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FIGURE 4. Strong growth inhibition of conditional mDomino-deficient embryonic fibroblasts. A, PCR
analysis of the mDom” deletion by OHT. mDom™":CreER MEFs were left untreated (—) or treated with 7.5 nm
OHT for 8 h, washed and further cultured, and then analyzed for the status of the mDom” allele on the indicated
days. B, Western blot analysis of the mDomino protein in the whole cell lysate of mDom™:CreER MEFs treated
with OHT. Cand D, growth defect of mDomino-deficient MEFs. Four types of retrovirally transduced MEF lines,
mDom™":CreER (left), mDom™*;CreER (right), and their respective vector controls, were left untreated (—) or
treated with OHT (+), and then cultured in the normal medium. At the indicated times, the cells were
trypsinized and counted. Data are the means * S.D. of three separate experiments. £ and F, nuclear abnormal-
ities observed in mDomino-deficient MEFs. E, Wright-Giemsa staining of the OHT-treated or untreated (—)
mDom™™:CreER MEFs after 6 days of culture, Scale bars represent 100 um. F, DAPI staining of OHT-treated
mDom™:CreER MEFs (upper). Arrowhead indicates cells with micronuclei. The DAPI image is merged with its
bright-field image (lower). Scale bars represent 25 um.

mDomino Is Necessary for the
Cell-cycle Progression of Embryonic
Fibroblasts—The rapid prolifera-
tion arrest and/or apoptosis in
mDom-deleted BM hematopoietic
cells suggested that mDomino
could be involved generally in the
cell growth regulation. To examine
this possibility, we prepared MEFs
from mDom™" mice and control
mDom’™™ mice, and immortalized
them by the 3T3 passage method.
To inducibly inactivate the mDom
allele, the immortalized MEFs were
infected with a recombinant retro-
virus expressing Cre-ER™? (hereaf-
ter simply CreER), which can be
activated by treatment with OHT
(32). In the CreER-expressing MEFs,
the mDom” allele was deleted
within a day after OHT treatment
(Fig. 4A), and the mDomino protein
disappeared concomitantly from
the cell lysates (Fig. 4B). The OHT-
induced deletion of mDomino
resulted in the rapid and strong
growth inhibition of mDom™";
CreER MEFs but not of the vector
control mDom™" MEFs (Fig. 4Q).
Another  control  cell line,
mDom ™ ":CreER MEF, which was
established by the CreER-retrovirus
infection of heterozygous mDom™™*
MEFs, grew normally even after the
induced activation of CreER (Fig.
4D). These results indicated that the
growth of MEFs is not affected by
the addition of OHT or by the acti-
vation of the CreER protein and that
mDomino is essential for their pro-
liferation. In addition, microscopic
examination revealed the emer-
gence of a bi- or multi-nucleated
population among the mDomino-
deleted MEFs that had an enlarged
cell body, abnormal nuclear mor-
phology, and micronuclei (Fig. 4, E
and F).

The above results suggested that
mDomino plays an important role

tion in the colony formation of the mDom™?;Mx1-Cre cells
(Fig. 3F, right). PCR genotyping of the colonies that survived in
the IFN-treated mDom*?;Mx1-Cre BM culture revealed that
the small number of surviving colonies arose from cells that
escaped the induced deletion of the floxed mDom gene (data
not shown). These results indicated that mDomino-deleted
hematopoietic progenitors rapidly, and cell autonomously, lose
the ability to proliferate.
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in cell-cycle regulation. We therefore analyzed the cell-cycle
profiles of mDomino-deleted MEFs by flow cytometry. As
shown in Fig. 5 (A and B), the mDon?""";CreER MEFs treated
with OHT showed a significant increase in the population with
4N DNA content and the emergence of polyploid (>4N) cells.
To examine the effect of the mDomino deficiency on cell-cycle
progression, mDom™";CreER MEFs were treated with OHT,
driven into quiescence by serum starvation, and then released
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FIGURE 5. mDomino-deficient MEFs exhibit polyploidy and defective cell-
cycle progression. A, the DNA content of OHT-treated or untreated (—)
mDom™":CreER MEFs was determined by flow cytometry after propidium
iodide staining. B, the percentage of cells with 2N, 4N, and >4N DNA content
in A was determined in three independent experiments. C and D, cell-cycle
profile of mDom™”;CreER MEFs. Cells were treated with (+) or without (—)
OHT for 8 h, serum-starved for 24 h, and then released from the starvation by
stimulation with 10% fetal bovine serum. The cells were then collected at the
indicated times and subjected to the flow cytometric analysis of their DNA
content by propidium iodide staining (C), or of the mitotic index by staining
with a phospho-Ser-10-specific, anti-histone H3 antibody (D).

back into the cell-cycle by the addition of serum. As shown in
Fig. 5C, the mock-treated cells synchronously entered the S
phase 12-15 h after serum stimulation, reached the G,/M
phase at about 18 h, and returned to the G, phase at 21 h. In
contrast, MEFs treated with OHT displayed a small delay in
entering the S phase and a slow but continuous increase in a
population with 4N DNA content. This 4N population seemed
to include not only the G,/M population but also an aberrant
cell population that had initiated a new round of DNA synthesis
without cytokinesis (endoreduplication), which resulted in the
accumulation of tetraploid cells with ~8N DNA content. To
examine whether mDomino-deficient MEFs entered mitosis,
MEEFs re-stimulated with serum were stained with a phospho-
Ser10-specific anti-histone H3 antibody, and quantified by
flow cytometry (Fig. 5D). Mock-treated MEFs showed a sharp
M-phase peak 18-20 h after stimulation, whereas the
mDomino-deficient MEFs showed a delayed entry into mitosis.
These results indicated that the depletion of mDomino causes
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the malfunction of the cell-cycle regulation at multiple steps,
especially in the G,/M phase, and eventually leads to the aber-
rant mitosis known as “mitotic catastrophe.”

p400/mDomino was shown to participate in the adenovirus-
E1A-induced transformation process through interaction with
the N-terminal region of E1A (3). To examine whether expres-
sion of E1A affects the cell cycle defect caused by mDomino
deletion, mDon?™";CreER MEFs were infected with retroviral
constructs expressing wild-type 12 S E1A or d/1102(A26 -35)
mutant that was defective in interaction with mDomino.
Resulting MEFs that overexpressed E1A or d/1102 grew faster
than the parental MEFs or vector control cells, but were
growth-arrested soon after the OHT treatment (supple-
mental Fig. 1), suggesting that overexpression of E1A protein
cannot compensate for the mDomino deletion.

To confirm that the observed phenotypes of mDomino-de-
leted MEFs were caused by the absence of mDomino protein
and not by other unexpected events, such as genomic recombi-
nation caused by CreER, mDom™”;CreER MEFs were trans-
fected with an expression plasmid for HA-tagged mDomino
(pPNEF-DomHA), and stable cell lines were analyzed. As shown
in Fig. 6, mDom™";CreER cells expressing mDomino-HA dis-
played normal proliferation, cell-cycle distribution, and nuclear
morphology irrespective of the OHT-induced deletion of the
endogenous mDomino. This showed that the cell-cycle defi-
ciency could be rescued by the exogenous expression of the
wild-type mDomino protein and was, therefore, due to the
absence of mDomino.

Impairment of Cell-cycle Regulatory Gene Expression in
mDomino-deficient Cells—The p400/mDomino chromatin-re-
modeling complex is known to interact physically or function-
ally with cell-cycle-regulatory transcription factors, including
c-Myc, E1A, p53, and E2F (3, 17-20). To gain insight into the
molecular function of mDomino in cell-cycle regulation, we
characterized the gene expression profiles of mDom™”;CreER
MEFs treated or untreated with OHT by DNA microarray anal-
ysis (n = 3 for both untreated and OHT-treated cells), which
revealed that 770 genes were differentially (=2.0-fold)
expressed by mDomino depletion, including 191 down-regu-
lated genes (supplemental Table 1) and 579 up-regulated genes
(data not shown). A gene annotation analysis revealed that,
among the 93 genes whose expression was reduced to <45% by
OHT treatment, many (27 genes) are characterized as cell-cy-
cle-related genes, such as E2F2, E2F7, E2F8, CENP-F (cenpf),
Skp2, Nek2, and Cyclin A2 (ccna2) (Table 1). Moreover, 17 of
the 93 genes are known Myc targets (supplemental Table 1)
(Myc Cancer Gene, available on-line).

To confirm the microarray data and to characterize the time
course of mRNA expression during cell-cycle progression, we
carried out quantitative RT-PCR analysis of the genes for Skp2,
PLK1, CENP-F, and FoxM1. As reported previously, the expres-
sions of these genes were dependent on cell-cycle progression
in the control mDom™;CreER MEFs (Fig. 7A). In cells treated
with OHT, the expression levels of these genes were low, and
they were not clearly induced after the serum stimulation. We
have also compared expression of c-Myc, E2F1, p53,and H2A.Z
genes in the OHT-treated or -untreated cells. Expression levels
of p53 and H2A.Z in the mDomino-deleted cells were consis-
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FIGURE 6. Rescue of the cell-cycle }ﬂ:henotype by the exogenous expres-
sion of mDomino ¢cDNA. mDom™":CreER MEFs were transfected with an
mDomino expression plasmid, and stable transformants were cultured with
or without OHT treatment. A, growth curve of the transformant MEFs treated
with (+) or without (—) OHT. Data are the means + S.D. of three separate
experiments. B, cell-cycle profiles of the transformants treated without or
with OHT and then cultured for 6 days. C, Wright-Giemsa staining of the trans-
formants grown as in B. Scale bars represent 100 um.

tently lower than those in the untreated cells. Unexpectedly, the
expression of c-Myc and E2F1 genes was rather up-regulated in
the mDomino-deficient MEFs (Fig. 7B), suggesting that
mDomino may be involved in repression of these genes by a
direct mechanism or by an indirect, feedback pathway. RT-PCR
analysis of the mDomino mRNA showed that the expression of
mDomino in normal cells was independent of the cell cycle
(supplemental Fig. 2). Finally, we examined whether the im-
paired expression of the cell-cycle-related genes could be res-
cued by the exogenous expression of mDomino protein. The
mDom"™;CreER MEFs expressing mDomino-HA exhibited a
normal expression of the cell-cycle-regulated genes irrespec-
tive of OHT treatment (Fig. 7C). In contrast, the expression of
c-Myc, which was up-regulated in the mDom-deficient cells,
was reduced to normal by the mDomino expression (Fig. 7D).
Together, these results indicated that mDomino plays an essen-
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TABLE 1

Cell-cycle-related genes affected by mDomino deletion

DNA microarray analysis of OHT-treated (+OHT) or untreated (=) mDom™”;
CreER MEFs were performed as described under “Experimental Procedures.”
Among the 93 genes whose expression was reduced to <45% by OHT treatment
(supplemental Table 1), genes that are characterized as “cell cycle” are listed.

Gene symbol ch?rll:e +OHT (=) pvalue A:‘i:;'e(;"
E2f2 35 30 107  7.33E-05 BB543028
Mybl2 32 208 666 242E-04 NM_008652
Cenpf 3.2 97 310 1.02E-02 BB667318
Psrcl 3.0 288 878 4.66E-04 NM_019976
Fbxo5 3.0 618 1851  7.31E-05 AKO011820
E2f7 27 557 1517  3.98E-03 BG069355
Cdc6 27 564 1531 4.25E-05 NM_011799
Ccna2 2.6 2615 6868  2.04E-03 X75483
Cenf 2.6 144 378  3.59E-03 BB089717
Rbl1 26 178 465  2.64E-04 U27178
E28 26 336 876  2.80E-05 BM247465
Recl 2.6 470 1213  599E-06 NM_133878
2810433K01Rik 2.5 581 1461 2.32E-04 NM_025581
Mapkl2 2.5 134 336 6.35E-04 BC021640
Cdca3 2.5 1732 4277 1.52E-03 B1081061
Uhrfl 2.4 192 470  6.75E-03 BB702754
Suv39h2 2.4 353 854 7.45E-04 NM_022724
Pik1 2.4 742 1787 342E-05 NM_011121
Rassfl1 24 83 198  2.07E-03 BB385028
Cdc25a 24 590 1405 1.46E-02 C76119
Nek2 24 339 802 3.80E-04 NM_010892
Skp2 23 221 518 1.43E-02 AV259620
Sgoll 23 314 732  3.92E-03 BB410537
Incenp 2.3 87 201 2.06E-04 AV301185
Mcm3 2.3 234 531 1.02E-03 B1658327
Cdc20 2.2 2367 5311 3.80E-03 NM_023223
Ncapg2 2.2 1610 3593 1.26E-03 NM_133762

tial role in the expression of various genes that are involved in
cell-cycle regulation and suggested that the impaired expres-
sion of those genes causes the aberrant cell-cycle progression,
growth arrest, and mitotic catastrophe of the mDomino-defi-
cient cells.

DISCUSSION

In this report, we generated conditional knock-out mice of
the p400/mDomino gene. These mice died within 2 weeks of
pl:pC-induced, Mx1-Cre-mediated mDomino depletion. We
showed that the mDomino deletion in BM cells resulted in the
rapid loss of committed myeloid and erythroid cells as well as
hematopoietic progenitor/stem cells. The extinction of hema-
topoietic cells from the BM was probably due to both a decrease
in the proliferation and an increase in the apoptotic cell death of
the mDomino-deleted cells, followed by their clearance and
replacement by mature erythrocytes. A hematopoietic colony
formation assay demonstrated that the IFN-induced deletion of
mDomino strongly inhibited the growth of all the colony-form-
ing progenitors, including the myeloid, erythroid, and
megakaryocytic lineages, suggesting that the impaired hemato-
poiesis was cell autonomous and not caused by a defect in the
hematopoiesis-supporting environment in the BM.

The strong growth inhibition of the mDomino-deficient
hematopoietic cells prompted us to investigate the cell prolif-
eration using embryonic fibroblasts from mDom’™" mice. The
induced deletion of the mDomino gene led to an acute and
strong inhibition of the cellular proliferation of MEFs. Cell-
cycle analysis revealed that the mDomino-deficient MEFs
exhibited pleiotropic cell-cycle defects, including delayed and
insufficient entry into the S phase, increase in the G,/M phase,
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FIGURE 7. Expression of cell-cycle-related genes in mDomino-deleted MEFs. A and B, mDom™":CreER MEFs were untreated (—) or treated (+) with OHT,
serum-starved for 24 h, and then re-stimulated with 10% fetal bovine serum. At the indicated times, the RNA was extracted and analyzed for expression of the
indicated genes by quantitative RT-PCR. C and D, parental mDom™";CreER MEFs and mDomino-expressing transformants (f/fl;,CreER + Dom) were untreated
(=) or treated (+) with OHT, cultured for 3 days, and then subjected to expression analysis by quantitative RT-PCR.

and the accumulation of polyploid and/or multinucleated cells
with micronuclei. These phenotypes are very similar to those of
Trrap-deleted MEFs, in which a spindle checkpoint failure
leads to mitotic catastrophe (33), suggesting that the polyploid
and/or multinucleated population of mDom-deficient cells
might arise from a failure in mitotic checkpoint followed by
endoreduplication of the DNA without cytokinesis. In Saccha-
romyces cerevisiae, the Swrl complex is involved in chromo-
some segregation and plays an important role in chromosome
stability (34). In addition, the TRRAP-Tip60 complex, which
also contains p400/mDomino, is known to be required for the
recruitment and accumulation of DNA repair proteins at sites
of DNA double-strand break (35). Thus, p400/mDomino may
also be involved in maintaining chromosome integrity.

In the human osteosarcoma U20S cell line and primary
fibroblasts, the shRNA-mediated knockdown of p400/
mDomino results in the induction of cell-cycle inhibitor p21,
cell-cyclearrest at G,, and premature senescence (21, 22). How-
ever, the mDomino-deleted MEFs, which also showed strong
growth inhibition, did not show up-regulated p2I expression
(data not shown), suggesting that the loss of mDomino can
block the cell cycle by a mechanism other than the p53-p21

30222 JOURNAL OF BIOLOGICAL CHEMISTRY

pathway. Our DNA microarray analysis showed that the
expression levels of many cell-cycle-related genes were signifi-
cantly reduced in the mDomino-deleted MEFs. Interestingly,
among the strongly affected genes, CENP-F, Nek2, and PIk1 are
representative G,/M-specific genes that are regulated by the
transcription factor FoxM1 (36 —38), which was also among the
strongly reduced genes. This finding indicates that the cell-
cycle phenotypes of the mDomino-deficient MEFs were at least
partly due to the impaired expression of FoxM1 and its target
genes. In this regard, it is noteworthy that FoxMI-deficient
MEFs exhibit mitotic malfunction similar to our results (36).
However, the exogenous overexpression of FoxM1 cDNA in
mDom™"CreER MEFs failed to rescue the cell-cycle phenotype
(data not shown), suggesting that p400/mDomino is responsi-
ble for the regulated expression not only of FoxM1 targets but
also of other cell-cycle-related genes. A candidate transcription
factor of note is the oncoprotein c-Myc, which interacts with
the Tip60-TRRAP-p400/mDomino complex and regulates the
expression of various genes positively or negatively, possibly
through the histone-acetyl-transferring and/or the H2A.Z-ex-
changing activities of the complex (3, 17, 19). This hypothesis is
consistent with the results of our microarray analysis
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(supplemental Table 1), in which the strongly affected genes
included several Myc targets, such as E2F2, Mybl2, Cdc6, Cyclin
A, and FoxM1 (39 —43). To elucidate whether p400/mDomino
is directly involved in the regulatory expression of these genes,
we need to investigate physical and functional interactions of
the p400/mDomino chromatin-remodeling complex with the
c-Myc and/or FoxM1 on the promoter region of their target
genes by chromatin immunoprecipitation analyses using cell-
cycle-synchronized fibroblasts, in our future experiments.

Taking our present results together with our previous stud-
ies, we have shown that p400/mDomino is essential for hema-
topoiesis of both the yolk sac and the adult BM. The acute
extinction of hematopoietic cells is probably due to the strong
growth inhibition and apoptotic cell death of the mDomino-
deleted cells. We also provide evidence that p400/mDomino
plays an essential role in the cell-cycle progression of fibro-
blasts, probably through its transcriptional activation of cell-
cycle-regulatory genes, especially the targets of FoxM1 and
c-Myc. Because p400/mDomino exerts its chromatin-remodel-
ing function via its H2A.Z-exchange activity, the interaction of
p400/mDomino with c-Myc (and possibly with FoxM1) might
regulate the deposition and/or eviction of the H2A.Z variant at
the promoter nucleosome of cell-cycle-regulatory genes (14,
16, 44). Future studies on the interaction between transcription
factors and the p400/mDomino complex and their role in the
H2A.Z-positioning mechanism will provide insight into the
biological significance of the H2A.Z-exchanging machinery in
cell growth and differentiation.
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Apaf-1-independent programmed cell death in mouse
development

A Nagasaka'?%, K Kawane'?, H Yoshida* and S Nagata*'**

Many cells die during mammalian development and are engulfed by macrophages. In DNase Il "~ embryos, the TUNEL-positive
DNA of apoptotic cells is left undigested in macrophages, providing a system for studying programmed cell death during mouse
development. Here, we showed that an Apaf-7-null mutation in the DNase I/~ embryos greatly reduced the number of
macrophages carrying DNA at E11.5. However, at later stages of the embryogenesis, a significant number of macrophages
carrying undigested DNA were present in Apaf-1~/~ embryos, indicating that cells died and were engulfed in an Apaf-1-
independent manner. In most tissues of the Apaf-1~~ embryos, no processed caspase-3 was detected, and the DNA of dead
cells accumulated in the macrophages appeared intact. Many nonapoptotic dead cells were found in the tail of the Apaf-1="~
embryos, suggesting that the Apaf-1-independent programmed cell death occurred, and these dead cells were engulfed by
macrophages. In contrast, active caspase-3 was detected in E14.5 thymus of Apaf-1~/~ embryos. Treatment of fetal thymocytes
with staurosporine, but not etoposide, induced processing of procaspases 3 and 9, indicating that the E14.5 thymocytes have the
ability to undergo caspase-dependent apoptosis in an Apaf-1-independent manner. Thus, programmed cell death in mouse
development, which normally proceeds in an efficient Apaf-1-depenent mechanism, appears to be backed up by Apaf-1-

independent death systems.

Cell Death and Differentiation advance online publication, 4 December 2009; doi:10.1038/cdd.2009.186

Many useless and toxic cells are generated during animal
development and removed by programmed cell death, which
is mainly mediated by apoptosis.'? Apoptosis is accompanied
by morphological changes, such as the blebbing and con-
densation of cells, loss of membrane symmetry, and nuclear
condensation.® Late in apoptosis, dying cells are fragmented
into small ‘apoptotic bodies,” which are recognized by
phagocytes for engulfment. This morphological change in
the cells and their rapid disposal are distinct from necrosis, in
which cells swell, the plasma membranes are ruptured, and
the cellular contents are believed to be released.

The signal transduction involved in apoptotic cell death has
been intensively studied*® and shown to proceed by two
major pathways, an extrinsic and an intrinsic one. In the
extrinsic pathway, signals from death receptors, such as Fas
and TNF receptor, activate an initiator caspase, caspase-8,
that activates downstream effector caspases, mainly cas-
pase-3, leading to the cleavage of more than 300 cellular
proteins.®” One of the caspase-3 substrates is the inhibitor
of caspase-activated DNase (CAD), and its cleavage by
caspase-3 inactivates the ability to associate with CAD,
allowing CAD to cause the fragmentation of chromosomal
DNA into nucleosomal units.® In the intrinsic pathway, death
signals cause the release of cytochrome ¢ from mitochon-
dria through ‘BH3-only’ proteins of the Bcl-2 family.®'°

The cytochrome ¢ binds to Apaf-1 and activates caspase-9,
which leads to the activation of caspase-3 and CAD, resulting
in the cleavage of cellular substrates and the fragmentation
of chromosomal DNA. Apoptotic cells that die by either
the intrinsic or the extrinsic pathway expose phosphatidyl-
serine on their surface.'" Macrophages and immature
dendritic cells recognize the phosphatidylserine and rapidly
engulf the apoptotic cells.'? The engulfed dead cells are trans-
ferred to lysosomes, where all their components are
degraded.

The role of the intrinsic apoptotic pathway in programmed
cell death has been studied by establishing mice that lack
genes involved in apoptotic signal transduction.'®'? The
results obtained with these knockout mice have not always
been consistent among groups. For example, Yoshida et al.™
and Kuida et al.'® reported that Apaf-1 and caspase-9 are
indispensable for the cell death induced by cytotoxic agents or
y-radiation in various tissues, whereas Marsden et al.'®
reported that lymphocytes undergo apoptosis without Apaf-1
or caspase-9 on cytokine deprivation. Furthermore, except for
craniofacial abnormalities and the hyperproliferation of
neuronal cells, Apaf-1-deficient mice are apparently normal,
especially in the C57BL/6 background,’® suggesting the
presence of a back-up system for the Apaf-1-mediated
apoptosis in mouse development.
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Because dying cells are swiftly engulfed and degraded by
macrophages, the detection of apoptotic cells in animals is not
an easy task. DNase Il is responsible for digesting the DNA of
apoptotic cells after macrophages engulf them, and many
macrophages carrying engulfed DNA are present in DNase I/
deficient embryos.2>?2 Here, we used DNase [-deficient
mice to detect the programmed cell death that occurs during
mouse development, and found that Apaf-1 seems to be
dispensable for this process. In the thymus of Apaf-1~/~
embryos at E14.5, caspases were activated in an Apaf-1-
independent manner. In most other tissues, cells died by an
Apaf-1-independent nonapoptotic mechanism, and were
engulfed by macrophages. These results indicate that Apaf-
1-independent systems, with or without caspase activation,
function as back-up systems for the programmed cell death in
mammalian development.

Results

Apaf-1-dependent programmed cell death in mouse
embryos at E11.5. When we used the TUNEL staining to
detect apoptotic cells in E11.5 wild-type mouse embryos,
it yielded barely detectable signals (data not shown).
A mutation of nuc-1, a homologue of DNase /I, enhances
the TUNEL positivity in C. elegans.?® Similarly, the mouse
DNase I~ embryos showed very strong TUNEL signals
(Figure 1a), which is due to the accumulation of DNA
fragmented by CAD.?* TUNEL-positive spots were frequent
in several regions, such as the diencephalon at the
cerebrum, the lamina terminalis, somites, and mesonephric
ducts. Observations at higher magnification showed TUNEL
positivity in these regions was much stronger in the DNase
I~ than the wild-type embryos. The TUNEL-positive spots
in the DNase I~ embryos were clustered into foci that were
strongly DAP! positive (Figure 1b). The foci were located
inside F4/80-positive macrophages, suggesting that they
were the DNA of engulfed apoptotic cells. The engulfment of
corpses in C. elegans requires the activation of caspase; a
mutation in Ced-3 or Ced-4, homologues of caspase and
Apaf-1, respectively, prevents the engulfment of cell
corpses.?® Accordingly, a null mutation of Apaf-1 blocked
the generation of TUNEL-positive foci (Figure 1a and b),
indicating that the apoptotic cell death and engulfment of
dead cells in the E11.5 mouse embryos were apparently
Apaf-1 dependent.

Apaf-1-independent programmed cell death in mouse
embryos. Many TUNEL-positive foci were observed
throughout the DNase I~ embryos at E14.5 as well (data
not shown). DNase I~ embryos produce IFNf which is
lethal, but the lethality can be rescued by a deficiency of IFN
type | receptor.?® To exclude the possible cell death caused

by IFNB, we carried out the TUNEL staining with DNase I/~
IFN-IR~"~ embryos. Many TUNEL-positive foci still could be
detected in various tissues of DNase /I~ IFN-IR~’~ embryos
(Figure 2a ; data not shown), suggesting that the death of the
cells in DNase /I~ embryos was intrinsic to mouse embryo-
genesis, and not due to the secondary effect by IFNS.
The null mutation of Apaf-1 blocked the generation of
TUNEL-positive foci in most tissues of the E14.5 DNase
I~ IFN-IR~"~ embryos. For example, many TUNEL-positive
foci were present at the interdigits of the hind paw of DNase
I~ IFN-IR~~ embryos, and activated caspase-3 could be
detected in this region (Figure 2a and b). The deficiency of
Apaf-1 prevented both the caspase activation and the
appearance of TUNEL-positive foci. Probably due to the
inhibition of apoptotic cell death, the formation of interdigits
was retarded in the Apaf-1~/~DNase I~ IFN-IR~/~ embryos
compared with Apaf-1*/* DNase /™~ IFN-IR~/~ embryos, as
reported for Apaf-7-null mice.'*

At E17.5, fewer DAPI-positive foci were detected in the
Apaf-1*/* DNase II”~IFN-IR~"~ embryos than at E14.5, as
seen, for example, in the interdigits (Figure 2c), which have
completely formed by E17.5. In contrast, the interdigits of the
Apaf-1~~DNase II”"~IFN-IR~"~ embryos carried more DAPI-
positive foci at E17.5 than at E14.5, and these DAPI-positive
materials were located within F4/80-positive macrophages
(Figure 2d). Electron microscopy showed that the DNA
accumulated in the macrophages at the interdigits of the
E17.5 Apaf-1*/* DNase II""~ IFN-IR~~ embryos is fragmen-
ted, whereas the DNA in the Apaf-1~""DNase II""~ IFN-IR~"~
embryos was apparently intact (Figure 2e). The active
caspase-3 could be detected in the interdigits of Apaf-1+/*
but not Apaf-1~/~ embryos (data not shown). These results
suggested that in late embryogenesis, the cells in the inter-
digits could die in an Apaf-1-independent manner, and the
dead cells were engulfed by macrophages.

Apaf-1-independent nonapoptotic cell death. At the
ventral ectodermal ridge of the tail in mouse embryos,
many cells undergo programmed cell death, which was
detected as DAPI-positive foci in the DNase /I~ IFN-IR™"~
embryos at E14.5 (Figure 3a and b). In the Apaf-1*/*
embryos, the DNA that accumulated in the ridge was TUNEL
positive, and many processed caspase-3-positive cells could
be detected in this region. On the other hand, the DNA that
accumulated in the Apaf-1‘/‘ embryos was TUNEL negative,
and processed caspase-3-positive cells were hardly detec-
table. Because the DAPI-positive foci were relatively closely
clustered in the ventral ectodermal ridge of the tail
(Figure 3c), we analyzed this region by electron micro-
scopy. As shown in Figure 3d, many unengulfed, nonapo-
ptotic dying cells were detected in the E14.5 Apaf-1~"~
embryos. That is, the unengulfed dying cells showed mottled

Figure 1 Apaf-1-dependent programmed cell death in DNase /=~ mouse embryos at E11.5. (a) TUNEL staining of the E11.5 whole embryos. Paraffin sections fro»m
E11.5 Apaf-1*/~DNase I~ and Apaf-1~/~ DNase li "~ embryos were stained with TUNEL, followed by counterstaining with methyl green. Scale bar = 500 um. (b) TUNEL
staining of various tissues from E11.5 embryos. Paraffin sections of the diencephalon, lamina terminalis, and somites from E11.5 Apaf-1*/~DNase I~/ , Apaf-1*'~DNase
I~ and Apaf-1~"~ DNase II” /= embryos, were stained with TUNEL, counterstained with methy! green, and observed by microscopy. For staining of F4/80, cryosections
from E11.5 Apaf-17~DNase /"~ mouse embryos were stained with DAPI and a rat mAb against mouse F4/80, followed by incubation with peroxidase-conjugated rabbit
anti-rat Ig, and detected by Cy3-labeled tyramide. Staining profiles with DAPI and anti-F4/80 are merged, and shown in the middle panels. Polarity of the embryos is indicated
in left panels. a, anterior; p, posterior; d, dorsal; v, ventral. Yellow arrowheads indicate the macrophages carrying undigested DNA. Scale bar = 100 zm
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Figure 5 Apaf-1-independent caspase activation. (a) Activation of caspase-3. Thymocytes were prepared from E14.5 or E17.5 embryos with Apaf-1 +/* or Apaf-1*"~
(C)and Apaf-1~"~ (K) genotypes, and treated with 10 zM staurosporine or 50 uM etoposide for 4 h. The caspase activity in the cell lysates and supematant was determined
with Ac-DEVD-AMC as described in Materials and Methods. The caspase activity is expressed in an arbitrary unit. One ng recombinant human caspase-3 gave 14 100 U under
the same conditions. Experiments were performed twice with different fetal thymus, and the average values are shown. (b) Processing of caspase-3. In left panel, thymocytes
from E17.5 embryos with Apaf-1+/* or Apaf-1*/~ (C) and Apaf-1~"~ (K) genotypes were treated with 10 uM staurosporine (STS) for 2 h or with 50 M etoposide (ETO) for
4h, and the cell lysates were subjected to western blotting with rabbit mAb against mouse caspase-3. The cell lysates from untreated thymocytes were also analyzed (0 h).
Bands for the proform and cleaved form of caspase-3 are indicated by arrows. As a loading control, the membrane was re-blotted for BiP, and shown in the bottom. In right
panel, thymocytes were treated for 4 h with staurosporine (STS) or etoposide (ETO). The supematant was immunoprecipitated with rabbit mAb against the cleaved caspase-3,
and subjected to western blotting with the same mAb, followed by incubation with HRP-conjugated Protein A. The bands for cleaved caspase-3 are indicated by an arrow.
(c) Processing of caspase-9. Thymocytes from E17.5 embryos with Apaf-1*/* or Apaf-1* /= (C) and Apaf-1~"~ (K) genotypes were treated 10 uM staurosporine (STS) for
2hor with 50 M etoposide (ETO) for 4 h. The cell lysates from the STS- and ETO-treated and untreated (0 h) thymocytes were subjected to westem blotting with mouse mAb
against mouse caspase-9. Bands for the proform and cleaved form of caspase-9 are indicated by arrows. The membrane was re-blotted for BiP, and is shown in the bottom
similar with those found in other tissues (interdigits, and tail) at Ac-DEVD-AMC. As shown in Figure 5a, a strong caspase-3
E14.5 and 17.5. activity (about 5600 U) could be detected in the cell lysates
from the wild-type but not Apaf-1-deficient thymocyies
Apaf-1-independent caspase activation. To examine  treated with 50uM etoposide. The cell lysates from the
whether thymocytes can undergo caspase-dependent thymocytes treated with 10 uM staurosporine also showed a
apoptotic cell death in the absence of Apaf-1, we prepared caspase-3-activity (about 1300 U). Different from the treat-
thymocytes from the wild-type and Apaf-1‘/ ~ E14.5 embryos. ment with etoposide, the cell lysates from the staurosporine-
They were treated with two different apoptosis inducers, treated Apaf-1~/~ thymocytes carried a significant caspase-3
etoposide and staurosporine, and the caspase-3 activity in activity (500 U). The active caspase-3 is often released from
the cell lysates was determined with a fluorescent substrate, the cells into supernatant.?” In fact, the supernatant from
Cell Death and Differentiation
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staurosporine-treated Apaf-1+/* and Apaf-1~ thymocytes
carried a high caspase-3 activity (10000-15 000 U). Conver-
sely, the treatment with etoposide produced the caspase-3
activity in the supernatant with Apaf-1 +/* thymocytes, but
not with Apaf-1~/~ thymocytes. These results indicated that
etoposide could activate caspase-3 in E14.5 thymocytes in
an Apaf-1-dependent manner, whereas Apaf-1 is dispen-
sable for the staurosporine-induced activation of caspase-3.
Similar results were obtained with E17.5 thymocytes, that is,
staurosporine but not etoposide activated caspase-3 in
E17.5 Apaf-1~" thymocytes as efficiently as Apaf-1+/*
thymocytes, although the extent of the activated caspase-3
per cell is significantly lower than that found with E14.5
thymocytes (Figure 5a).

To confirm the caspase-3 activity detected with Ac-DEVD-
AMC is due to the processed caspase-3, we analyzed the cell
lysates using western blot method with the antibody against
caspase-3. As shown in Figure 5b, the lysates from the
staurosporine-treated Apaf-1*/* and Apaf-1-"~ thymocytes
showed a 17kDa band for the processed caspase-3. This
band was detected in the lysates from the etoposide-treated
Apaf-1*/* but not Apaf-1~~ thymocytes, and its intensity
correlated with the caspase-3 activity detected (Figure 5a ).
When the culture supernatants from staurosporine- or etopo-
side-treated E17.5 Apaf-1*/* thymocytes were immuno-
precipitated with the antibody against processed caspase-3,
they showed the 17kDa band by western blot with the
antibody against the processed caspase-3 (Figure 5b).
However, the 17 kDa band was not detected in the immuno-
precipitate of the etoposide-treated £17.5 Apaf-1~/~ thymo-
cytes, which agrees with the little caspase-3 activity in the
supernatant (Figure 5a).

In the intrinsic apoptotic pathway, Apaf-1 works as a
scaffold to activate caspase-9, which induces processing of
procaspase-3."'% To examine an involvement of caspase-9 in
the Apaf-1-independent activation of caspase-3, we carried
out western blot analysis with anticaspase-9. As shown in
Figure 5c, the 37 kDa processed caspase-9 could be detected
in the lysates from the staurosporine-treated Apaf-1+/* as
well as Apaf-1~/~ thymocytes. In contrast, the processing of
procaspase-3 in the etoposide-treated thymocytes was
observed in the Apaf-1+/* thymocytes, but not in the
Apaf-1~"- thymocytes. These results indicate that stauros-
porine but not etoposide can activate caspase-9 in the
absence of Apaf-1.

Discussion

Many cells die during mammalian development. However,
as the dead cells are swiftly engulfed by macrophages
for degradation, it is difficult to detect them. For example,
more than 90% of thymocytes undergo programmed cell
death during the development of the thymus. But, only a small
percentage of the cells can be stained by TUNEL at a given
time point.2® Many neurons also undergo programmed
cell death in the brain, but the reported number differs greatly
among researchers,*3" probably due to the difficulty in
detecting dead cells that are quickly eliminated. Here, we
used DNase fi-null mice to detect the programmed cell death
that occurs during mouse embryogenesis. The DNase /i-null
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mice carried in various tissues macrophages that contained
undigested DNA, suggesting that cells died surrounding the
macrophages and were engulfed. Although it is difficult to
determine which and how many cells died, the DNase /I~
mice were nonetheless useful for localizing the regions where
programmed cell death occurs. The macrophages carrying
undigested DNA eventually disappeared, probably because
those with a heavy load of DNA could not survive, suggesting
that the DNase /"~ mice can also be used to estimate the
time when programmed cell death takes place. In fact, we
have been able to show that specific layers of cerebral
neurons undergo programmed cell death at specific stages of
mouse embryogenesis (AN, KK, and SN, manuscript in
preparation).

Crossing the Apaf-1~"~ mice with DNase I~ mice, we
showed that most of the apoptotic cell death during mouse
embryonic development takes place through an Apaf-1-
dependent pathway. This agrees with previous reports that
deletion of the Apaf-1 or caspase-9 gene blocks apoptotic cell
death in the brain, and ear.'>'* Similarly, the apoptotic cell
death in E17.5 thymus was also blocked by deficiency of
Apaf-1, indicating that the negative and positive selections
atCD4*CD8™ thymocytes proceed in an Apaf-1-dependent
pathway. In contrast, very surprisingly, we found that
caspase-3 could be activated without Apaf-1 in the E14.5
thymus, in which most thymocytes are CD4~CD8 %
Furthermore, staurosporine but not etoposide activated
caspase-3 in the fetal thymocytes without Apaf-1. Etopo-
side and staurosporine are inhibitors for topoisomerase and
kinase C, respectively, and both of them have been reported
to activate caspase-3 by releasing cytochrome ¢ from
mitochondria.®*®* Thus, no requirement of Apaf-1 in the
staurosporine-induced activation of caspase-3 in the fetal
thymocytes was unexpected. This result suggests that
staurosporine can activate caspase-3 in thymocytes through
a pathway that does not use cytochrome ¢, and this pathway
may be similar to that used in the Apaf-1-independent
apoptotic cell death of E14.5 thymocytes. We observed that
caspase-3 can be activated without Apaf-1 not only in the fetal
thymus but also in the fetal liver (AN, KK, and SN, unpublished
observation), which may be consistent with reports that
hemopoietic cells reconstituted with fetal liver cells can
activate caspase without Apaf-1.783%3¢ Tg understand this
apoptosis, it will be necessary to determine how and which
caspases are activated by staurosporine without Apaf-1.

Even when the caspase was not activated in Apaf-1-
deficient mice, macrophages carrying undigested DNA were
present in the embryo, in particular at the late stage of
development, indicating that cells could die without Apaf-1,
and were engulfed by macrophages. This agrees with the
previous report showing that myelcid cells die without Apaf-1
or caspase-9.% Several Apaf-1- or caspase-independent cell
death processes have been proposed, including autophagic
cell death and necrosis.®® As reported for the interdigits of
Apaf-1~~ embryos,®® we found in the ectodermal ridge of the
tails of Apaf-7~/~ mice many cells exhibiting mottied chroma-
tin condensation, nuclear membrane detachment and rupture,
and dilated mitochondria. Whereas, no cells with the char-
acteristics of autophagy (double-membraned vacuoles),
indicating that the cells probably died because of necrosis.
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One possible cause of nonapoptotic cell death is that the
stimuli that induce programmed cell death in mouse embryo-
genesis cause cytochrome ¢ to be released, inactivating
mitochondrial function, which leads to cell death.®” The mice
lacking both Bak and Bax that are essential for the release of
cytochrome ¢ show the persistence of interdigital webs, "’
which suggests that Bak/Bax can cause necrotic cell death by
releasing cytochrome ¢. It will be interesting to examine
whether the null mutation of Bax and Bak can prevent the
generation of macrophages carrying undigested DNA in
DNase li-null embryos.

In Apaf-1~"~ embryos, dead cells were found in macro-
phages, indicating that the nonapoptotic dead cells were
recognized by macrophages for enguliment. In C. elegans, a
common set of genes mediates the removal of both apoptotic
and necrotic cell corpses.*! Conversely, different mechan-
isms have been proposed to clear apoptotic and necrotic cells
in mammalian system.*? Apoptotic cells expose phosphati-
dylserine, which is recognized by specific receptors or
opsonins for engulfment.’® Because necrotic cells also
expose phosphatidylserine at a late stage,® it is possible
that similar receptors or opsonins mediate the engulfment of
apoptotic and necrotic cells. The complement system is
another candidate for the engulfment of late apoptotic or
necrotic cells.*® It will be interesting to study the engulfment of
necrotic cells by crossing the Apaf-1~"~ mice with mice
deficient in the engulfment of apoptotic or necrotic cells.**45
Unengulfed apoptotic cells are difficult to find in mouse
tissues. However, we frequently detected unengulfed dead
cells with nonapoptotic morphology in the Apaf-1~"" embryos,
suggesting that the engulfment of nonapoptotic dead cells is
inefficient compared with that of apoptotic cells. This may
allow noxious materials to be released from dying cells. In
addition, the engulfment of necrotic cells but not apoptotic
ones is known to cause the release of inflammatory
cytokines.*® In this regard, it will be interesting to study
whether the normally developing Apaf- 1~ mice suffer from
inflammatory disease.

Materials and Methods

Mice. C57BL/6 mice were purchased from Nippon SLC (Hemamatsu, Japan) or
Shimizu Laboratory (Kyoto, Japan) Supplies. DNase I/~ mice?® were backcrossed
to C57BLU6 at lease six times. IFN-IR~"~ mice*” in the C57BL/6 background were
obtained from Miche! Aguet (Swiss Institute for Experimental Cancer Research,
Epalinges, Switzerland). Apaf-1~'~ mice in the C57BL/6 background were described
previously.'® DNase 1™ IFN-R™" mice and Apaf-1~"~DNase Ji~"~ IFN-IR™"~
embryos were generated by crossing Apaf-1*/~DNase "~ IFN-IR™ - parents,
respectively. Mice were housed in specific pathogen-free facilities at Osaka University
Medical School and Oriental Bio Service. All animal experiments were conducted
according to the Guidelines for Animal Experiments of Osaka University or Kyoto
University. To determine the genotype of DNase If and IFN-IR alleles, we prepared
DNA from embryoric tissues or adult tail-snip tissue, as described.*® and analyzed
using PCR. For the DNase Il gene, a sense primer specific for the wild-type (5
GCCCATCTAGACTAACTTTC-3) or mutant allele {5-GATTCGCAGCGCATCG
CCTT-3'); sequence in the neomycin-resistant gene) was used with a common
antisense primer {5'-GAGTCTTAGTCCTTTGCTCCG-3). The wild4ype and mutant
alleles for IFN-R were examined with a wild-type (5-AAGATGTGCTGTTCCC
TYCCTCTGCTCTGA-8') or mutant-speciic (5-CCTGCGTGCAATCCATCTTG-3)
antisense primer and a common sense primer {3'-ATTATTAAAAGAAAAGACGA
GGCGAAGTGG-3'). For the Apaf-1 allele, a wild-type (5-CTCAAACACCTCCTCC
ACAA-3'} or mutant-specific (5"-GGGCCAGCTCATTCCTC-3') sense primer was
used with a common antisense primer (5-GTCATCTGGAAGGGCAGCGA-3').

Apaf-1-independent cell death
A Nagasaka et a/

Histochemical analysis with paraffin sections. Embryos were fixed
with 4% PFA in 0.1 M Na-phosphate buffer (pH 7.2) containing 4% sucrose at 4°C
for more than 1 day with shaking. They were gradually dehydrated by dipping into
50, 70, 80, and 90% ethanol at room temperature for 12 h each, and then twice in
100% ethanol for 1h. The samples were soaked twice in 100% xylene at room
temperature for 1h, in a 1:1 mixture of xylene and paraffin for 2 h at 60°C. They
were embedded in paraffin by successive incubations in paraffin for 12 and 4h at
80°C, and sectioned at 4 um using a microtome (RM2245; Leica, Solms, Germany).

For TUNEL staining, sections were treated at room temperature for 20 min with
20 ug/ml Proteinase K, and stained with an Apoptag kit {Millipore, Bedford, MA,
USA), according to the manufacturer’s instructions, except that the amount of
terminal transferase was reduced to 10% of the recommended concentration.
Sections were mounted with Mount-Quick (Daido Sangyo, Toda, Saitama, Japan)
or Fluoromount (Diagnostic BioSystems, Pleasanton, CA, USA), and abserved by
fluoroescence microscopy (IX-70; Olympus, Tokyo, Japan or BioRevo BZ-9000;
Keyence, Osaka, Japan).

Histochemical analysis with cryosections. Embryos were fixed at4°C
in 4% PFA containing 4% sucrose in 0.1 M Na-phosphate buffer {pH 7.2) for 2,
successively immersed in 10 and 20% sucrose-containing 0.1M Na-phosphate
butfer (pH 7.2) for 4h and overnight each, embedded in OCT compound (Sakura
Finetek, Tokyo, Japan), and frozen in liquid nitrogen. Sections (10 xm) were
prepared using a cryostat (CM3050 S; Leica) in the cold (—16 to —25°C).

To detect active caspase-3, we fixed sections with 4% PFA in PBS at room
temperature for 10 min, and blocked with 5% normal goat serum in PBS containing
0.3% Triton X-100 at room temperature for 1h. They were stained at 4°C ovemight
with a 100-foid diluted rabbit monoclonal antibody (mAb) against active caspase-3
(clone SA1E; Cell Signaling, Danvers, MA, USA), followed by incubation at room
temperature for 1 h with Cy3-conjugated goat anti-rabbit IgG (Jackson Laboratories,
West Grove, PA, USA).

For the staining of F4/80 antigen, a rat hybridoma against mouse F4/80%° was
grown in serum-free GIT medium (Nihon Pharmaceutical, Tokyo, Japan).
Cryosections from mouse embryos were fixed at room temperature for 10min
with 1% PFA in PBS, After biocking with 10% normal rabbit serum and 0.5% BSA in
PBS at room temperature for 1h, sections were incubated at 4°C overnight with the
supernatant of the F4/80 hybridoma, and washed with PBS containing 0.5% BSA.
The endogenous peroxidase was quenched by incubation at 4°C for 20~30 min with
3% H,0, in methanol, and incubated at room temperature for 45min with
peroxidase-conjugated rabbit anti-rat Iy (Dako, Copenhagen, Denmark). The
signals were detected by incubation at room temperature for 5 min with Cy3-labeled
tyramide {PerkinEimer, Boston, MA, USA}.

TUNEL staining was performed as described above, except that the con-
centration of terminal transferase was reduced fo 0.4-0.5% of that recommended
by the manufacturer. Sections were mounted with mounting reagent containing
1-2 ug/ml DAPI (Dojin Laboratories, Kumamoto, Japan), and observed by
microscopy as described earlier.

Electron microscopy. Embryonic tissues were fixed by incubation at 4°C for
2h in 0.1M Na-phosphate buffer (pH 7.2) containing 2% PFA and 2%
glutaraldehyde. After being washed five times with 0.1 M Na-phosphate buffer
(pH 7.2) at 4°C for 20 min each, the samples were post-fixed at 4°C for 2 h with 1%
0s0, in the same buffer, and dehydrated at 4°C by dipping into a graded series
{50, 60, 70, 80, 90, 89%) of ethanol for 10 min each. After two 20-min immersions
in 100% ethanol, the sampies were incubated at 35°C twice in propylene oxide
for 20 min, ina 3: 1 mixture of propylene oxide and epoxide for 1 h, ina 1: 3 mixture
of propylene oxide and epoxide for 1h, and in epoxide overnight. They were
then embedded in epoxide by incubation at 60°C for 3 days. Ultrathin sections
{80-90 nm) were prepared with an uitramicrotome (Ultracut N; Reichert-Nissei,
Kumamoto, Japan), stained with uranyl acetate and lead citrate, and observed with
a Hitachi H-7650 microscope {Hitachi High-Technologies, Tokyo, Japan).

Assay for caspase-3. Thymocytes (4 x 10° cells per 100 4} from E14.5
embryos or thymocytes (5 x 10° cells per 200 ) from E17.5 embryos were treated
with 10 M staurosporine or 50 xM etoposide in DMEM containing 10% FCS. The
caspase-3 activity in the cell lysates and medium was determined using Caspase-3
Celular Assay Kit PLUS {Enzo Life Sciences, Farmingdale, NY, USA) according to
the instructions provided by the manufacturer, In brief, cells were collected by
centrifugation at 5000 r.p.m. for 5 min, washed with PBS, and lysed with 50 s Lysis
Buffer (50mM HEPES-NaOH buffer (pH 7.4), 0.1% CHAPS, 5mM DTT, and
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0.1 mM EDTA). Aliquots (10 ) of the medium or cell lysates were incubated at
37°C for 3h with 30 uM Ac-DEVD-AMC in 100 ul Assay Buffer (50 mM HEPES-
NaOH buffer (pH 7.4), 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 1 mM EDTA, and
10% glycerol), and the fluorescence was detected with an excitation wavelength of
360 nm and emission wavelength of 460 using a microplate reader (Infinite M200;
Tecan, Mannedorf, Switzeriand). The specific caspase-3 activities were determined
by subtracting the vatues obtained in the presence of 0.1 uM Ac-DEVD-CHO.

Western blot analysis. For westem blotting, cefls (5 x 10%) were directly
lysed by heating at 85°C for 30 min in 15 4l of sample buffer (30 mM Tris-HCI
(pH 6.8), 1% SDS, 5% glycerol, 2.5% 2-mercaptoethanol, and 0.0005% BPB).
Proteins were separated by 10-20% gradient SDS-PAGE, and transferred to PVDF
membranes {Millipore). After blocking with blocking buffer (Tris-buffered saline
containing 0.05% Tween 20 (TBST) supplemented with 5% non-fat dry milk or 4%
Block Ace (DS Pharma Biomedical, Suita, Osaka, Japan)), the membranes were
incubated at 4°C overnight with rabbit mAb against caspase-3 (clone 8G10; Cell
Signialing) or mouse mAb against caspase-9 (clone 5B4; MBL, Nagoya, Japan) in
blocking buffer. After washing with TBST, the membranes were incubated with
HRP-conjugated anii-rabbit Ig or anti-mouse Ig antibody at room temperature for
1h, and the proteins recognized by the antibody were visualized by a
chemiluminescence reaction (immobilon Western, Millipore). Western blotting
with mouse mAb against BiP (Grp78) (clone 40; BD Biosciences) was performed as
a loading control.

For immunoprecipitation, the culture supematant was precleared by incuba-
ting twice at 4°C with a 1:1 mixture of nProtein A-Sepharose 4 Fast Flow
(GE Healthcare, Uppsala, Sweden) and Protein G-Sepharose 4 Fast Flow
(GE Healthcare) for 1.5h. After removing Sepharose by centrifugation, the
supernatant was incubated at 4°C ovemight with rabbit mAb against the cleaved
caspase-3 (clone 5A1E; Cell Signaling), foliowed by the incubation with Protein A-
Sepharose. After washing with PBS containing 1% Triton X-100, the proteins bound
to the beads were eluted by boiling in SDS sample buffer, separated by 10-20%
SDS-PAGE, transferred onto a PYDF membrane, and subjected to westem blotting
with rabbit mAb against the cleaved caspase-3, followed by the incubation with
HRP-conjugated Protein A (Bio-Rad, Hercules, CA, USA),
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Regulation of the innate immune response by
threonine-phosphatase of Eyes absent

Yasutaka Okabe?1+*, Teruyuki Sano'* & Shigekazu Nagata'?

Innate immunity is stimulated not only by viral or bacterial compo-
nents, but also by non-microbial danger signals (damage-associated
molecular patterns)’. One of the damage-associated molecular
patterns is chromosomal DNA that escapes degradation. In
programmed cell death and erythropoiesis, DNA from dead cells
or nuclei expelled from erythroblasts is digested by DNase II in the
macrophages after they are engulfed. DNase IT""~ (also known as
Dnase2a™"") mice suffer from severe anaemia or chronic arthritis
due to interferon-p (IFN-B) and tumour necrosis factor-o. (TNF-a)
produced from the macrophages carrying undigested DNA*® in a
Toll-like receptor (TLR)-independent mechanism*. Here we show
that Eyes absent 4 (EYA4), originally identified as a co-transcription
factor, stimulates the expression of IFN-§ and CXCL10 in response to
the undigested DNA of apoptotic cells. EYA4 enhanced the innate
immune response against viruses (Newcastle disease virus and
vesicular stomatitis virus), and could associate with signalling
molecules (IPS-1 (also known as MAVS), STING (TMEM173)
and NLRX1). Three groups have previously shown that EYA
has phosphatase activity>”. We found that mouse EYA family mem-
bers act as a phosphatase for both phosphotyrosine and phospho-
threonine. The haloacid dehalogenase domain at the carboxy
terminus contained the tyrosine-phosphatase, and the amino-
terminal half carried the threonine-phosphatase. Mutations of the
threonine-phosphatase, but not the tyrosine-phosphatase, abolished
the ability of EY A4 to enhance the innate immune response, suggest-
ing that EYA regulates the innate immune response by modulating
the phosphorylation state of signal transducers for the intracellular
pathogens.

We previously showed that DNase II”*~ mouse embryonic fibro-
blasts (MEFs) express CXCL10 and IFN-B when they engulf Cad ™"~
apoptotic cells®. We used this system to identify molecules involved in
the DNA-induced innate immune response. A MEF complementary
DNA library (about 20,000 clones) in a retrovirus-based expression
vector was prepared, and divided into 400 pools. Retrovirus was
produced for each group (see Methods), and used to infect DNase
IT'~MEFs. The MEFs were incubated with apoptotic Cad ™'~
thymocytes, and CXCL10 levels in the culture supernatant were quan-
tified. One pool of ¢cDNAs that increased the concentration of
CXCL10 from 402 to 1,414 pgml™" was subjected to sib-selection,
which led to the identification of EYA4. When DNase II™~ MEFs
expressing mouse EYA4 were exposed to apoptotic thymocytes, they
produced 3.7- and 25.7-fold more CXCL10 and IFN-f protein, and
8.3- and 11.3-fold more of their transcripts, than the parental cells,
respectively (Fig. 1a, b and Supplementary Fig. 1). Overexpressing
DNasell in the DNaseIl ’~ MEFs blocked the production of
CXCL10 and IFN-B, indicating that the effect of EYA4 was on the
signal transduction triggered by the undigested DNA.

When wild-type MEFs were transfected with Escherichia coli or
mammalian DNA, or with polyinosinic-polycytidylic acid (hereafter
poly(I:C)), they expressed Ifnb messenger RNA"®? (Fig. 1c). This
response was enhanced 6-20-fold by EYA4. When Namalwa cells were
infected with Newcastle disease virus (NDV), they expressed IFN-f in
a dose-dependent manner (Fig. 1d): the level of IFN-f was 3.8- and
12.1-fold higher in two Eya4-expressing clones than in the parental
cells. Accordingly, the titre of Vesicular stomatitis virus (VSV)
produced in MEFs expressing EYA4 was about 10 times lower than
that in the parental MEF (Fig. 1le). When fetal liver macrophages were
intracellularly challenged with poly(I:C), they expressed IFN-f, and
this was enhanced by EYA4 (Fig. 1f). On the other hand, the expres-
sion of IFN-f3 by the extracellular poly(I:C), lipopolysaccharide (LPS),
or CpG oligonucleotide was not enhanced by EYA4. These results
indicated that EYA4 specifically enhanced the innate immune
response triggered by intracellular sensors. The mammalian EYA
family is comprised of four members'’. The poly(I:C)-induced
expression of the Ifnb gene was 4—10 times higher in MEFs expressing
EYAl, EYA2, EYA3 or EYA4 than in vector-transfected cells
(Supplementary Fig. 2). Reduction of EYA expression with a mixture
of short-interfering RNAs (shRNAs) against four human EYA genes in
293T cells diminished the poly(I:C)-induced IFNB expression, and
this could be rescued by the expression of mouse EYA4 that does
not carry the target sequence for shRNA (Fig. 1g).

Promoters of the Ifnb and Cxcl10 genes carry interferon regulatory
element (IRE) and NF-kB sites essential for their expression'"'% A
deficiency of both Irf3 and Irf7 in MEFs completely abrogated the
apoptotic-cell-induced production of CXCL10 in EYA4-expressing
cells, and co-expression of IRF3 enhanced the effect of EYA4
(Fig. 2a). The poly(I:C)-induced activation of IRF3 (its phosphoryla-
tion at Ser 388 (ref. 13) and dimerization'*), as well as the activation of
NF-kB were enhanced by EYA4 (Fig. 2b, c and Supplementary Fig. 3).
IPS-1 works as an adaptor’>'® for the RIG-I (also known as DDX58)
and MDAD5 (IFIH1) system; MyD88 and TRIF (TICAM1) are adaptors
for the TLR system®. The IPS-1-mediated activation of the Ifnb pro-
moter'® was 6.1-fold stronger in EYA4-expressing MEFs than in wild-
type MEFs. In contrast, the expression of EYA4 had no effect on the
MyD88- and TRIF-induced activation of the Ifnb promoter (Fig. 2d).
When EYA works as a co-transcription factor for the myogenin
(Myog) gene, it translocates from the cytoplasm to the nucleus. In
contrast, EYA4 in MEFs remained in the cytoplasm after stimulation
with poly(I:C) (Fig. 2e). When Flag-tagged EYA4, and haemagglutinin
(HA)-tagged IPS-1, STING'® or NLRX1 (refs 19, 20) were expressed in
293T cells, IPS-1, STING and NLRX1 interacted with EYA4 (Fig. 2f
and Supplementary Fig. 4). The endogenous IPS-1 interacted with
EYA4 transiently after poly(I:C) treatment (Fig. 2g), suggesting that
the interaction between EYA4 and IPS-1 is stimulus-dependent.
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Figure 1| Identification of EYA4 as a regulator for innate immunity.

a, b, DNase II '~ MEFs that expressed EYA4, DNase II, both EYA4 and
DNase I, or vector control were incubated with medium or dead cells, and the
concentrations of CXCL10 (a) and IFN-B (b) were quantified. ¢, MEFs plus
either vector control or EYA4 were transfected with 100 ngml ™" E. coli or calf
thymus DNA, or with 10 ngml ™" poly(I:C), and levels of Ifnb mRNA were
quantified relative to B-actin mRNA levels. d, Parental, and vector- or EYA4-
Namalwa cells (two clones each, A and B), were challenged with NDV, and
Ifnb mRNA was quantified at 8 h. Inset, cell lysates were analysed by western
blotting. Tubulin was included as a loading control. e, MEFs plus vector

To characterize the phosphatase activity of EYA, mouse EYA4 was
expressed in 293T cells and purified (Fig. 3a). As reported with the
C-terminal domain of mouse EYA3 (ref. 6), EYA4 showed tyrosine-
phosphatase activity with an artificial peptide under acidic condi-
tions (pH 6.0). Its threonine-phosphatase was potentiated under basic
pH, with an optimum pH of around 8.0 (Fig. 3b). The tyrosine-
phosphatase required bivalent cations (Mg*" or Mn**) (Fig. 3c),
and ZnCl, (1 mM) and EDTA (5 mM) inhibited this activity (Sup-
plementary Fig. 5). On the other hand, the threonine-phosphatase
did not require a metal ion (Fig. 3d), and was not inhibited by
10mM EDTA or EGTA (data not shown), but ZnCl, inhibited its
activity (Fig. 3d). NaF inhibited both the tyrosine- and threonine-
phosphatases, whereas calyculin and okadaic acid inhibited the
threonine-phosphatase but not the tyrosine-phosphatase activity
(Fig. 3e, f). Under optimal conditions, the K, and K., were similar
between tyrosine- and threonine-phosphatases, and they were com-
parable to those for protein phosphatase 2A, protein phosphatase 2B,
and protein phosphatase 2C (Supplementary Fig. 6). Other mouse
EYA family members, produced in 293T cells (Supplementary Fig. 7),
also showed both tyrosine- and threonine-phosphatase activity
(Supplementary Fig. 8). None of the members showed phosphatase
activity against phosphorylated peptides of (pS)EEEEE and
(pT)EEEEE, confirming that EYAs are not acid or alkaline phospha-
tases. The threonine-phosphatase activities of mouse EYA3 and EYA4
were confirmed by preparation in the wheat-germ cell-free system
(Supplementary Fig. 9).

The tyrosine-phosphatase activity of the EYA proteins was previ-
ously assigned to the haloacid dehalogenase (HAD) domain in the
C-terminal half*’. Although its N-terminal domain is less well con-
served, an alignment of the amino acid sequences revealed a con-
served motif (Supplementary Fig. 10) in which six tyrosine residues
are well conserved. We produced three EYA4 mutants: DYY, Y4 and
D352N (Fig. 4a,b). For DYY, Ala was substituted for Asp 246, Tyr 247

control or EYA4 were infected with 0.001 multiplicity of infection (m.o.i.) of
VSV for 12 h. Cytopathic activity in the supernatants was determined. Values
are the means from sextuple samples. f, Fetal liver macrophages, infected with
EYA4 retrovirus, were transfected with 100 ngml™" poly(I:C), or
extracellularly treated with 100 ngml™" of poly(I:C), 1.0ng ml ™" LPS, or

1.0 pM CpG, and Ifnb mRNA levels were quantified at 6 h. g, 293T was
transfected with shRNA for GFP, or a mixture of shRNA for human EYA1-4,
with or without pEF-mEYA4. At 72 h, EYA mRNA was quantified (left). The
cells were transfected with 1.0 ug ml ™ of poly(I:C), and IFNB mRNA levels
were quantified (right). All error bars are s.d.

and Tyr250, and for Y4, Ala was substituted for Tyr 258, Tyr 261,
Tyr 262 and Tyr 267; for D352N, Asn was substituted for Asp 352. As
reported®’, Asp352Asnlost its tyrosine-phosphatase activity (Fig. 4¢),
but its threonine-phosphatase activity was unaffected (Fig. 4d). The
tyrosine-phosphatase activity of DYY and Y4 was comparable to that
of wild-type EYA4, but their threonine-phosphatase activity was
severely affected, with Y4 showing the most disruption. This was
also true with peptides from the C-terminal region of RNA polymer-
ase II (Supplementary Fig. 11). When EYA3 was divided into an
N-terminal and C-terminal domain, the C-terminal domain carried
the tyrosine-phosphatase, but not the threonine-phosphatase, acti-
vity (Supplementary Fig. 12). In contrast, its N-terminal domain
showed threonine-phosphatase activity, but negligible tyrosine-
phosphatase activity. These results apparently contradict the pre-
vious report that assigned the threonine-phosphatase of EYA to the
HAD domain®. When Asp352Asn and Y4 mutants were expressed in
mouse fetal liver macrophages (Fig. 4e), Asp352Asn enhanced
poly(I:C)-induced IFN-f expression as efficiently as the wild-type
EYA4, whereas Y4 severely lost this ability (Fig. 4f). This was in
contrast to the effect of the Y4 mutation on the ability of EYA4 to
enhance the SIX4-mediated transcription of the myogenin gene pro-
moter (Supplementary Fig. 13). The point mutations in the N or C
termini did not affect its ability to interact with IPS-1 (Fig. 4g),
suggesting that the threonine-phosphatase is critical for the ability
of EYA4 to enhance the innate immune response.

Here we have reported that EYA4 interacts with IPS-1, STING and
NLRX1, which are on the mitochondrial outer membrane or endo-
plasmic reticulum'>'*'*?', and stimulates the IRF3-mediated tran-
scription of the Ifnband Cxcll0 genes. A recent report indicates that
EYA dephosphorylates a tyrosine residue of histone H2AX, and
renders the cells resistant to genotoxic-agent-induced apoptosis®.
These results indicate that EYA has dual functions: one to regulate
the chromatin structure using its tyrosine-phosphatase, the other to
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Figure 2 | Activation of the signalling cascade by EYA4, a, DNaseII” '~ or
DNase II”"™ Irf3™'~ Irf7~'~ MEFs expressing EYA4 and/or IRF3, were
cultured with medium or dead cells, and CXCL10 levels were determined.
b, ¢, MEFs containing vector control or EYA4 were transfected with

1 ugml™" poly(I:C) for the indicated times. The cell lysates were analysed by
western blot for phosphorylated-IRF3 (pIRF3) (b), or nuclear extracts were
analysed by electrophoretic mobility shift assays (EMSAs) for NF-xB

(c). d, MEFs containing vector control or EYA4 were transfected with pGL3-
Ifnb-luc, and pEF-EGFP, pEF-IPS-1, pEF-TRIF or pEF-MyD88. The
luciferase activity is shown relative to the EGFP value. e, MEFs were treated
with 1.0 pgml ™" poly(I:C) for 4 h, and cell extracts were fractionated into

cytoplasmic and nuclear fractions and analysed by western blotting. Two
bands for EYA4 are probably due to alternative splicing®. The fractionation
of the cell extracts was confirmed by blotting for tubulin and PARP. f, 293T
cells were co-transfected with the vector for Flag-EYA4 and HA-tagged IPS-1
and STAT1. Cell lysates were immunoprecipitated (IP) with anti-Flag and
analysed by western blotting. Cell lysates are shown at the top (5% of the
input). IB, immunoblot. g, MEFs plus vector control or EYA4 were
transfected with 1.0 pg ml ™" poly(I:C) for the indicated times. Cell lysates
were immunoprecipitated with anti-Flag and analysed by western blotting.
Cell lysates are shown at the top (10% of input). All error bars are s.d.
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Figure 3 | Two different phosphatase activities in mouse EYA. a, Mouse
EYA4 expressed in 293T, was purified and analysed by SDS-PAGE.

b—d, Dephosphorylation with END(pY)INASL and 5 pmol EYA4 (b, c), or
with KR(pT)IRR and 2.5 pmol EYA4 (b, d) at the indicated pH (b) or in the
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presence of metal ions (¢, d) is shown. e, f, Dephosphorylation of
RRLIEDAE(pY)AARG (e) or SDQEKRKQI(pT)VRGL (f) by 1.25 pmol
EYA4 in the presence of phosphatase inhibitors is shown.
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Figure 4 | The threonine-phosphatase activity of EYA4 is required for the
innate immune reaction. a, Diagrams of EYA4 and its mutants are shown.
b, EYA4 and its mutants, produced in 293T cells, were purified and analysed
by SDS-PAGE. ¢, d, Dephosphorylation by EYA4 and its mutants is shown.
e, f, Fetal liver macrophages were infected with EYA4 retrovirus. Cell lysates
were analysed by western blot using an anti-Flag antibody (M2) (e). The cells

regulate the innate immune response in the cytoplasm using its
threonine-phosphatase. It will be interesting to study how the two
phosphatase activities of EYA are regulated, and how the cellular
localization of EYA is determined. The N-terminal region of EYA
for the threonine-phosphatase had no apparent similarity with other
phosphatases, yet its activity could be inhibited by okadaic acid. As
found between protein phosphatase 1 and protein phosphatase 2A%,
the tertiary structure of the N-terminal domain of EYA may be similar
to other threonine phosphatases. Several kinases (RIP1 (also known as
RIPK1),IKK-e (IKBKE), TBK1, IKK-o (CHUK) and IKK-B (IKBKB))
are involved in RIG-I-MDA5-mediated signal transduction®. It was
previously proposed® that binding of viral RNA to RIG-I-MDA5
recruits signalling molecules (TRADD, TRAF3 and NEMO
(IKBKG)), to form a large complex. It is possible that EYA is one of
the components of this large complex, and regulates the signalling by
modulating their phosphorylation state (Supplementary Fig. 14).
Genes in the EYA family are often mutated in various autosomal-
dominant disorders associated with branchial arch malformations,
hearing loss, and ocular segment anomalies®’. Mutations can be found
throughout the EYA molecule”, and some of these mutations have no
effect on the tyrosine-phosphatase activity or on the interaction with a
SIX family member**. Whether any of the mutations found in genes of
the EYA family in human patients affect the threonine-phosphatase
activity remains to be determined.

METHODS SUMMARY

Expression cloning. Double-stranded cDNA with poly(A) RNA from MEFs was
inserted into a retroviral vector, and introduced into E. colito generate a library
(400 pools of 50 clones). Plasmid DNA from each pool was introduced into
packaging cells, and the culture supernatant was used to infect DNaseII™'~
MEFs. The MEFs were allowed to engulf apoptotic Cad ™'~ thymocytes, and
CXCL10 in the culture supernatant was quantified by ELISA. The positive pools
were subjected to sib-selection.
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were transfected with poly(I:C) for 6 h, and Ifnb mRNA levels were
quantified relative to f-actin levels (f). g, 293T cells transfected with vectors
for Flag-EYA4 or its mutants, and with HA-IPS-1. Cell lysates were
immunoprecipitated (IP) with anti-Flag, followed by western blotting.
Shown at the top is 10% of the input. All error bars are s.d.

Molecular biology, biochemistry and cell biology. Macrophages and MEFs
were transformed by retrovirus-mediated transfection. Namalwa cells expressing
mouse EYA4 were established by electroporation with EYA4 expression vector.
The MFG-E8-mediated system was used for engulfment of apoptotic cells. The
Fugene system was used to introduce nucleic acids into cells. IFN- and CXCL10
were quantified by ELISA. The promoter activity of the Ifnband myogenin genes
was determined with Dual-Luciferase Reporter Assay Systermn (Promega). Real-
time PCR was performed using a LightCycler 480 system (Roche Diagnostics).
The shRNA expression plasmids for human EYAI, EYA2, EYA3 and EYA4 were
purchased from OriGene.

Production of recombinant EYAs. For recombinant EYA, the Flag-tag was
ligated at the 5’ end of Eya, and inserted into the pEF-BOS vector. A point
mutation was introduced by recombinant PCR. The expression vector was intro-
duced into human 293T cells, and the recombinant protein was purified using
anti-Flag M2 gel. In some cases, EYA was synthesized using the wheat-germ cell-
free system, and purified.

Phosphatase assay. Phosphorylated synthetic peptides were custom-synthesized
at the Toray Research Center, MBL, and Invitrogen. To assay the phosphatase
activity, EYA was incubated with 400 uM phosphorylated peptide at 37 °C for
60 min, and released phosphate was quantified by a colourimetric method using
malachite green-molybdate.

Statistical analysis. Results were statistically analysed using an analysis of vari-
ance (ANOVA) test,

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