and protein expression was
induced by 100 pm isopropyl beta-D-1-thiogalactopyranoside
at 30 °C for 2 h. The cells were treated with lysis buffer
[20 mm Tris-HCI, 500 mm NaCl, [% NP-40, 1 mg/mL lyso-
zyme, 5% glycerol, and protease inhibitor cocktail (PIC;
Roche Diagnostic. Basel, Switzerland)] and sonicated. The
whole extract was centrifuged at 15 000 g for 30 min. Using
supernatant, recombinant proteins were purified by TALON
metal affinity resin (Clontech Takara Bio) according to the
manufacturer’s instructions. Core histone proteins were pun-
fied from mouse ES cells by histone purification kit (Active
Motif) according to the manufacturer’s instructions. The purity
of these proteins was confirmed by SDS-PAGE and coomassie
brilliant blue staining.

Gel shift assay

pBS plasmid DNA (100 ng) was incubated with 100, 200,
400, or 800 ng purified DPPA4-His,, DPPA4AC-His,, or
DPPA4AN-His, proteins on ice for 30 min in 60 mm NaCl,
50 mm NaHPQy, 2 mm EDTA, 10% glycerol, and 2 mg/mL
BSA. The samples were electrophoresed on a 1% agarose gel,
and the DNA visualized by ethidium bromide staining. To
obtain methvlated pBS plasmid DNA, CpG methylase (Sss |
Methylase; New England Biolabs, Ipswich, MA, USA) was
used.

Far-Western blot analysis

Far-Western blotting was carried out as described by Wu ef al.
2007. Brefly. 250 ng of each purified core histone was sepa-
rated by SDS-PAGE and transferred to a nitrocellulose mem-
brane. Proteins on the membrane were denatured and
renatured by gradually reducing the guanidine-HCI concentra-
tion. After blocking with 5% non-fat dry milk, the membrane
was incubated with purified DPPA4-Hise (5300 ng/ml) in
blacking reagent followed by detection with anti-DPPA4 anti-
bodies.

Genes to Cells (2010) 15, 327-337
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Co-immunoprecipitation

ES cells were washed with PBS, resuspended in butfer C (20 mm
Tris-HCI, 150 mM NaCl, 2 mm EDTA, 0.1% Tween20, and
PIC). and incubated on ice lor 20 min. The lysate was robustly
sonicated and centrifuged for 30 min at 16 000 g. The superna-
tant was mcubated overnight with anti-DPPA4 antibodies or
control IgG (10 pg). and then incubated with protein G Sepha-
rose (GE Healthcare, Waukesha, WI, USA) for | hat 4 °C. The
beads were washed three times with buffer B (20 mwm Tris-HCI,
150 mm NaCl, 0.1% Tween20, 0.5 mm EDTA, 10% glycerol,
and PIC) followed by boiling with SDS sample buifer (50 mm
Tris-HC), pH 6.8, 2% SDS, 10% glycerol, 2% 2-mercaptoetha-
nol, and 0.2% bromphenolblue). For in vitre co-immunoprecipi-
tation, purified histone H2A + H2B (5 pg), histone H3 + H4
(5 pg) or total core histones (10 pg) and recombinant DPPA4-
Hisg (1.5 pg), DPPA4AC-His, or DPPA4AN-Hise (equimolar
amount to DPPA4-Hiss) proteins were incubated in buffer B for
1 h at 4 °C. Ant-DPPA4 antibodies or control igG (10 pg)
were added to each mixture followed by overnight incubation.
The mixtures were then incubated with protein G Sepharose
beads blocked with 5% non-fat dry milk for 1 h at 4 °C. The
beads were washed three times with buffer B and boiled in SDS
sample butler. These samples were subjected to SDS-PAGE and
Westem blot analysis using rabbit TrueBlot (eBioscience, San
Diego, CA, USA) as secondary antibodies.

Chromatin reconstitution

In vitro reconstituted chromatin was prepared by using mouse
ES cell core histones, pBS plasmid DNA, and chromatin
assembly kit (Active Motif) according to the manufacturer’s
instructions. Subsequent to chromatin assembly, either
DPPA4-His,, DPPA4AC-Hiss, DPPA4AN-Hise, H1 O_His,, or
BSA was added to the reconstituted chromatin at a ratio of
one molecule per nucleosome, and the chromatin mixtures
were incubated for 1 h at 27 °C. The chromatin mixtures
were digested with several concentrations of enzymatic shear-
ing cocktail containing MNase (chromatin assembly kit) for
5 min, subsequently EDTA and proteinase K (Sigma-Aldrich)
were added to the mixtures to stop digestion, and incubated
overnight. The mixtures were electrophoresed on a 1.5% aga-
rose gel, and the DNA was visualized by ethidium bromide.
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Camptothecin (CPT) is a topoisomerase I inhibitor, deriva-
tives of which are being used for cancer chemotherapy. CPT-
induced DNA double-strand breaks (DSBs) are considered a
major cause of its tumoricidal activity, and it has been shown
that CPT induces DNA damage signaling through the phospha-
tidylinositol 3-kinase-related kinases, including ATM (ataxia
telangiectasia mutated), ATR (ATM and Rad3-related), and
DNA-PK (DNA-dependent protein kinase). In addition, CPT
causes DNA strand breaks mediated by transcription, although
the downstream signaling events are less well characterized. In
this study, we show that CPT-induced activation of ATM
requires transcription. Mechanistically, transcription inhibi-
tion suppressed CPT-dependentactivation of ATM and blocked
recruitment of the DNA damage mediator p53-binding protein
1(53BP1) to DNA damage sites, whereas ATM inhibition abro-
gated CPT-induced G,/S and S phase checkpoints., Functional
inactivation of ATM resulted in DNA replication-dependent
hyperactivation of DNA-PK in CPT-treated cells and dramatic
CPT hypersensitivity. On the other hand, simultaneous inhibi-
tion of ATM and DNA-PK partially restored CPT resistance,
suggesting that activation of DNA-PK is proapoptotic in the
absence of ATM. Correspondingly, comet assay and cell cycle
synchronization experiments suggested that transcription col-
lapse occurring as the result of CPT treatment are converted to
frank double-strand breaks when ATM-deficient cells bypass
the G,/S checkpoint. Thus, ATM suppresses DNA-PK-depen-
dent cell death in response to topoisomerase poisons, a finding
with potential clinical implications.

The topoisomerase I (Topl)® poison camptothecin (CPT)
and its clinically relevant derivatives, topotecan and irinotecan,
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DNA-PK, DNA-dependent protein kinase; HR, homologous recombination;
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have been intensively studies for their tumoricidal properties.
The molecular target of CPT is Topl, an enzyme that medi-
ates the relaxation of supercoiled DNA (1). This is achieved
through the transient introduction of a DNA single-strand
break that permits the rotational relaxation of double-stranded
DNA. The Topl reaction cycle involves the formation of a tran-
sient phosphotyrosyl bond between Tyr’?® of the enzyme active
site and a 3’ DNA end. CPT stabilizes covalent Topl-DNA cleav-
age complexes (Topl-cc), which are converted into DNA double-
strand breaks (DSBs) upon encountering active DNA replication
forks (1).

The signaling and repair of CPT-mediated damage have been
the focus of intensive research. CPT-induced DSBs possess a
single DNA double-strand end (DSE) that is generally not an
efficient substrate for nonhomologous end joining DSB repair,
which is mediated by DNA-dependent protein kinase (DNA-
PK) composed of DNA-PKcs and Ku protein. Instead, CPT-
induced DSEs are repaired by homologous recombination (HR}
repair, which utilizes a sister chromatid and primes restart of
the obstructed DNA replication fork (2, 3). CPT-induced DSEs
strongly activate cell cycle checkpoint pathways downstream of
the ATM (ataxia telangiectasia mutated) and ATR (ATM and
Rad3-related) protein kinases. CPT-induced damage in S phase
activates the ATR-Chk1 pathway that mediates S phase arrest
{4). Consistent with these important S phase functions, ATR-
or Chkl1-deficient cells are exquisitely sensitive to Topl poisons
4, 5).

In addition to replication-mediated DNA damage, Topl-cc
pose a block to processive RNA polymerase complexes, and the
collision of RNA polymerase with Topl-cc results in transcrip-
tion-mediated DNA damage (6). Although the mechanisms of
transcription-coupled damage and signaling are not well
understood, recent studies suggest a new role for the ATM
protein kinase. CPT-induced activation of ATM is suppressed
by inhibitors of transcription, and it has been proposed that
ATM responds to RNA-DNA hybrid R-loops that form at
stalled RNA polymerase II transcription bubbles (7). However,
the detection and signaling of CPT-induced, transcription-de-
pendent DNA damage are not well understood, nor is it clear

ATM, ataxia telangiectasia mutated; ATR, ATM and Rad3-related; DRB, 56-di-
chioro-1-g-oibofuranosylbenzimidazole; HU, hydroxyurea; siRNA, small
interfering RNA; BrdUrd, bromodeoxyuridine; IR, ionizing radiation; 538P1,
p53-binding protein 1; RPAZ, replication protein A2.
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whether transcription-mediated DNA damage contributes sig-
nificantly to CPT cytotoxicity.

In this study, we investigated transcription-dependent and
-independent pathways activated by CPT in human cells. We
show that ATM is critically important for initiation of the G,/S
phase checkpoint in response to CPT and that transcription-
dependent activation of ATM in G, phase suppresses DNA
strand breakage leading to DNA-PK activation in S phase cells.
These findings have implications for understanding CPT
tumoricidal activity.

EXPERIMENTAL PROCEDURES

Cell Culture and Irradiation—HeLa, U20S, and HCT116
cells were obtained from American Type Culture Collection
and maintained in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum. SV40-transformed GMO00637H
(ATM+), GM05849C (ATM—), (obtained from Coriell Cell
Repositories), and hTERT-immortalized SuSa/Tn (ATM+),
AT10S/Tn (ATM-) (kindly provided by Dr. K Ishizaki) (8)
were cultured in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum. Cells were UV- and IR-irradiated as
reported (9). CPT, VP-16, 5,6-dichloro-1-B-p-ribofuranosyl-
benzimidazole (DRB), KU-55933, NU7026, hydroxyurea (HU),
and thymidine were purchased from Sigma. To knock down
TopBP1 and RNF8 expression, siRNA SMART pool targeting
each gene (Dharmacon) was used. siRNAs were transfected as
described (10).

Antibodies and Immunofluorescence—Antibodies were
obtained from following suppliers: Bethyl Laboratories (p53-
binding protein 1 (53BP1), A300-272A), Oncogene (replication
protein A (RPA), Ab-3; BrdUrd, Ab-2), Millipore (yH2AX,
JBW301), Calbiochem (Rad51, PC130), Abcam (phospho-
DNA-PKcs, ab18192, Chk2, ab8108), R&D Systems (phospho-
ATM, AF-165; phospho-Chkl Ser®"?, AF-2054; phospho-Chk2,
AF-1626), GeneTex (ATM, GTX70103), Thermo Scientific
(DNA-PKcs, Ab-4), Cell Signaling Technology (phospho-Chkl
$345, no.2341), and Santa Cruz Biotechnology (Chkl, G-4).
Cell preparation for staining of 53BP1, yH2AX and incorpo-
rated BrdUrd was performed as described (9). For RPA2 and
Rad51 staining, cells were preextracted with phosphate-buff-
ered saline containing 0.1% Triton X-100. The fixed cells were
incubated with primary antibodies specific for 53BP1, BrdUrd,
yH2AX, and Rad51. After incubation with secondary antibod-
ies, cell nuclei were stained with 4',6-diamidino-2-phenylin-
dole (2 pg/ml). A Carl Zeiss Axiovert 200 fluorescence micro-
scope or LSM510 laser-scanning microscope was used to
visualize samples.

Western Blotting—Cell lysis, SDS-PAGE, and gel transfer
were performed as described (9). After incubation with second-
ary antibody, the membranes were visualized using SuperSignal
chemiluminescent substrate (Pierce).

Cell Cycle Synchronization and Flow Cytometry—To syn-
chronize cells in the S phase, cells were treated with thymidine
at2.5 mM for 18 hand incubated with a fresh medium for 5 h. To
collect G, phase cells, cells were treated with nocodazole for
12 h and released with a fresh medium for 5 h. For cell cycle
analysis, cells were harvested and stained with propidium

15202 JOURNAL OF BIOLOGICAL CHEMISTRY

FIGURE 1. CPT induces two distinct types of 53BP1 foci. A, representative
image of 53BP1 foci induced by CPT (2 um, 1 h) treatment. The Hela cells
denoted by white arrowheads represent Type | 53BP1 foci, whereas yellow
arrowheads denote Type ll foci. B, Type | 53BP1 foci occurring in non-S phase
cells. Hela cells were treated with CPT (2 um, 1 h) and stained with anti-53BP1
and RPA2 antibodies (left). To observe DNA synthesis, cells were treated with
BrdUrd (20 wm, 20 min) and stained with «-53BP1 and «-BrdUrd antibodies
(right). C, CPT-induced 53BP1 foci in G, or S phase cells. Cells were synchro-
nized in G, phase and S phase by release from nocodazole block and thymi-
dine block, respectively. After treatment with CPT (2 um, 1 h), cells were
stained with anti-53BP1 antibody.

iodide after fixing with 70% ethanol. Propidium iodide-stained
cells were analyzed using a FACSCalibur (BD Biosciences).
Neutral Comet Assay—Cells were suspended in 0.7% low
melting point agarose and spread on glass slides precoated with
1% agarose. Slides were overlaid with coverslips that were
removed after the gel solidified. The gel was treated with lysis
solution (Trevigen) for 30 min at 4 °C in the dark and electro-
phoresed at 1 V/cm for 17 min. Comet tails were stained with
SYBR Green I (BMA) and analyzed by fluorescent microscope.

RESULTS

CPT Induces Two Types of S3BP1 Foci in Mammalian Cells—
53BP1 is an adaptor protein that is recruited to nuclear foci in
response to genotoxic stimuli, including ionizing radiation-in-
duced DSBs and CPT-associated DSEs (11, 12). Following the
treatment of HeLa cells with CPT, we observed two distinct
53BP1 localization patterns: Type I exhibited large 53BP1 foci
that typically numbered fewer than 15/cell; Type II displayed
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Number of 53BP1 foci
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intense, pan-nuclear signal in cells
displaying Type II 53BP1 foci (Fig.
2A). The E3 ubiquitin ligase RNF8 is
required for 53BP1 foci formation in
response to DSBs induced by IR

- (14-16), and we found that RNF8
]  knockdown also sharply suppressed
.~ CPT-induced 53BP1 foci (Fig. 2B
and supplemental Fig. S1). To test
for the dependence of this response
on ATM, HeLa cells were treated
with the ATM inhibitor KU-55933

3 ATMi- # ATMi+

<10

4-9

1-3

B B &

% of cells
with Type | 53BP1 foci
-
o
of cells

-
o

(4]

- + - +

SuSa/Tn AT10S/Tn
(ATM+) (ATM-)

L

damage.

experiments.

many smaller foci (Fig. 14). To characterize Type I and Type II
foci further, we co-stained the cells with antibodies specific for
the 32-kDa subunit of replication protein A (RPA2) following
cellular preextraction with detergent. The presence of deter-
gent-resistant RPA2 foci was used to distinguish S phase cells
from G, phase cells (13). We found that cells possessing Type
53BP1 foci were not co-stained for RPA2, whereas cells possess-
ing Type 11 53BP1 foci were (Fig. 1B). This finding suggested
that Type I 53BP1 foci are formed predominantly in non-S
phase cells. Consistent with this idea, cells displaying Type I
53BP1 foci did not incorporate BrdUrd, supporting the asser-
tion that they are in either in G; or G,/M phase (Fig. 1B). To
substantiate this finding further, we used cell cycle synchroni-
zation to show that G, phase cells treated with CPT displayed
Type I 53BP1 foci, whereas Type II 53BP1 foci were predomi-
nantly observed in S phase cells following CPT treatment (Fig.
1C). These results raised the possibility that Type I, DNA rep-
lication-independent, 53BP1 foci are caused by transcription-
mediated DNA damage.

Formation of Type I S3BPI Foci Requires RNF8, ATM, and
Active Transcription—T o characterize the CPT-induced Typel
53BP1 foci further, we examined co-localization of 53BP1 with
a well established marker of DNA damage, phosphory-
lated-H2AX (yH2AX). We found that Type I foci were co-lo-
calized with yH2AX. On the other hand, yH2AX showed an
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Number of 53BP1 foci

FIGURE 2. Type | 53BP1 foci are ATM-dependent and occur in response to transcription-mediated DNA
. A, co-staining 53BP1 with yH2AX. HeLa cells were treated with CPT (2 um, 1 h) and stained with
«-53BP1 and yH2AX antibodies. B, formation of 53BP1 foci requiring RNF8. Hela cells were transfected with
nontargeting (siCTR) or RNF8-targeting siRNA (siRNF8) and stained with anti-53BP1 antibody following CPT (2
um, 1 h) treatment. C, effect of ATM inhibition on Type | 53BP1 foci formation. Hela cells were treated with
solventonly, KU-55933 (10 uM, 1 h) before CPT (2 11m, 1 h) treatment, and stained with anti-53BP1 and anti-RPA2
antibodies. D, Type | 53BP1 foci in ATM-deficient cells. Control cells (SuSa/Tn) and ATM-deficient cells (AT105/
Tn) were treated with CPT (2 um, 1 h) and stained with anti-53BP1 and anti-RPA2 antibodies. E, effect of
transcription inhibition on Type | 53BP1 foci formation. HeLa cells were treated with DRB (100 um, 2 h) before
CPT (2 um, 1 h) treatment and stained with anti-53BP1 and anti-RPA2 antibodies. The number of 53BP1 foci
observed in cells without RPA2 signal was counted. Error bars show S.E. calculated from three independent

coincident with CPT treatment and
co-stained with 53BP1 and RPA2.
l - Focusing solely on RPA2-negative,
- non-S phase cells, we found that the

- number of Type I 53BP1 foci/cell
I - was suppressed in KU-55933-

. treated cells as well as ATM-defi-

DRB- # DRB+ |

. cient cells (Fig. 2, C and D). These
&  findings strongly suggested that
<10 Type 153BP1 foci were formed in an
ATM-dependent manner.

CPT interferes with RNA tran-
scription, and transcription-associ-
ated DNA damage linked to ATM
activation has recently been re-
ported (7). Therefore, we tested the
transcription dependence of CPT-
induced 53BP1 foci by treating cells
with DRB, a CDK inhibitor, that
suppresses the phosphorylation of
polymerase II C-terminal domain
required for transcription elongation (17-19). Cells pretreated
with DRB showed a drastic reduction in Type I 53BP1 foci (Fig.
2E). Taken together, these data demonstrate that, in non-S
phase cells, CPT causes transcription-mediated DNA damage
leading to the ATM and RNF8-dependent accumulation of
53BP1 foci.

Transcription-dependent ATM Activation in Response to
CPT—The above experiments using DRB suggested that CPT-
induced ATM activation is dependent on transcription. How-
ever, DNA replication-mediated DSEs are thought to account
for the majority of CPT-induced DNA damage. To assess the
relative contributions of transcription-associated versus repli-
cation-associated DNA damage to the activation of down-
stream pathways, HeLa cells were pretreated with inhibitors of
DNA replication and transcription prior to the addition of CPT.
Treatment with the replication inhibitor HU for 10 min effec-
tively suppressed DNA synthesis (supplemental Fig. $2) and
virtually abolished CPT-induced RPA2 phosphorylation (Fig. 3,
left). Thymidine treatment prior to CPT addition also sup-
pressed RPA2 phosphorylation (Fig. 3, leff), indicating that
RPA2 phosphorylation is highly dependent on DNA replica-
tion. In contrast, neither CPT-induced ATM autophosphory-
lation on Ser'®® nor ATM-dependent phosphorylation of
Chk2 on Thr*® was suppressed by DNA replication inhibition
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ATM Suppresses Lethal DNA-PK Activation by CPT
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FIGURE 3. Transcription-dependent ATM activation in response to CPT.
Helacells were pretreated with DNA replicationinhibitors (HU and thymidine
{Thy), 2 mm and 2.5 mw, respectively) or transcription inhibitors (DRB and
a-amanitin, 100 umand 5 pm, respectively) before CPT (2 um, 1 h) treatment.
DNA damage signaling was analyzed by Western blotting using appropriate
antibodies.

(Fig. 3, left). These results imply that CPT-dependent activation
of ATM does not absolutely require DNA replication.

In stark contrast to results using DNA replication inhibitors,
the transcriptional inhibitors DRB and a-amanitin apparently
suppressed CPT-induced ATM autophosphorylation at Ser'**!
and Chk2 phosphorylation on Thr®® (Fig. 3, right). These results
are consistent with previous reports demonstrating that CPT-
induced ATM activation is dependent on transcription in non-
cycling cells (7, 20). Our data further indicate that transcrip-
tion-coupled events account for the bulk of ATM activation by
CPT, even in actively dividing cells. Importantly, the transcrip-
tion dependence of ATM activation established with CPT was
not observed with other DNA-damaging agents, such as IR, the
topoisomerase II inhibitor VP-16, and UV light (supple-
mental Fig. §3). These findings indicate that Topl poisons
uniquely induce transcription-coupled DNA damage that sig-
nals to ATM.

ATM Is Required for CPT-induced Checkpoint Responses—
To examine a possibility that ATM contributes to CPT-in-
duced cell cycle checkpoint regulation, U20S cells were treated
with the ATM inhibitor KU-55933, exposed to CPT, and then
monitored in cell cycle distribution by flow cytometry.
Whereas U20S cells treated with dimethyl sulfoxide or the
DNA-PK inhibitor NU7026 exhibited prolonged G, arrest up
to 12 h following CPT treatment, U20S cells treated with
KU-55933 began exiting G, phase by 6 h (Fig. 44). This indi-
cates that CPT induces an ATM-dependent G, /S checkpoint.
Consistent with a defect in the G,/S phase checkpoint, ATM-
inhibited U20S cells rapidly accumulated in the S phase
between 6 and 12 h after CPT treatment (Fig. 4B). By 24 h after
CPT exposure, however, ATM-inhibited cells exited S phase
and accumulated in the G, phase, which is indicative of a defect
in S phase checkpoint maintenance (Fig. 4B and supple-
mental Fig. $4). In contrast, inhibition of DNA-PK did not
result in S phase accumulation of U20S cells at early time
points (6 —12 h), nor did the inhibitor cause premature S phase
checkpoint release (Fig. 4B). Together, these results suggest
that ATM, but not DNA-PK, is involved in CPT-induced G, /S
and S phase checkpoint activation.

Based on the ATM contribution to S phase checkpoint acti-
vation, we further analyzed the effect of ATM on the ATR-
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Chkl pathway. Autophosphorylation of ATM Ser'®®! and
DNA-PKcs Ser?>® was used to monitor ATM and DNA-PK
activation, respectively, whereas Chk1 Ser®'” phosphorylation
was used as a surrogate marker for ATR activation. Treatment
with caffeine (2 mm) had no effect on ATM and DNA-PKcs
autophosphorylation, but strongly suppressed Chk1 phosphor-
ylation (supplemental Fig. $5), which is consistent with the pre-
vious finding that ATR is the primary Chk1-activating kinase in
response to Topl poisons (4). ATM inhibition also strongly
suppressed Chk1 phosphorylation, indicating that both ATM
and ATR are required for full Chkl activation in response to
CPT (supplemental Fig. S5).

To analyze CPT-induced Chkl phosphorylation further, we
performed knockdown of TopBP1, a direct activator of ATR
that is required for Chkl phosphorylation in response to IR,
UV, and HU (21). HeLa cells were transfected with siRNA
against TopBP1, and the phosphorylation of Chk1, Chk2, and
RPA2 was analyzed by Western blotting. CPT-induced Chkl
phosphorylation was suppressed in TopBP1 knockdown cells,
whereas Chk2 phosphorylation was not (Fig. 4C), implying that
CPT-induced Chk1 phosphorylation requires TopBP1 and sug-
gesting that ATM is upstream of TopBP1 in the pathway lead-
ing to Chk1 phosphorylation. RPA2 phosphorylation was not
suppressed by TopBP1 knockdown (Fig. 4C). Given that CPT-
induced phosphorylation of RPA2 is reported to be ATR-de-
pendent (22), this finding indicates that ATR can be activated
independent of TopBP1 in CPT-treated cells. Finally, we used
synchronized HeLa cells to show that CPT-induced TopBP1
and Chkl phosphorylation are restricted to S phase cells and
are dependent on ATM (Fig. 4D). From these findings, we pro-
pose the existence of an ATM-TopBP1-ATR-Chk1 signaling
pathway that is activated by CPT in § phase cells. Because tran-
scription inhibition only slightly affected CPT-induced Chk1
phosphorylation, replication-coupled DSEs, but not transcrip-
tion-coupled DNA damage, probably trigger this pathway.

Hyperactivation of DNA-PK in ATM-inhibited Cells—The
above findings are consistent with a model in which CPT
caused the transcription-coupled activation of an ATM-depen-
dent G,/S checkpoint. Interestingly, we found that CPT-in-
duced activation of DNA-PK was strongly potentiated when
ATM was inhibited in HeLa cells (Fig. 5A4). This result was also
observed in ATM-deficient cells (Fig. 5B). The enhanced DNA-
PKcs autophosphorylation observed in the presence of the
ATM inhibitor KU-55933 was suppressed by HU treatment,
indicating that DNA-PK hyperactivation by ATM inhibition
requires ongoing DNA replication (Fig. 54). This finding is
consistent with our earlier report that CPT-induced DNA-PK
activation is strongly dependent on DNA replication (23). DRB
also partially inhibited CPT-induced DNA-PK autophosphor-
ylation, which is consistent with the notion that transcription-
coupled events lie upstream of DNA-PK activation (Fig. 5A).

A plausible explanation for the DNA replication and trans-
cription-dependent hyperactivation of DNA-PK in ATM-in-
hibited cells isthat ATM inhibition led to the defect in G, /S and
S phase checkpoints and the carryover of transcription-medi-
ated strand breaks into the S phase, where such lesions were
converted to frank DSEs activating DNA-PK. To test this pos-
sibility, we used neutral comet assays to assess CPT-induced
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