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Background: Biological significance of REV7 in mouse development has not been elucidated.
Results: REV7-deficient mice show germ cell aplasia at birth in both sexes, and primordial germ cells (PGCs) were lost because

of apoptosis during migration at an early embryonic stage.

Conclusion: REV7 is essential for PGC maintenance in the mouse.

Significance: REV7 is a novel regulator of PGC survival.

REV7 (also known as MAD2L2 and MAD2B) is involved in
DNA repair, cell cycle regulation, gene expression, and carcino-
genesis. In vitro studies show that REV7 interacts with several
proteins and regulates their function. It has been reported that
human REV7 is highly expressed in the adult testis by Northern
blot analysis. However, the significance of REV7 in mammalian
development has not been elucidated. Here, we present analyses
of REV7-deficient (Rev7 '~) mice to clarify the significance of
Rev7 in mouse development. In WT mice (Rev7*’"), Rev7
expression was ubiquitously observed in the embryo and con-
fined to germ cells in the testes after birth. Rev7 '~ mice exhib-
ited growth retardation and a partial embryonic lethal pheno-
type. Mice that survived to adulthood were infertile in both
sexes and showed germ cell aplasia in the testes and ovaries.
Analyses of Rev7 '~ embryos revealed that primordial germ
cells (PGCs) were present at embryonic day 8.5 (E8.5). However,
progressive loss of PGCs was observed during migration, and
PGCs were absent in the genital ridges at E13.5. An increase of
apoptotic cells was detected not only among PGCs but also in
the forebrain of the Rev7 '~ embryo, whereas cell proliferation
was unaffected. Moreover, DNA damage accumulation and
increased levels of histone methylation were detected in
Rev7~'~ embryos, and expression of Oct4 and Nanog was dereg-
ulated by REV7 deficiency at E8.5. These findings indicate that
Rev7is essential for PGC maintenance by prevention of apopto-
tic cell death in the mouse.
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Germ cell development in mice is regulated by specific
genetic and epigenetic factors. Germ cells arise from pluripo-
tent epiblast cells and are characterized as alkaline phospha-
tase-positive primordial germ cells (PGCs)? that form a cluster
of about 40 —45 cells inside the extra-embryonic mesoderm at
the posterior end of the primitive streak at around embryonic
day 7.25 (E7.25). Subsequently, they migrate through the hind-
gut endoderm and reach the genital ridges by E11.5, where they
proliferate and differentiate to spermatozoa or oocytes from
E13.0 (1-4). By the time of sexual differentiation, the number of
PGCs increases to ~25,000. Before germ cell specification,
bone morphogenetic protein 4 (BMP4), BMP8b, and BMP2
secreted from the extraembryonic ectoderm and visceral endo-
derm induce the formation of PGC precursor cells in the prox-
imal epiblast. These PGC precursor cells express transcrip-
tional regulators B lymphocyte maturation-induced protein 1
(Blimp1) and PR domain containing 14 (Prdm14). The former
suppresses gene expression required for somatic cell differen-
tiation, such as Snail and Hox genes, and the latter controls
genome-wide epigenetic reprogramming in PGCs (2, 5-7).
During PGC migration, expression of Nanos3 and c-Kit is
essential for PGC maintenance. Nanos3 is an RNA-binding
protein expressed in PGCs after E7.5 and prevents apoptosis of
PGCs during migration (8). c-Kit is a receptor tyrosine kinase,
and the signal from the c-Kit ligand is required for proliferation
and directed migration of PGCs (9). In addition, some knock-
out mouse studies have revealed essential factors for PGC sur-
vival between E8.5 and E13.5, including RNA-binding protein
dead end 1 (Dnd1), T cell-restricted intracellular antigen 1-re-
lated protein (TIAR), a homeodomain transcription factor of
the POU family, Oct4, and a unique homeoprotein transcrip-
tion factor, Nanog (10-13). Epigenetic modification also

3 The abbreviations used are: PGC, primordial germ cell; TIAR, T cell-restricted
intracellular antigen 1-related protein; Pol, polymerase; PLZF, promyelo-
cytic leukemia zinc finger protein; PCNA, proliferating cell nuclear antigen;
DAB, diaminobenzidine; DIG, digoxigenin; E, embryonic day; P, postnatal
day.
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occurs during PGC migration. Reduction of H3K9 dimethyla-
tion (H3K9me2) and up-regulation of H3K27 trimethylation
(H3K27me3) are principal epigenetic modifications after E8.5,
which control the chromatin state of the PGC genome (14, 15).
PGCs proliferate for another 1 or 2 days after they colonize the
genital ridges and then differentiate into spermatozoa or
oocytes (16).

REV7 (also named MAD2L2 and MAD2B) is a protein
involved in DNA repair, cell cycle regulation, gene expression,
and carcinogenesis. In the yeast Saccharomyces cerevisiae, Rev7
and Rev3 bind to each other to form DNA polymerase { (Pol {),
in which Rev3 is a catalytic subunit possessing a polymerase
activity and Rev7 is an accessory subunit (17). Pol { is a member
of the specialized low fidelity DNA polymerases, including
Y-family polymerases, Pol m, Pol ¢, Pol k, and Revl, which are
capable of synthesizing DNA at DNA lesions via a mechanism
called translesion DNA synthesis (18). Rev7 enhances the
polymerase activity of Rev3, indicating the involvement of Rev7
in the DNA damage response (17). A human homolog of yeast
Rev7 has been identified as an interacting partner of human
REV3 (19). REV7 also interacts with human REV1, but the bio-
logical significance of REV7 association with REV3 and REV1 in
humans is unclear (20—22). Human fibroblasts with siRNA-
mediated depletion of REV7 expression show high sensitivity to
UV-induced cytotoxicity and reduced sensitivity to UV-in-
duced mutagenesis compared with those in control lines, indi-
cating that REV7 is required for tolerance to UV-induced DNA
damage (23). Recently, it has been reported that Pol {and REV1
are involved in homologous recombination repair of DNA dou-
ble strand breaks, although its mechanism is not fully under-
stood (24, 25).

On the other hand, REV7 has been identified as the second
human homolog of S. cerevisiae Mad2 (26). REV7 binds to
CDH1 and CDC20, which are cell cycle regulating proteins, and
inhibits the anaphase-promoting complex that degrades cyclin
B1 (27, 28). When recombinant human REV7 protein was
injected into Xenopus embryos, gastrulation was dramatically
arrested (28). REV7 also interacts with the Shigella effector
IpaB, and mediates cell cycle arrest of Shigella-infected epithe-
lial cells (29). IpaB-bound REV7 is sequestered away from
CDH]1, causing unscheduled activation of the anaphase-pro-
moting complex, which disrupts cell cycle-dependent regula-
tion of cyclin B1 expression, resulting in cell cycle arrest at the
G,/M phase in Shigella-infected epithelial cells. These findings
indicate that REV7 is involved in cell cycle regulation. In addi-
tion, it has been reported that REV7 interacts with the tran-
scription factor ELK-1 and regulates expression of its target
genes, egr-1 and c-fos, after treatment with DNA-damaging
agents (30). REV7 also interacts with TCF-4, a component of
the WNT signaling pathway, and modulates TCF-4-mediated
E-cadherin expression (31). Moreover, it has been reported that
several proteins involved in carcinogenesis, such as PRCC (pap-
illary renal cell carcinoma) and HCCA2 (hepatocellular carci-
noma-associated gene 2), interact with REV7. Increased levels
of REV7mRNA in colon cancer are significantly correlated with
reduced patient survival, suggesting that REV7 is associated
with human cancer biology (32—34). However, the significance

10460 JOURNAL OF BIOLOGICAL CHEMISTRY

of REV7 in mammalian development has not yet been
elucidated.

In the present study, we generated REV7-deficient (Rev7 /™)
mice and analyzed their phenotypes to understand the biolog-
ical significance of REV7 in mouse development. We show that
REV7 is involved in the prevention of apoptotic cell death of
PGCs and is essential for PGC maintenance in the embryo. Our
findings indicate the importance of REV7 expression in mouse
development.

EXPERIMENTAL PROCEDURES

Vector Construction—The targeting vector was constructed
using pBlueScript II KS (Agilent Technologies) possessing a
neomycin (neo) selection marker with a phosphoglycerate
kinase (PGK) promoter. A 1330-bp genomic fragment up-
stream of the start codon of the mouse Rev7 locus was synthe-
sized by PCR and inserted before the PGK-neo cassette. A
5110-bp genomic sequence (containing Rev7 exon 3—8) was
synthesized by PCR and inserted after the PGK-neo cassette
(Fig. 1A). PCR products were generated using PfuUltra™
High Fidelity DNA polymerase (Agilent Technologies), and
genomic DNA from the 129Sv] strain was used as a template.
The targeting vector was verified by DNA sequencing and
restriction mapping.

Generation of Rev7-Knock-out Mice—The targeting vector
was linearized and introduced by electroporation into ES cells
derived from 129Sv] mice. After G418/diphtheria toxin A pos-
itive-negative selection, two ES cell clones with successful
homologous recombination were identified by Southern blot
screening of Nhel-digested genomic DNA with a 5’ probe (Fig.
1A). The two clones were injected into C57BL/6] blastocysts
and chimeric mice were generated by PhoenixBio. The genetic
background of the mice used in this study was C57BL6J/129Sv].
All mice were housed in polycarbonate cages containing hard-
wood chip bedding at 25 °C with a 12-h light/dark cycle. All
animal protocols were approved by the Animal Care and Use
Committee of Nagoya University Graduate School of Medicine.

Mouse Genotyping—Genomic DNAs extracted from mouse
tail biopsies were used for PCR genotyping. Sequences of the
primer sets used for genotyping are listed in Table 1. PCR prod-
ucts of WT and targeted alleles were 230 and 750 bp, respec-
tively. Templates were amplified with ExTaq polymerase
(Takara).

Southern Blot Screening—Mouse genomic DNAs were
digested with Nhel. The 5’ probe indicated in Fig. 1A was radio-
labeled with [**P]dCTP (PerkinElmer Life Sciences) using a
High Prime kit (Roche). Southern hybridization was performed
using a conventional protocol. A 4.66-kb fragment and a
3.96-kb fragment were detected for the WT and targeted
alleles, respectively.

Northern Blot Analysis—A Mouse Multiple Tissue Northern
blot Membrane was purchased from Clontech. Total RNAs
from mouse tissues were extracted using TRIzol reagent (Invit-
rogen) according to the manufacturer’s instructions. Ten
micrograms of total RNAs were separated by agarose gel elec-
trophoresis and then transferred onto nylon membranes (GE
Healthcare). Northern hybridization was performed with
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TABLE 1
Primers used in this study
Sequence
Allele or gene Direction (5'"—3")
For mouse genotyping

Wild-type allele Forward ~ ACAAAGAGCTACTAAGCACCTTG
Reverse TCAAAGACAGGCACTCTGTCAG

Targeted allele Forward ~ GAATGAACTGCAGGACGAG
Reverse ACTAGAAGGCACAGTCGAG

For real-time PCR

Rev7 Forward GGGAAGGATGACCACCCTCACG
Reverse TCAGCTGTTCTTATGCGCTC

c-kit (37) Forward ~ GCGTCCTGTTGGTCCTGCTCCGTG
Reverse CTTGCCGAGCTGATAGTCAGCGTC

Oct4 (36) Forward TTGGGCTAGAGAAGGATGTGGTT
Reverse GGAAAAGGGACTGAGTAGAGTGTGG

Blimpl Forward GTGAACGACCACCCCTGGGA
Reverse ACCGATGAGGGGTCCAAAGCG

Nanog Forward ~ AGGGTCTGCTACTGAGATGCTCTG
Reverse CAACCACTGGTTTTTCTGCCACCG

Tiar Forward GGGGTCAGTGGTTGGGAGGT
Reverse GCCCCGAAGCAATTCCTCCAC

Cdc20 Forward TCAAGGCGCTGTCAAGGCTGTGG
Reverse GCCACAACCGTAGAGTCTCA

Rev3 Forward  ACCTGGCTGCTGTCAAGTTCCG
Reverse TGTCAGCAGCTACGGCATCCAC

GAPDH Forward  TGCACCACCAACTGCTTAG
Reverse GAGGCAGGGATGATGTTC

radiolabeled mouse Rev7 or B-actin cDNA probes using stan-
dard methodologies.

Western Blot Analysis—Small pieces of mouse tissue were
homogenized by sonication in SDS sample buffer (62.5 mm
Tris-HCI, pH 6.8, 2% SDS, 25% glycerol, and 20 ug/ml of bro-
mophenol blue). After measuring the protein concentration
using a DC protein Assay Kit (Bio-Rad), lysates were boiled at
100 °C for 2 min in the presence of 2% 2-mercaptoethanol.
Lysates containing 50 ug of protein were subjected to SDS-
PAGE and then transferred onto PVDF membranes (Millipore
Corporation). The membranes were blocked for 1 h at room
temperature (RT) in Blocking One (Nacalai Tesque) with gentle
agitation and then incubated with the primary antibody for 1 h
at RT. After washing with TBST buffer (20 mm Tris-HCl, pH
7.6, 137 mm NaCl, and 0.1% Tween 20), membranes were incu-
bated with the secondary antibody conjugated to HRP (Dako)
for 1 h at RT. After washing the membranes, the reaction was
detected using an ECL Detection Kit (GE Healthcare) and visu-
alized by an ImageQuant LAS 4000 mini (GE Healthcare).

Antibodies—A rabbit polyclonal anti-REV7 antibody was
produced by immunization with full-length human REV7 pro-
tein fused to GST. The antibody was affinity purified using full-
length recombinant mouse REV7 protein. Anti-promyelocytic
leukemia zinc finger protein (PLZF), -GATA-4, -Oct4, -prolif-
erating cell nuclear antigen (PCNA), and -GAPDH antibodies
were purchased from Santa Cruz Biotechnology. An anti-
cleaved caspase-3 antibody was purchased from Cell Signaling
Technology, Japan. Anti-phospho-histone H2A.X (Ser-139),
-dimethyl-histone H3 (Lys-9), and -trimethyl-histone H3 (Lys-
27) antibodies were purchased from Millipore Corporation.

Histological Analysis—Mouse tissues were fixed in 10% neu-
tral-buffered formalin, dehydrated, and embedded in paraffin.
Four-um thick sections were prepared for H&E staining and
immunohistochemistry. H&E staining was performed by a con-
ventional method.
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Immunohistochemistry—Sections were deparaffinized in
xylene and rehydrated in a graded series of ethanol. For antigen
retrieval, sections were immersed in Target Retrieval Solution,
pH 9.0 (Dako), and heated for 30 min at 98 °C in a water bath.
Nonspecific binding was blocked with 10% normal goat serum
for 10 min at RT. Sections were then incubated with primary
antibodies for 1 h at RT. Endogenous peroxidase was inhibited
by incubation with 3% hydrogen peroxide in methanol for 15
min. Then, sections were incubated with the secondary anti-
body conjugated to HRP-labeled polymer (EnVision+ anti-rab-
bit; Dako) for 15 min at RT. The reaction products were visu-
alized with diaminobenzidine (DAB) (Dako), and nuclei were
counterstained with hematoxylin.

Whole Mount Immunohistochemistry—Whole mount immu-
nohistochemistry was performed as described previously (35).
Mouse embryos were fixed in 10% neutral-buffered formalin
overnight, washed three times with PBST (10 mm phosphate-
buffered saline, and 0.1% Tween 20, pH 7.4) for 10 min, washed
three times with distilled water for 10 min, and then heated in
Target Retrieval Solution for 30 min at 98 °C. Embryos were
then washed three times with PBST for 10 min and then
immersed in 10% normal rabbit serum for 90 min at RT for
blocking. Samples were incubated with an anti-Oct4 antibody
(1:100 dilution) overnight at 4 °C and then washed three times
with PBST for 30 min. Endogenous peroxidase was inhibited by
incubation with 2% hydrogen peroxide in TBST for 4 h at 4 °C.
Then, samples were incubated with an anti-mouse IgG anti-
body conjugated to HRP-labeled polymer (1:200 dilution)
(Dako) overnight at 4 °C, followed by washing 12 times with
PBST for 30 min. The immunoreaction was visualized using
DAB.

Real-time Quantitative RT-PCR—To obtain embryos, preg-
nant mice were anesthetized with sevoflurane prior to being
sacrificed. Dissected organs (E17.5, ~30 mg), whole bodies
(E8.5), or trunks (E13.5) were homogenized in RLT buffer of the
RNeasy Mini Kit (Qiagen) using BioMasher (Nippi). Total RNA
was isolated from the homogenate using the RNeasy Mini Kit,
followed by treatment with DNase (Qiagen) to minimize
genomic DNA contamination according to the manufacturer’s
protocol. Purified RNA samples were reverse-transcribed using
ReverTra Ace (Toyobo). Twelve ng of RNA equivalent-cDNA
was mixed with Thunderbird SYBR qPCR Mix (Toyobo) and
amplified on a Mx3005P thermal cycler (Agilent Technologies)
using gene-specific primer sets as described in Table 1 (36, 37).

In Situ Hybridization on Frozen Sections—Mice were per-
fused intravascularly with a 4% paraformaldehyde solution. The
testes were dissected, embedded in OCT compound (Sakura
Finetek), and then frozen on dry ice. Ten-micrometer thick
sections were prepared using a cryostat (Leica Microsystems).
A mouse Rev7-specific riboprobe was designed to target the
207-bp region that was deleted in the Rev7 /"~ mouse. A PCR
product containing the riboprobe target region and RNA
polymerase binding sites (SP6 for the sense probe, and T7 for
the antisense probe) were generated using primers 5'-
CCAAGCTATTTAGGTGACACTATAGAACACCCTCCA-
CGCCCTCCC-3' and 5'-TGAATTGTAATACGACTCACT-
ATAGGGAGATCCGGGTGACAGGACACTGAA-3'. Radio-
labeled riboprobes were synthesized with SP6 and T7 RNA
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polymerases (Roche) and [**P]dUTP (PerkinElmer Life Sci-
ences). Sections were hybridized overnight at 60 °C using 200 ul
of hybridization solution per section, consisting of 1 X 10° cpm
of radiolabeled probe and hybridization buffer (50% form-
amide, 10% dextran sulfate, 0.5 M NaCl, 1X Denhardt’s solu-
tion, 10 mMm Tris, pH 8.0, 1 mm EDTA, 500 ug/ml of yeast tRNA,
and 10 mm DTT). Following hybridization, sections were
immersed in 2X standard saline citrate for 15 min at RT and
then in RNase buffer (20 ug/ml of RNase A, 0.5 M NaCl, 10 mm
Tris, pH 8.0, and 1 mm EDTA) for 30 min at 37 °C. After exten-
sive washing and dehydration, sections were dipped in twice-
diluted Kodak Autoradiography Emulsion, Type NTB (East-
man Kodak), and then dried at RT for 30 min in a darkroom.
Sections were stored at 4 °C for ~2 weeks while protected from
light and developed using Kodak D19 Developer and Fixer
(Eastman Kodak).

Whole Mount in Situ Hybridization—Whole mount in situ
hybridization was performed with digoxigenin (DIG)-labeled
RNA probes as described previously (38). Probes were synthe-
sized using the same PCR product used for in situ hybridization
on frozen sections and DIG RNA labeling mix (Roche Applied
Science). Mouse embryos were fixed overnight in 4% parafor-
maldehyde, treated with 10 ug/ml of proteinase K in PBST at
37 °Cfor 15 min, and then treated with 2 mg/ml of glycine at RT
for 5 min. After re-fixation with 4% paraformaldehyde + 0.2%
glutaraldehyde in PBST for 20 min at RT, embryos were
immersed in pre-hybridization buffer (50% formamide, 5X
SSC, 50 ng/ml of heparin, 5 mg/ml of trout RNA, 2% blocking
reagent (Roche Applied Science), and 0.1% Tween 20) for 90
min at 70 °C, and then incubated with hybridization solution
(0.2 ug of DIG-labeled RNA probes in pre-hybridization buffer)
at 70 °C overnight. Following hybridization, samples were
rinsed three times with washing buffer 1 (50% formamide, 5X
SSC, and 0.1% Tween 20) at 70 °C for 30 min, and then three
times with washing buffer 2 (50% formamide, 2X SSC, and 0.1%
Tween 20) at 65 °C for 30 min. After blocking with 5% normal
sheep serum for 90 min, embryos were incubated with an anti-
DIG antibody conjugated to AP (1:10,000 dilution) at 4 °C over-
night. Embryos were washed 10 times with PBST for 30 min,
and the signals were visualized using BM purple AP substrate
(Roche Applied Science).

Fluorescence Staining—For immunofluorescence staining,
an Alexa Fluor 488- or 594-labeled secondary antibody (Invit-
rogen) was applied for 30 min at RT. The TUNEL assay was
performed according to the manufacturer’s instructions (In
Situ Cell Death Detection Kit, Fluorescein; Roche). Images
were obtained under a fluorescence microscope (Olympus).

Statistical Analysis—Statistical significance was determined
with the Student’s ¢ test. A value of p < 0.05 was considered
significant.

RESULTS

Generation of Rev7-Knock-out Mice—To generate mice lack-
ing the Rev” transcript, a targeting vector was designed to
delete the start codon located in exon 1-2 of the Rev7 locus.
This deletion was replaced by the PGK-neo cassette (Fig. 1A).
ES cell clones with homologous recombination were injected
into blastocysts. The resultant chimeric male mice were mated
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with C57BL/6 female mice to ascertain germ-line transmission
of the targeted locus, and Rev7 heterozygous knock-out
(Rev7*’~) mice were produced. Rev7"/~ siblings were then
intercrossed to produce homozygous knock-out (Rev7 '")
mice. Genotyping of Rev7"'*, Rev7*’~, and Rev7 '~ mice by
Southern blotting using a 5" probe showed a single band of 4.66
kb for Rev7"/* mice, a single band of 3.96 kb for Rev7 '/~ mice,
and both bands for Rev7*/~ mice (Fig. 1B). PCR genotyping
using genomic DNAs and primers specific for WT and knock-
out alleles showed a 230-bp band and a 750-bp band, and both
bands for Rev7*’", Rev7™'~, and Rev7"’~ mice, respectively
(Fig. 1C). Northern blot analysis using RNAs extracted from the
testes of Rev7"'™ and Rev7 '~ mice showed a 1.3-kb band for
Rev7*’" mice and no band for RevZ~’~ mice (Fig. 1D). In addi-
tion, Western blot analysis with the anti-REV7 antibody using
lysates prepared from the testes, kidneys, liver, and spleen of
Rev7*’" and Rev7 /™ mice showed high levels of REV7 protein
in the testes and low levels in the liver of Rev7*’" mice, and a
complete absence of REV7 in all the tissues of Rev7 '~ mice
(Fig. 1E). These results confirmed the establishment of Rev7-
knock-out mice that were null for REV7 expression.

High Level of REV7 Expression in Germ Cells of the Testis—
The tissue distribution of REV7 expression was analyzed at
mRNA and protein levels. Rev7 mRNA distribution was ana-
lyzed by Northern blotting using a Multiple Tissue Northern
blot membrane, revealing that Rev7 was expressed in the heart,
liver, kidney, and most predominantly in the testis (Fig. 2A4).
REV7 protein distribution was analyzed by Western blotting
with the anti-REV7 antibody using lysates extracted from vari-
ous organs of postnatal day 56 (P56) WT mice. A high level of
REV7 protein was also detected in the testis, and a low level of
REV7 protein was present in the ovary. However, REV7 was
almost undetectable in other organs (Fig. 2B).

Next, we analyzed in detail the expression of REV7 in the
testis. RevZ” mRNA was assessed by in situ hybridization using
Rev7 antisense and sense probes and sections of P56 WT testis.
The antisense Rev?7 probe produced strong signals in the semi-
niferous tubules with stronger signals in the peripheral region
(Fig. 2C). The sense Rev7 probe produced no signals, indicating
that Rev? is specifically expressed in the seminiferous tubules.
REV7 protein was analyzed by immunohistochemical and
immunofluorescence staining using the anti-REV7 antibody.
REV7 protein was clearly detected in a wide range of cells in the
seminiferous tubules, and especially in spermatogonia and
spermatocytes (Fig. 2D). However, its level was comparatively
low in spermatozoa and almost undetectable in Sertoli cells.
REV7 protein was localized mainly in the nucleus. These find-
ings from in situ hybridization and immunostaining suggest
that REV7 plays an important role in germ cell biology.

REV7 Expression Is Ubiquitously Detected in the Mouse
Embryo and Becomes Confined to the Testis after Birth—Next,
we evaluated REV7 expression during embryonic, newborn,
and young adult periods. Using E9.5 W'T mouse embryos, Rev7
mRNA was examined by whole mount in situ hybridization
using Rev7 antisense and sense probes. The antisense probe
detected a positive signal throughout the entire body (purple
signal), whereas no signal was detected using the sense probe
(Fig. 2E, upper panels). In situ hybridization on a tissue section
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FIGURE 1. Establishment of the Rev7-knock-out mouse. A, homologous recombination strategy to generate Rev7~/~ mice. The genomic sequence contain-
ing Rev7 exon 1 (including the start codon) and exon 2 was replaced by a neomycin cassette. Positions of the 5’ probe for Southern blot screening (gray bars)
and PCR primers (arrows) for WT and targeted alleles to screen mouse genotypes are shown. Arrowhead indicates the position of the start codon. B, genotyping
of Rev7*’*,Rev7/~, and Rev7 '~ mice by Southern blotting. Genomic DNAs extracted from mouse tails were digested with Nhel and Southern hybridization
was performed using the 3P-labeled 5’ probe. The 4.66- and 3.96-kb bands represent WT and targeted alleles, respectively. C, genotyping of Rev7*’*,Rev7*/~,
and Rev7/~ mice by PCR. The 230- and 750-bp bands represent WT and targeted alleles, respectively. D, Northern blot analysis of total RNA extracted from the
testes of Rev7"/* and Rev7 ™/~ mice. *?P-Labeled full-length Rev7 cDNA was used as the probe (upper panel). Blotting for B-actin expression is shown as the
internal control (bottom panel). E, Western blot analysis to detect REV7 protein in tissues of Rev7"/" and Rev7~’~ mice (upper panel). Lysates were prepared

from testes, kidneys, liver, and spleen of Rev7 /" and Rev7~/~ mice. Detection of B-actin is shown as the internal control (bottom panel).

of E9.5 WT embryos was also performed. A positive signal was
detected throughout the body, especially in the periventricular
area, by using the antisense probe (Fig. 2E, lower panels). We
checked Rev7 expression in a late embryonic stage (E17.5) by
real-time quantitative RT-PCR, in which Rev7 mRNA expres-
sion was detected in all the analyzed organs with high level
expression in the cerebrum and cerebellum (Fig. 2F). These
results indicate that Rev7 is expressed not only in germ cells but
also in somatic cells at an embryonic stage. On the other hand,
during newborn and young adult periods, REV7 expression was
clearly detected in the testis at all ages, whereas REV7 gradually
diminished with age in other organs analyzed by Western blot-
ting (Fig. 2G). These results indicate that REV7 is expressed in a
wide range of cells during embryonic stages and its expression
subsequently becomes confined to the testis after birth.
Rev7’~ Mice Are Partially Embryonic Lethal—After
Rev7"'~ male and female mice were intercrossed to generate
Rev7~'~ mice, we observed that Rev7 /'~ mice were born but
the number of RevZ '~ mice was fewer than expected accord-
ing to the Mendelian ratio (Table 2). When we checked the
numbers of Rev7"'*, Rev7*'~,and Rev7~’~ embryos from E8.5
to E13.5, they were mostly compatible with the expected Men-
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delian ratios (Table 2). These findings indicate that Rev7 '~
mice are partially embryonic lethal with some surviving to
birth.

REV7 Deficiency Results in a Congenital Spermatogonia
Defect in Living Male Mice—Rev7"'~ mice were fertile and
showed no obvious differences compared with that of WT
mice. The Rev7 ™'~ mice that were born looked feeble, and their
body size was small compared with that of Rev7 '™ or Rev7"/~
littermates (Fig. 34). The body size of Rev7 '~ mouse embryos
was also small (Fig. 3B). The body weight of Rev7/~ male mice
was significantly lower than that of Rev7"’" or Rev7*’~ mice
(Fig. 3D). Rev7 '~ male mice were infertile, and their testes
were quite small compared with those of Rev7"/* siblings (Fig.
3C). The ratio of testis to body weight of Rev7 /= mice was
significantly lower than that of Rev7*’" mice, whereas the ratio
of heart to body weight of Rev7 ’~ mice was not significantly
different from that of Rev7*’" mice (Fig. 3E). Histological anal-
ysis revealed that the seminiferous tubules of the testes of
Rev7™’'~ mice were entirely atrophic at P14 and P56, which
contained very few cells in the peripheral region and no sper-
matozoa, whereas numerous germ cells and spermatozoa were
present in the seminiferous tubules of Rev7"’™" siblings (Fig.
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FIGURE 2. Rev7 expression in WT mice. A, Northern blot analysis of Rev7 expression. A Mouse Multiple Tissue Northern blot membrane was hybridized with
the 3?P-labeled Rev7 cDNA probe (upper panel). A blot hybridized with the B-actin cDNA probe is shown as the internal control (bottom panel). B, Western blot
analysis of REV7 expression. Lysates were prepared from P56 WT mice, and Western blotting was performed using the anti-REV7 antibody. REV7 expression was
quantitatively assessed using ImageQuant TL, which is indicated at the bottom. C, in situ hybridization to detect the Rev7 transcript in the testis. >*P-Labeled
antisense and sense probes for the Rev7 transcript were used for in situ hybridization on testis sections of P56 WT mice. Scale bars, 500 pm. D, immunohisto-
chemical staining for REV7 expression in the testis. Immunostaining was performed with the anti-REV7 antibody on testis sections from P56 WT mice. Positive
signals were visualized with DAB or a fluorescently labeled secondary antibody. Immunofluorescence staining without the primary antibody is shown as the
negative control (NC). Scale bars, 100 um. E, in situ hybridization using whole embryonic tissues (upper panels) and tissue sections (bottom panels) to detect Rev7
expression in E9.5 embryos. Whole mount in situ hybridization was performed with DIG-labeled antisense and sense probes for the Rev7 transcript and in situ
hybridization on tissue sections was performed with **P-labeled probes as described under “Experimental Procedures.” In the whole mount in situ hybridiza-
tion, the purple color throughout the body represents a specific signal (upper left panel). A H&E-stained image of the tissue section is also shown (bottom left
panel). Scale bar, 500 um. F, real-time quantitative RT-PCR analysis of Rev7 expression in E17.5 embryos. Total RNAs were extracted from the indicated organs.
Real-time quantitative RT-PCR was performed using gene-specific primers for Rev7 and GAPDH transcripts listed in Table 1. Relative expression of the Rev7
transcript in each organ is graphically shown. Reactions for GAPDH are used as internal controls. G, Western blot analysis of REV7 at postnatal stages. Lysates
were prepared from the indicated organs, and Western blot analysis was performed with anti-REV7 and anti-GAPDH antibodies. Relative expression of REV7
was quantitatively assessed using ImageQuant TL, which is indicated at the bottom of each panels. The bands indicated by asterisks are nonspecific.

3F). To understand why spermatogenesis did not occur in identified in the basal region of the seminiferous tubules of
Rev7~ '~ testes, we performed immunohistochemical analyses Rev7"’/* mice at PO and P14. In contrast, no PLZF-positive
using the anti-PLZF antibody that is specific for spermatogonia. ~ spermatogonia were identified in the seminiferous tubules of
As shown in Fig. 3G, some PLZF-positive spermatogonia were ~ Rev7 '~ mice (Fig. 3G). Analysis using the anti-GATA-4 anti-
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TABLE 2
Numbers (%) of mice obtained from Rev7*/~ mice intercross
Genotype
Stage Rev7t'* Rev7t'™ Rev7 ™'~ Total
E8.5-E13.5 33 (26.0) 64 (50.4) 30 (23.6) 127 (100)
After birth 65 (34.4) 106 (56.1) 18 (9.5) 189 (100)

body, which is specific for Sertoli cells, showed that all of the
cells in the seminiferous tubules of Rev7 '~ mice were GATA-
4-positive Sertoli cells (Fig. 3G). These findings indicate a con-
genital spermatogonial defect in Rev7 '~ mice, which results in
an absence of spermatogenesis, thereby retaining only Sertoli
cells in the seminiferous tubules.

REV7 Deficiency Also Impairs Oogenesis in Female Mice—
The body size of Rev7 /™ female mice, which were also infer-
tile, was significantly smaller, compared with that of Rev7*’*
and Rev7"'~ siblings (Fig. 44). Macroscopically, the ovaries of
Rev7~'~ female mice were quite small and atrophic compared
with those of Rev7" /™ siblings (Fig. 4B, left panels). Histopatho-
logically, the ovaries of adult Rev7*’'* mice at P28 had many
follicles containing oocytes, whereas those of Rev7 '~ mice
consisted of stromal and epithelial cells without follicles (Fig.
4B, middle and right panels). We checked Rev7 mRNA expres-
sion in WT mouse ovary by in situ hybridization, in which the
antisense probe detected an elevated signal in the oocyte, dem-
onstrating Rev?7 expression in the oocyte (Fig. 4C). These results
indicate that REV7 deficiency causes germ cell aplasia in both
male and female mice.

Apoptotic Cell Death of PGCs during Migration in REV7-
deficient Embryos—Because Rev7 '~ germ cells were not pres-
ent in either sex, we hypothesized that REV7 deficiency causes
developmental abnormalities in PGCs during early embryonic
stages before sexual differentiation. To ascertain the develop-
ment of PGCs at early embryonic stages, we performed whole
mount immunohistochemistry with the anti-Oct4 antibody on
Rev7"'* and Rev7 '~ mouse embryos to identify PGCs. At
E8.5, PGCs were clearly identified at the base of the allantois in
Rev7~’~ mouse embryos, indicating no obvious difference in
the number of PGCs from that in Rev7"’" mouse embryos (Fig.
5A, left panels). During E9.5-10.5, migrating PGCs were
detected in Rev7 '~ mice, but the number of PGCs progres-
sively decreased with time (Fig. 5A, middle and right panels).
After E11.5, the presence of PGCs was assessed by immunohis-
tochemical staining of tissue sections with the anti-Oct4 anti-
body. At E11.5, the majority of PGCs in Rev7 '~ mice had dis-
appeared and only a few PGCs were detected around the genital
ridges (Fig. 5B, left panels). At E13.5, PGCs in Rev7 '~ mice
were completely undetectable at the genital ridges (Fig. 5B,
middle panels). These results suggest that REV7 deficiency does
not affect the development or migration of PGCs, but causes
progressive loss of migrating PGCs during E9.5-13.5. Next,
cleaved caspase-3 immunoreactivity was assessed using serial
tissue sections of E11.5 embryos, in which cleaved caspase-3-
positive cells were detected at a high frequency around the gen-
ital ridges of Rev7 '~ mice compared with that of Rev7"’" mice
(Fig. 5B, right panels), and some cells were positive for both
Oct4 and cleaved caspase-3, suggesting apoptosis of PGCs (Fig.
5B, arrows). We also performed double fluorescence staining
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for Oct4 and TUNEL using tissue sections around the hindgut
of E9.5 embryos to confirm apoptosis of PGCs (Fig. 5C). We
found that some of the Oct4-positive PGCs were TUNEL pos-
itive in Rev7 /™ mice (Fig. 5C, arrowheads), whereas none of
the Oct4-positive PGCs were TUNEL positive in Rev7 "' * mice,
indicating that REV7 deficiency causes apoptotic cell death of
PGCs during embryonic stages. We checked REV7 expression
in PGCs by double immunostaining with anti-REV7 and anti-
Oct4 antibodies using tissue sections of the genital ridge of
E13.5 WT embryos. REV7 expression was detected in most of
the cells in the genital ridge, and some of which were Oct4-
positive PGCs (Fig. 5D). These results indicate that REV7 is
expressed in PGCs and plays an essential role in the survival of
PGCs in mouse embryos.

REV7 Deficiency Causes Increased Apoptotic Cell Death in
the Neuroblasts of Mouse Embryos but Does Not Affect Cell
Proliferation—We further evaluated cleaved caspase-3-positive
apoptotic cells among neuroblasts in the forebrain of E11.5
embryos, in which the frequency of apoptotic cells significantly
increased in Rev7 /~ embryos (Fig. 6, A and B), indicating that
REV7 deficiency causes apoptotic cell death not only in PGCs
but also in the somatic cells of embryos. We also assessed cell
proliferation in the forebrain by immunohistochemical staining
with the anti-PCNA antibody, but no significant difference was
detected between Rev7*’" and Rev7 '~ embryos (Fig. 6, C and
D), suggesting that REV7 deficiency does not affect cell
proliferation.

REV7 Deficiency Results in DNA Damage Accumulation and
Elevated Levels of Histone Methylation—To investigate the
cause of increased apoptotic cell death in Rev7 /= embryos,
accumulation of DNA damage represented by double strand
breaks, which can be detected by anti-phospho-H2AX
(pH2AX) antibody, was assessed in Rev7"'* and Rev7 '~
embryos by immunohistochemical staining. Rev7 '~ embryos
at E9.5 displayed a number of cells positive for pH2AX, some of
which were also positive for Oct4, whereas pH2AX-positive
cells were undetectable in the Rev7"’* embryo (Fig. 7A). In the
Rev7~'~ embryo at E13.5, when PGCs completely disappeared
in Rev7 '~ embryos, many somatic cells around the genital
ridge appeared to be positive for pH2AX (Fig. 7B). These results
indicate that REV7 deficiency causes DNA damage accumula-
tion in both PGCs and somatic cells during the embryonic
period. In addition, histone methylation represented by
H3K9me2 and H3K27me3 were assessed in Rev7"'* and
Rev7 /" embryos by immunofluorescence staining. Elevated
levels of H3K9me2 and H3K27me3 were demonstrated in most
cells of the Rev7 '~ embryo at E9.5 compared with the Rev7 /™
embryo (Fig. 7A). However, in embryos at E13.5, no obvious
difference was detected in H3K9me2 and H3K27me3 levels
between Rev7"'* and Rev7 ™'~ embryos (Fig. 7B). These results
indicate that REV7 deficiency also affects histone methylation
levels at the early embryonic stage.

Deregulation of Gene Expression in REV7-deficient Embryos
at E8.5—To elucidate the effect of REV7 deficiency on gene
expression important for PGC survival, real-time quantitative
RT-PCR was performed using RNAs extracted from Rev7"'*
and Rev7~’~ whole embryos at E8.5, when PGCs were present
in Rev7 '~ embryos, such as in Rev7"’" embryos (Fig. 54), and
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FIGURE 3. Growth retardation and germ cell aplasia of Rev7~/~ male mice. A and B, gross appearance of Rev7 "/ and Rev7 /™ mice at P28 (A) and E10.5 (B).
Scale bar, 3 mm. C, gross appearance of the testes of Rev7"/* and Rev7~/~ mice at P7. Scale bar, 5 mm. D, comparison of the body weight of Rev7*/*, Rev7"/~,
and Rev7~/~ male mice. Mean = S.D. are indicated. Asterisks indicate a significant difference (p < 0.005) between Rev7~/~ mice and Rev7"/* or Rev7*’~ mice.
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indicated. Asterisks indicate a significant difference (p < 0.001) between Rev7*/* and Rev7 ™/~ mice. F, histological images of the testes of Rev7*/* and Rev7 '/~
mice. Testis sections prepared from Rev7*/* and Rev7~/~ mice at P14 and P56 were stained with H&E. Scale bars, 200 um. G, immunohistochemical analysis of
testis sections from Rev7"™/* and Rev7~/~ mice. Immunohistochemical staining with the anti-PLZF antibody for spermatogonia and the anti-GATA-4 antibody

for Sertoli cells are indicated. Scale bars, 100 um.

the expression of Blimp1, Oct4, Nanog, c-Kit, and Tiar was ana-
lyzed. As shown in Fig. 84, Oct4 and Nanog expression was
up-regulated in Rev7 '~ embryos compared with those in
Rev7"'* embryos, whereas Blimp1, c-Kit, and Tiar expression
did not show an obvious association with Rev7 status. We also
analyzed the expression of Cdc20 and Rev3, whose products
interact with REV7, in which no association was detected
between their expression and the Rev7 status (Fig. 84). Tran-
script expression of these genes in Rev7"'* and Rev7 '~
embryos at E13.5 was also analyzed. It was revealed that Oct4
expression was down-regulated in Rev7 '~ embryos, whereas
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no obvious association was observed between the expression of
other genes and the Rev7 status (Fig. 8B). It was speculated that
down-regulation of Oct4 expression in Rev7 '~ embryos may
be due to lack of PGCs. These findings suggest that REV7 is
involved in the expression of several genes including Oct4 and
Nanog in mouse embryos.

DISCUSSION

Infertility is a major problem for public health and ~15% of
couples worldwide suffer from infertility (39, 40). Many genes
involved in the regulation of male and female reproduction
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FIGURE 4. Growth retardation and germ cell aplasia of Rev7~'~ female
mice. A, comparison of the body weight of Rev7*/*, Rev7*/~, and Rev7 /'~
female mice. Mean = S.D.are shown. Asterisks indicate a significant difference
(p < 0.005) between Rev7~/~ mice and Rev7*’* or Rev7"/~ mice. B, gross
appearances and histological images of the ovaries from Rev7"’* and
Rev7~/~ mice. Macroscopic images of the ovaries at P70 (left panels) and
microscopic images of H&E-stained sections of the ovaries at P28 were shown
(middle panels). Right panels are high magnification images. Scale bars, 200
um (middle panels) and 50 um (right panels). C, in situ hybridization to detect
the Rev7 transcript in the ovary. >*P-Labeled antisense and sense probes for
the Rev7 transcript were used for in situ hybridization on ovary sections of a
18-week-old WT mouse. Scale bar, 200 um.

have been identified in mice, and some genetic causes for male
and female infertility have been identified in humans, including
chromosomal aberrations and genetic alterations of genes
involved in sex determination, endocrinopathies, and sperm
production (41, 42). However, many cases are still diagnosed
with idiopathic infertility, and most of these cases are thought
to have undiscovered genetic and epigenetic alterations.

REV7 is involved in DNA damage tolerance, cell cycle regu-
lation, gene expression, and carcinogenesis by regulating the
function of its interaction partners (19-21, 23, 27-31). How-
ever, the significance of Rev7 in mouse development has not
been investigated. In the present study, we have demonstrated
that Rev7 '~ mice display a loss of PGCs by apoptotic cell death
during migration, and germ cell aplasia in both testes and ova-
ries after birth, resulting in infertility of both sexes. These find-
ings indicate that REV7 is essential for PGC survival in the
mouse embryo. We hypothesized that DNA damage accumu-
lation due to impairment of the DNA repair system or deregu-
lation of the expression of specific genes necessary for PGC
survival is likely to be the cause of PGC loss in Rev7 '~
embryos. Consequently, we analyzed the frequency of cells with
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FIGURE 5. Apoptotic cell death of PGCs during migration in Rev7 '~
embryos. A, immunohistochemical analysis of whole mount mouse embryos
to identify PGCs during migration. Rev7*/* and Rev7 /= embryos at E8.5,
E9.5, and E10.5 were whole mount immunostained using the anti-Oct4 anti-
body as described under “Experimental Procedures.” Images were obtained
under a stereomicroscope. B, immunohistochemical analysis of paraffin sec-
tions to detect PGCs and apoptotic cells. Sections around the genital ridges of
Rev7*/* and Rev7~’~ embryos at E11.5 and E13.5 were immunostained with
the anti-Oct4 antibody to detect PGCs (left and middle panels). Those of
Rev7*/* and Rev7~’~ embryos at E11.5 were immunostained with the anti-
cleaved caspase-3 antibody to detect apoptotic cells (right panels). Sections of
E11.5 embryos used for Oct4 and cleaved caspase-3 staining (left and right
panels) were serial sections. Arrows indicate cells positive for both Oct4 and
cleaved caspase-3. Scale bars, 100 um (left and right panels) and 200 wm (mid-
dle panels). C, fluorescence staining to demonstrate PGC apoptosis. Sections
around the hindgut of Rev7*/* and Rev7/~ mouse embryos at E9.5 were
subjected to immunostaining with the anti-Oct4 antibody, TUNEL staining,
and nuclear staining with DAPI. Merged images are also shown. Arrow-
heads indicate cells positive for both Oct4 and TUNEL. Scale bars, 25 pum.
D, REV7 expression in the PGCs of E13.5 embryos. Sections of genital
ridges of E13.5 WT embryos were double immunostained with anti-Oct4
and anti-REV7 antibodies. Immunoreactivity of the anti-Oct4 antibody
was visualized with DAB and that of the anti-REV7 antibody was visualized
using an Alexa Fluor 488-labeled secondary antibody. The two images
were merged after conversion of the DAB color to red. Immunofluores-
cence staining without the primary antibody is shown as the negative
control (NC). Scale bars, 50 um.
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FIGURE 6. REV7 deficiency increases the number of apoptotic cellsamong
forebrain neuroblasts but does not affect cell proliferation. A, detection
of apoptotic cells in the forebrain. Sections of the forebrain of Rev7"/* and
Rev7~'~ mouse embryos at E11.5 were immunostained with the anti-cleaved
caspase-3 antibody. Scale bars, 200 um. B, percentages of cleaved caspase-3-
positive cells (mean *+ S.D.) among the forebrain neuroblasts of Rev7*/* and
Rev7~'~ embryos shown in A. An asterisk indicates a significant difference
between Rev7*/* and Rev7 ™/~ embryos (p < 0.05). C, analysis of cell prolifer-
ation in the forebrain. Sections of the forebrain of Rev7™/* and Rev7 /~
mouse embryos at E11.5 were immunostained with the anti-PCNA antibody.
Scale bars, 200 um. D, percentages of PCNA cells (mean = S.D.) among the
forebrain neuroblasts of Rev7*’" and Rev7~/~ embryos shown in C.

DNA damage of double strand breaks, and found that a number
of cells with DNA damage were detectable not only in PGCs but
also in somatic cells of Rev7 '~ embryos, whereas they were
almost undetectable in Rev7"'* embryos (Fig. 7). This finding
suggests that DNA damage accumulation and genetic instabil-
ity may be a possible cause of apoptotic cell death of PGCs in
Rev7 '~ embryos. We also analyzed histone methylation of
H3K9me2 and H3K27me3 and expression of some essential
genes for PGC survival. We found that H3K9me2 and
H3K27me3 were enhanced in Rev7 '~ embryos at E9.5 (Fig.
7A) and Oct4 and Nanog expression was up-regulated in
Rev7~’~ embryos at E8.5 (Fig. 84). H3K9me2 and H3K27me3
are principal epigenetic modifications in PGCs to control the
chromatin state and gene expression (14, 15). Both Oct4 and
Nanog are essential transcription factors for PGCs during
migration and are required for the maintenance of PGC pluri-
potency (13,43-45). Therefore, there is a possibility that dereg-
ulation of the expression of several genes in PGCs caused by
Rev7 deficiency results in PGC apoptosis during migration,
although more genes involved in PGC survival remain to be
elucidated.

In this study, we found that Rev7 '~ embryos exhibited a
reduced body size, partial embryonic lethality, increased num-
bers of apoptotic somatic cells, and a high frequency of DNA
damaged somatic cells, suggesting that Rev7 is necessary for the
maintenance of somatic cells as well as germ cells in the mouse
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FIGURE 7. REV7 deficiency results in DNA damage accumulation and
increased levels of histone methylation in mouse embryos. Aand B, tissue
sections around the hindgut of Rev7*/* and Rev7~/~ mouse embryos at E9.5
(A) and around the genital ridges at E13.5 (B) were subjected to immuno-
staining with the anti-Oct4, -phospho-histone H2A.X (Ser-139) (pH2AX), -di-
methyl histone H3 (Lys-9) (H3K9me2), and -trimethyl histone H3 (Lys-27)
(H3K27me3) antibodies. Immunoreactivity of the anti-Oct4 and -pH2AX anti-
bodies was visualized with DAB and that of the anti-H3K9me2 and
-H3K27me3 antibodies was visualized using an Alexa Fluor 488-labeled sec-
ondary antibody. Serial sections were used for staining of E9.5 embryos (A).
Open arrowheads in Aindicate cells positive for pH2AX, and closed arrowheads
in A indicate cells positive for both Oct4 and pH2AX. A number of pH2AX-
positive cells were detected in Rev7/~ mouse embryos at E9.5 and E13.5. In
addition, increased levels of H3K9me2 and H3K27me3 were demonstrated in
Rev7~/~ embryos at E9.5, but not in those at E13.5. Scale bars, 50 um.
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embryo, and that partial embryonic lethality of Rev7 ’~ mice
may possibly be due to the numerous apoptotic cell death in
somatic cells caused by DNA damage accumulation. It has been
reported that REV7 interacts with REV3 forming Pol ¢, a DNA
polymerase involved in translesion DNA synthesis, and sup-
pression of REV7 impairs DNA damage tolerance in human
fibroblasts (19, 20, 23). During embryogenesis, endogenous fac-
tors, such as metabolites, oxygen radicals, and nitrogen species,
induce various types of DNA damage, and an effective DNA
repair system is very important for normal development of
organisms (46 —49). Pol { is a mispair extender polymerase that
extends DNA synthesis from mispaired nucleotides and is nec-
essary for translesion DNA synthesis machinery at various
DNA lesions (50). In addition, Pol ¢ is involved in homologous
recombination repair of the DNA double strand breaks (24, 25).
Therefore, it has been suggested that Pol { plays a pivotal role in
the DNA damage response system. Accordingly, the size of
Rev3™'~ mouse embryos is considerably smaller than that of
WT or heterozygote littermates at E9.5-10.5 and abort at
around E12.5 (51-54). Extensive apoptosis has been demon-
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FIGURE 8. Deregulation of gene expression in RevZ7~'~ embryos. A and
B, total RNAs were extracted from whole bodies of Rev7™’" and Rev7 '~
embryos at E8.5 (A) and from trunks of embryos at E13.5 (B). Real-time quan-
titative RT-PCR was performed using gene-specific primers for Oct4, Nanog,
Blimp1, c-Kit, Tiar, Cdc20, Rev3, Rev7, and GAPDH listed in Table 1. The expres-
sion levels of each genein Rev7™/* and Rev7~/~ embryos were determined as
relative values to that in Rev7"/* #1 (A) or Rev7*/* #3 (B). Relative expression
values of Oct4 and Nanog in Rev7’~ #1 and #2 embryos are: Oct4, 8.2 and
40.5; Nanog, 10.1 and 38.9, respectively. Reactions for GAPDH are used as
internal controls.

strated in all cell lineages of Rev3 ™'~ embryos (54). The pheno-
types of Rev7 '~ embryos in this study are similar, in part, to
those of Rev3™/~ embryos, suggesting the possibility that
Rev7~'~ phenotypes are associated with impairment of Pol ¢
function. Some experiments using genetically modified mice
indicate the importance of the DNA repair system for germ cell
maintenance. Disruption of mouse Rad18, which is the main
regulator of DNA damage tolerance, causes progressive loss of
germ cells in the testis after 6 months postnatally, indicating its
requirement for long-term maintenance of germ cells (55).
Deficient expression of genes involved in nucleotide excision
repair, such as HR23B, Erccl, and Xpa, also impairs normal
spermatogenesis and oogenesis in mice (56—58). All of these
findings suggest that the DNA repair system is important for
germ cells to retain genetic integrity after birth. It is noteworthy
that deficiency of REV3 and REV7 causes more severe pheno-
types in mouse embryos compared with knock-out phenotypes
of other DNA repair genes, suggesting the importance of DNA
Pol { in mouse embryogenesis.

On the other hand, REV7 is involved in cell cycle regulation
by interacting with CDC20 and CDH1 that control the activity
of the anaphase-promoting complex to degrade cyclin B1 (27,
28). Homozygous Cdhl mutant mice cannot produce normal
trophoblasts and die at E9.5-10.5, whereas Cdc20 knock-out
causes metaphase arrest at the two-cell stage and death ata very
early embryonic stage (59, 60). Mice lacking the mitotic check-
point protein MAD2, which is another mammalian homologue
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of S. cerevisiae Mad2, show extensive apoptosis at E7.0 and
embryonic lethality during early embryonic stages (61). The
Rev7 '~ phenotypes in the present study were milder than
those of Mad2~'~, Cdhl~'~,and Cdc20~'~ mice. The findings
that REV7 deficiency caused apoptotic cell death of PGCs and
somatic cells, but did not affect cell proliferation, suggest that
the Rev7 /'~ phenotypes may not be a consequence of an
impairment of cell cycle regulation.

Human REV7 is also involved in gene expression by interact-
ing with transcription factors ELK-1 and TCF-4 (30, 31). REV7
depletion in human cells suppresses up-regulation of the tran-
scriptional activities of ELK-1 after DNA damage, whereas
REV7 knockdown blocks TCF-4-mediated E-cadherin expres-
sion and induces N-cadherin and vimentin expression, leading
to epithelial-mesenchymal transdifferentiation (30, 31). Mice
possessing an Elk-1-null mutation show normal development
without any morphological abnormality and only mildly
impaired neuronal gene expression (62). Tcf-4-null mice die
shortly after birth without any gross abnormalities and possess
no apparent proliferating cells in the crypt region of the small
intestine, suggesting that TCF-4 is necessary for the mainte-
nance of crypt stem cells in the small intestine (63). These
mutant mice display phenotypes that are different from those of
Rev7 '~ mice. Interestingly, the phenotype of Rev7 '~ mice
shown in this study is almost the same as that of mice null for
the RNA-binding protein TIAR (9). TIAR binds to several
mRNAs that encode translation factors and suppresses their
translation in response to UV-C irradiation, thereby playing a
role as a stress-responsive transcriptional repressor (64).
Tiar~'~ mice show embryonic growth retardation, partial
embryonic lethality, reduced numbers of PGCs during migra-
tion, and complete ablation of PGCs at E13.5 (9). In human
cells, because REV7 is required for damage tolerance and TIAR
is needed for stress-response transcriptional repression, it is
possible that REV7 is functionally linked to TIAR via gene
expression regulation and that the mouse Rev7 /~ phenotypeis
associated with the loss-of-function of mouse Tiar, although
expression of Tiar mRNA was unaffected by REV7 deficiency.

In the present study, the significance of REV7 in spermato-
genesis after birth could not be analyzed because of germ cell
aplasia at birth. Because REV7 is highly expressed in spermato-
gonia and spermatocytes, suggesting an important role in sper-
matogenesis after birth, inhibition of REV7 expression by epi-
genetic alterations after birth might possibly cause impairment
of spermatogenesis.

In summary, we established REV7-deficient mice that show
growth retardation and progressive loss of PGCs during migra-
tion. These results indicate that REV7 is necessary for PGC
survival and prevention of apoptotic cell death of somatic cells
in the mouse embryo. Further studies are required to elucidate
the mechanism of apoptotic cell death that is induced by REV7
deficiency and to clarify the importance of REV7 in human
infertility.
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