
Ovca1 regulates cell proliferation,
embryonic development,
and tumorigenesis
Chun-Ming Chen1 and Richard R. Behringer2

Department of Molecular Genetics, University of Texas, M.D. Anderson Cancer Center, Houston, Texas 77030, USA

Loss of OVCA1/DPH2L1 correlates with ovarian and breast cancer. To study its in vivo role, we generated
Ovca1 mutant alleles in mice. Ovca1 heterozygotes spontaneously develop cancer. Ovca1 mutant mice die
during embryonic development and at birth with developmental delay and defects in multiple organ systems.
Cell proliferation defects were observed in Ovca1 mutant mouse embryonic fibroblasts (MEFs). p53 deficiency
can rescue these Ovca1 mutant MEF proliferation defects and partially rescue Ovca1 mutant embryonic
phenotypes. Furthermore, Ovca1; p53 double heterozygotes developed tumors quicker than p53 heterozygotes
and with an increased carcinoma incidence. Multiple tumor burden in Ovca1 heterozygotes that were also p53
deficient was significantly higher than in p53 homozygous mutants. These in vivo findings demonstrate that
Ovca1 is a tumor suppressor that can modify p53-induced tumorigenesis and suggest that it acts as a positive
regulator for cell cycle progression. The close linkage of OVCA1 and p53 on human Chromosome 17 suggests
that coordinated loss may be an important mechanism for the evolution of ovarian, breast, and other tumor
phenotypes.
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Ovarian cancer is a leading cause of cancer-related death
in gynecological malignancy. Chromosome 17 exhibits
the most common abnormalities of this disease. A sub-
region defined by the D17S28 and D17S5 loci on Chro-
mosome 17p13.3 is deleted in 80% of ovarian tumors,
indicating that a putative tumor suppressor(s) is located
in this region that when lost results in ovarian cancer
(Phillips et al. 1993, 1996a). In several studies, this dele-
tion region was not accompanied by loss of heterozygos-
ity (LOH) at the linked p53 locus located at 17p13.1,
suggesting the presence of an additional tumor suppres-
sor gene(s) located in 17p13.3 (Saxena et al. 1992; Phillips
et al. 1993, 1996a; Cornelis et al. 1994; Merlo et al. 1994;
Schultz et al. 1996; Chattopadhyay et al. 1997; Liscia et
al. 1999; Hoff et al. 2001). Interestingly, allelic loss at
D17S28 and D17S5 also occurs in many other types of
cancer, including breast, lung, and brain malignancies
(Saxena et al. 1992; Merlo et al. 1994; Konishi et al. 1998;
Phelan et al. 1998; Liscia et al. 1999; Hoff et al. 2001).
Within this deletion region, two candidate genes,

OVCA1/DPH2L1 and HIC1, have been studied. The fo-
cus of this report is OVCA1/DPH2L1. OVCA1/DPH2L1
is a candidate tumor suppressor gene for ovarian cancer
identified on the basis of mapping allelic loss, positional
cloning, and exon trapping methods (Phillips et al.
1996b; Schultz et al. 1996). Forced overexpression of
OVCA1 caused suppression of colony formation of ovar-
ian cancer cell lines (Bruening et al. 1999). An observed
reduction in cell proliferation rate was due to an increase
in the cell population at G1 of the cell cycle (Bruening et
al. 1999), suggesting that OVCA1 is involved in cell
cycle progression.
We previously cloned and characterized the mouse or-

tholog of human OVCA1 (Chen and Behringer 2001).
The mouse Ovca1 gene is expressed throughout embryo-
genesis and in most adult mouse tissues. We also found
that another protein, OVCA2, is encoded within the
Ovca1 locus as it is in humans (Schultz et al. 1996; Chen
and Behringer 2001). Ovca2 is encoded by a unique exon
and a second exon that encodes the 3�-untranslated re-
gion of Ovca1. Thus, Ovca1 and Ovca2 do not share
any protein-coding information (Fig. 1A). The deduced
protein sequences of both mouse and human OVCA1
share a low level of identity (∼25%) with the yeast
DPH2 (diphthamide biosynthesis protein-2) gene prod-
uct (Mattheakis et al. 1993). It is unlikely thatOVCA1 is
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the mammalian ortholog of yeast DPH2 because human
DPH2L2 has higher similarity to yeast DPH2 than does
OVCA1 (Schultz et al. 1998). Although OVCA1 contains
the conserved DPH2 domain (NCBI, conserved domain
database, pfam01866) and has similarity among different
species (human, mouse, fly, worm, yeast), the in vivo
role of OVCA1 is still unknown.
To directly examine the role of OVCA1 in regulating

cell proliferation and tumor suppression, we generated
Ovca1 mutant mice. Our results support the idea that
Ovca1 regulates cell cycle progression and tumor forma-
tion. In addition, we found that Ovca1 can modify p53-
induced tumor formation. Ovca1 and p53 are linked on
the same chromosome in both mouse (Chromosome 11)
and human, suggesting that alterations of this chromo-
some during tumor formation may be a mechanism for
the evolution of tumor phenotypes. This may be particu-
larly significant because there is a high association of
p53 mutations with human ovarian cancer (Bast and
Mills 2000; Schuijer and Berns 2003).

Results

Generation of Ovca1–2- and Ovca1-specific
knockout mice

The initial targeting vector simultaneously disrupted
both Ovca1 and Ovca2 (Fig. 1A). Upon homologous re-
combination, Ovca1 exons 7 to 12 and a portion of exon
13 will be deleted. This targeted mutation also results in
the deletion of the first exon of Ovca2, resulting in an
allele designated Ovca1–2. Targeted ES cell clones were
identified by Southern analysis and mice carrying the
Ovca1–2 allele were produced from chimeras using stan-
dard procedures (Supplemental Fig. 1).

Ovca1 expression was analyzed in Ovca1–2 mutant
mice by RT-PCR using RNA from mouse embryonic fi-
broblasts (MEFs) derived from embryonic day 13.5
(E13.5) Ovca1–2+/+, Ovca1–2+/−, and Ovca1–2−/− em-
bryos. Primers P4 and P3 located in Ovca1 exons 1 and
13, respectively, amplified a 1.4-kb product from Ovca1–
2+/+ and Ovca1–2+/− MEFs, but not from Ovca1–2−/−

Figure 1. Generation of Ovca1–2- and
Ovca1-specific knockout mice. (A) Gene
targeting strategy to generate Ovca1 mu-
tant alleles. The Ovca1–Ovca2 locus is
shown at the top. (Boxes) Exons; (light
shaded boxes) Ovca1 coding region; (dark
shaded boxes) Ovca2 coding region; (open
boxes) untranslated sequences. (P1 to P5)
Primers used for RT-PCR analysis and
genotyping. The targeting vectors and re-
sulting Ovca1-specific and Ovca1–2 mu-
tant alleles with the neo expression cas-
sette removed are shown below. (neo-flox)
loxP-flanked neomycin resistant cassette;
(tk) HSV thymidine kinase expression cas-
sette; (3X stop) XbaI linker containing mul-
tiple stop codons; (H) HindIII; (N) NotI; (S)
StuI; (X) XbaI; (Xh) XhoI. (B) RT-PCR analy-
sis of Ovca1 expression in Ovca1–2+/+,
Ovca1–2+/−, and Ovca1–2−/− MEFs. The P3
and P4 primers were used to amplify
Ovca1 transcripts spanning exons 1 to 13.
P4 and P5 were used to amplify Ovca1
transcripts spanning exons 1 to 6. (RT +)
With reverse transcriptase; (RT −) without
reverse transcriptase. (C) RT-PCR analy-
sis of Ovca1 and Ovca2 expression in
Ovca1+/+, Ovca1+/−, and Ovca1−/− MEFs.
The P3 and P4 primers were used to detect
Ovca1 expression. The primers P2 and P3
were used to amplify Ovca2 transcripts.
(D) Western blot showing OVCA1 protein
in multiple organs (brain, lung, liver, and
kidney) of E18.5Ovca1+/+ but notOvca1−/−

mice. Arrow, 50-kD OVCA1 protein.
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MEFs (Fig. 1B). We also examined potential transcripts
that could be generated between the remaining Ovca1
exons 1 and 6. Primers P4 (exon 1) and P5 located in exon
6 amplified a 617-bp product from Ovca1–2−/− MEFs, in-
dicating that the Ovca1–2 allele can generate an Ovca1
transcript containing exon 1 to 6 sequences (Fig. 1B).
In parallel to these studies, we also generated an

Ovca1-specific knockout allele. Because the Ovca2 gene
is embedded within the Ovca1 locus, we generated an
Ovca1-specific targeted allele by insertion of an XbaI
oligonucleotide linker containing multiple stop codons
in all three reading frames into the third exon of
Ovca1 (Fig. 1A). This should disrupt the translation of
Ovca1, but not interfere with Ovca1 transcription or
Ovca2 transcription and translation. Mice carrying the
Ovca1-specific allele, designated Ovca1, were generated
as above (Supplemental Fig. 1). RT-PCR analysis of
Ovca1+/+, Ovca1+/−, and Ovca1−/− MEFs demonstrated
that Ovca1 and Ovca2 transcripts were expressed (Fig.
1C). However, Western blot analysis using a polyclonal
antibody to OVCA1 demonstrated an absence of OVCA1
protein in several organs (brain, lung, liver, and kidney)

from E18.5 Ovca1−/− embryos in comparison to wild-
type controls (Fig. 1D). This indicates that the Ovca1
allele is a null allele for Ovca1 but likely still expresses
OVCA2.

Phenotype of Ovca1 mutant mice

Ovca1–2 or Ovca1 homozygous mutants, on a B6/129
mixed genetic background, died soon after birth with a
smaller body size (Fig. 2A,B; Supplemental Table 1). The
average body weight of Ovca1–2 −/− or Ovca1−/− mice at
E18.5 was 0.66 ± 0.08 g (n = 7), that was ∼50% the body
weight of wild-type (1.28 ± 0.10 g; n = 9) or heterozygous
(1.27 ± 0.12 g; n = 9) littermates. The Ovca1–2−/− or
Ovca1−/− mice had no overt gross structural defects.
However, all of the newborn mutants had cleft palates
(Fig. 2C,D). Caesarian section revealed that the mutants
had respiratory distress. The mutant lungs did not float
in water, indicating that the mutants did not breathe
prior to death. Histological analysis of the lungs of E18.5
Ovca1–2−/− mutants showed an immature lung pheno-
type (Fig. 2E,F). There was hypercellularity and thick-

Figure 2. Inactivation of Ovca1 or
Ovca1–2 causes developmental abnormali-
ties. Gross morphology of E18.5 (A) wild-
type and (B) Ovca1–2−/− pups. Ventral view
of palate of E18.5 (C) wild-type and (D)
Ovca1–2−/− mice, showing cleft palate in
the mutant (arrow). (E,F) H&E-stained his-
tological sections of lung from E18.5 wild-
type (E) and Ovca1–2−/− (F) pups. (G) E10.5–
E11.5 embryos. E10.5 wild-type embryo
(left); E11.5 wild-type embryo (second from
left); two E11.5 Ovca1–2−/− embryos (right).
(H) E9.5 embryos. Wild-type embryo (left);
twoOvca1–2−/− embryos (right). (I) E8.5 em-
bryos. Wild-type embryo (left); Ovca1–2−/−

embryo (right). (J) E14.5 embryos. Wild-
type embryo (left); Ovca1−/− embryo (right)
with edema (arrow). (K) E13.5 Ovca1–2−/−

embryo with midbrain exencephaly (arrow).
(L) Hindlimb of an E14.5 wild-type em-
bryo. (M) Preaxial polydactyly (arrow) in
right hindlimb of E14.5 Ovca1–2−/− em-
bryo. (N,O) H&E-stained histological sec-
tions of E16.5 fetal liver from wild-type (N)
and Ovca1–2−/− (O) embryos. The mutant
liver is highly basophilic and has a focal
area of necrosis (arrow). (P,Q) Representa-
tive Wright-Giemsa-stained blood smears of
E16.5 wild-type (P) and Ovca1–2−/− or
Ovca1−/− (Q) embryos. Note that many of
the mutant erythrocytes are nucleated.
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ened mesenchyme in the mutants in comparison to
wild-type controls.
In addition to the lethality at birth, we found that

∼30%–50% of Ovca1–2−/− and Ovca1−/− embryos died
after E11.5 to E13.5 on a B6/129 mixed genetic back-
ground (Supplemental Table 1). However, on a 129/SvEv
inbred genetic background, theOvca1–2−/− andOvca1−/−

mutants died before E13.5. These findings suggest that
there are genetic modifiers that differ between C57Bl/6
(B6) and 129 that influence mutant viability during the
second half of gestation.
The Ovca1–2−/− or Ovca1−/− embryos appeared to be

delayed in development by 12 to 24 h based on their body
size and developmental characteristics. As shown in Fig-
ure 2G, the Ovca1–2−/− embryos at E11.5 had similar
body size to E10.5 wild-type embryos. Eye pigmentation
at this stage was also found to be delayed in the Ovca1–
2−/− embryos. Occasionally, an absence of the eye or ab-
normal eye pigmentation was observed (data not shown).
At E9.5, most of the Ovca1–2−/− embryos had turned but
were smaller (Fig. 2H). At E8.5, Ovca1–2−/− embryos had
zero to two somites compared with wild-type litter-
mates, which had six to seven somites (Fig. 2I).
In addition to the global developmental delay, abnor-

malities in various organs were observed. Edema was
observed in both the Ovca1−/− (Fig. 2J) and Ovca1–2−/−

(data not shown) embryos at E13.5 and E14.5. Dilated
vessels and myxoid stroma were observed histologically
in the mutants (data not shown). Neural tube formation
in the midbrain region was also occasionally found to be
abnormal at this stage (Fig. 2K). In addition, preaxial
polydactyly of the right hindlimb was found in the ma-
jority (60%∼70%) of Ovca1−/− and Ovca1–2−/− embryos
(Fig. 2L,M). Focal liver degeneration was observed in
∼30%–50% of the Ovca1–2−/− embryos at E16.5 (Fig.
2N,O). Numerous hepatoblasts containing basophilic/
elongated nuclei and a high nuclear/cytoplasmic ratio
were present in Ovca1–2−/− livers. Interestingly, nucle-
ated erythrocytes were also observed at E16.5 in both
Ovca1−/− and Ovca1–2−/− fetuses, whereas wild-type
controls had enucleated erythrocytes (Fig. 2P,Q). The
nucleated erythrocytes in the Ovca1−/− and Ovca1–2−/−

fetuses may be due to abnormal hepatic development
because the liver is the major hematopoietic organ at
this stage of mouse embryogenesis.

Behavior of Ovca1 mutant MEFs

The primary defect of Ovca1–2 or Ovca1 mutant em-
bryos is a generalized reduction in size compared with
their control littermates. The smaller embryos could re-
flect a decrease in cell proliferation and/or increase in
apoptosis. Therefore, we established primary mouse em-
bryonic fibroblast (MEF) cultures to investigate the cel-
lular growth behavior of wild-type and heterozygous and
homozygous mutants for the Ovca1–2 and Ovca1 alleles
at E13.5. In addition, we bred the Ovca1–2+/− mice with
Ovca1+/− mice to generate Ovca1/Ovca1–2 embryos
that would be equivalent to an Ovca1−/− Ovca2+/− geno-
type. Interestingly, the Ovca1/Ovca1–2 embryos exhib-

ited the same phenotypes (edema, smaller body size, de-
velopmental delay, and lethality) that we observed in the
Ovca1–2−/− or Ovca1−/− embryos (data not shown).

Ovca1–2−/−, Ovca1−/−, or Ovca1/Ovca1–2 MEFs grew
poorly in comparison to controls (Fig. 3A). Cell cycle
analysis showed a reduction in the S-phase population
(20%–30%) in Ovca1–2−/−, Ovca1−/−, or Ovca1/Ovca1–2
MEFs in comparison to heterozygous controls (Fig. 3B).
No obvious sub-G1 cell population was observed in all
three genotypes, indicating that cell death was not a ma-
jor contributing factor to the mutant MEF growth defects
(data not shown). We also examined cell size using for-
ward side scatter to examine gated G1 or G2 cells by flow
cytometry but found no differences (data not shown). In
addition, p21, cyclin D, cyclin E, and Cdk4 protein levels
did not differ significantly in Ovca1 +/+, +/−, and −/−
MEFs, indicating that Ovca1 loss does not activate p53
(Supplemental Fig. 2). We further examined the phos-
phorylation status of retinoblastoma (RB) in MEFs be-
cause of its known role in regulating cell cycle pro-
gression (Classon and Harlow 2002). Phosphorylation of
RB in late G1 promotes entrance into the S phase by
releasing the E2F family transcription factors for activa-
tion of downstream cell cycle regulators. In contrast, de-
phosphorylated RB present in G0/G1 binds E2F family
members, repressing their transcriptional activation. As
shown in Figure 3C, phosphorylated RB (pRB) was re-
duced in Ovca1−/− MEFs in comparison to Ovca1+/+ or
Ovca1+/− controls at early passages (P1, P2, and P3). The
reduced phosphorylated RB status was also observed in
Ovca1/Ovca1–2 MEFs (Fig. 3C). The phosphorylation
status of RB is consistent with the proliferation defect
and reduced S-phase cell population in Ovca1–2−/− and
Ovca1−/− MEFs.

Transplantation of Ovca1 mutant ovaries

To investigate the role of Ovca1 in ovarian development
and disease, we surgically transferred the ovaries from
Ovca1–2−/− or Ovca1−/− knockout fetuses at E18.5 to ei-
ther the kidney capsule or ovarian bursa of histocompat-
ible female mice. The ovary grafts were examined
grossly and histologically after different periods of time.
As shown in Figure 3D, grafts of Ovca1–2−/− ovaries
grown for 1 mo under the kidney capsule exhibited
smaller size in comparison to wild-type ovary grafts.
Normal follicle formation was observed histologically in
both wild-type and Ovca1–2−/− ovary grafts (Fig. 3E,F).
Ovary grafts grown for 3 and 9 mo in the ovarian bursa
were isolated (Fig. 3G,H). Consistently, the Ovca1–2−/−

ovaries were smaller than the control grafts at both time
points examined. Corpus lutea were observed in wild-
type (data not shown) and Ovca1–2−/− ovary grafts (Fig.
3G, inset), indicating evidence of ovulation. No ovarian
carcinomas were found in the transplanted Ovca1 mu-
tant ovaries during the period of analysis.

Genetic study of Ovca1 and p53

The cell proliferation defect (poor growth, reduced
S-phase cell population and reduced RB phosphorylation
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status) in the Ovca1 mutant MEFs indicated that Ovca1
regulates cell cycle progression. Therefore, we examined
whether elimination of a cell cycle checkpoint gene,
such as p53, in an Ovca1-deficient background could
override the Ovca1–2−/− and Ovca1−/− MEF proliferation
defect phenotype. Ovca1 and p53 are closely linked, re-
siding within 8 cM of each other on mouse Chromosome
11. Therefore, to obtain mice homozygous for both
Ovca1–2 and p53, we first generated mice heterozygous
for both mutations on the same chromosome referred to
as cis Ovca1–2+/− p53+/− by a chromosomal recombina-
tion event. In addition, double-heterozygous mutant
mice for Ovca1–2+/− and p53+/− in trans were generated,
referred to as trans Ovca1–2+/− p53+/−.
We established MEFs derived from various genotypes

(Ovca1–2−/− p53−/−, Ovca1–2+/− p53+/−, Ovca1–2−/−

p53+/−, Ovca1–2+/− p53−/−). As shown in Figure 4A, the
Ovca1–2−/− p53+/− MEFs grew poorly like Ovca1–2−/−

MEFs (Figs. 3A and 4A). Interestingly, the Ovca1–2−/−

p53−/− MEFs had growth curves similar to the heterozy-
gous control (cis Ovca1–2+/− p53+/−) MEFs, indicating
that loss of p53 rescued the Ovca1–2−/− MEF prolifera-
tion defect. Cell cycle analysis revealed that the S-phase
population (20%–30%) of Ovca1–2−/− MEFs was reduced
in either p53+/+ or p53+/−, but was not reduced by p53−/−

(Fig. 4B). Our findings suggest that the Ovca1–2−/− MEF
proliferation defect can be rescued in a p53-deficient
background.
We also asked whether loss of p53 could rescue the

lethal phenotype ofOvca1–2−/− mice. At E18.5, we found
that Ovca1–2 p53 double-homozygous mutant mice still
died soon after birth, but some of them showed different
gross phenotypes compared with Ovca1–2−/− mutants.
Approximately 50% of the Ovca1–2−/− p53−/− fetuses
(n = 8) were ∼10%–20% larger than Ovca1−/− or Ovca1–
2−/− fetuses (Figs. 2A and 4C). The Ovca1–2−/− p53−/−

fetuses were in two weight categories, either 0.7 g (n = 4)
or 0.9 g (n = 4) in comparison to their cis Ovca1–2+/−

p53+/− littermates at 1.3 g (n > 4). Notably, palate shelf
fusion was found in the Ovca1–2−/− p53−/− fetuses that
were of larger body size (n = 4; Fig. 4C). Based on the
phenotypes of Ovca1–2−/− p53−/− at E18.5, we conclude
that the perinatal lethality of Ovca1–2−/− mice was not
rescued by loss of p53. However, some Ovca1–2−/− de-
velopmental abnormalities (smaller body size and cleft
palate) were partially rescued in a p53-deficient back-
ground. This partial rescue was never observed in
Ovca1–2−/− mice (n = 16) on the same B6/129 mixed ge-
netic background. Taken together, these data suggest a
genetic interaction between Ovca1 and p53.

Spontaneous tumorigenesis in Ovca1–2+/−

and Ovca1+/− mice in p53+/+, p53+/−,
and p53−/− backgrounds

We monitored the occurrence of spontaneous tumor for-
mation in male and female Ovca1–2+/− mice on p53+/+,
p53+/−, and p53−/− genetic backgrounds for ∼2 yr (104

Figure 3. Ovca1mutant MEF cell cycle analysis
and ovary grafts. (A) Growth dynamics of Ovca1
mutant MEFs. Genotypes are indicated in upper
left corner: (Control) wild-type or Ovca1+/−. (B)
Histogram showing the percentage of the MEF
population in G1 (G0/G1), S, and G2 (G2/M). (C)
Western blot showing RB and its phosphoryla-
tion (pRB) status in Ovca1 mutant MEFs. Analy-
sis of passages 1 to 3 (P1, P2, P3) was derived
fromOvca1+/+ (+/+),Ovca1+/− (+/−), andOvca1−/−

(−/−) embryos. Analysis of MEFs at passage 4
(P4) was derived from embryos obtained from
Ovca1+/− × Ovca1–2+/− matings. (D) Gross mor-
phology of Ovca1–2+/+ (+/+) and Ovca1–2−/− (−/−)
ovaries (arrows) grown under the kidney capsule
for 1 mo. (E,F) Histology of wild-type and Ovca1–
2−/− ovary grafts shown in D. (G) Gross morphol-
ogy of wild-type andOvca1–2−/− ovaries grown in
the ovarian bursa for 3 mo. (Inset) Histology of
the 3-mo-old Ovca1–2−/− ovary graft. Corpus lu-
teum (arrowhead) indicates ovulation. (H) Gross
morphology of wild-type and Ovca1–2−/− ovaries
grown in the ovarian bursa for 9 mo.
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wk). The tumor-free survival curves are shown in Figure
5. In a cohort of Ovca1–2+/− mice (n = 44), we found 25
(56.8%) animals, both males and females, which devel-
oped various tumors by 2 yr of age.

Adenomas/adenocarcinomas (15 of 25 animals; 60%)
were the predominant neoplasm observed in Ovca1–2+/−

mice followed by lymphomas (12 of 25; 48%) and soft
tissue sarcomas (3 of 25; 12%). The mean latency of
Ovca1–2+/− tumor occurrence was ∼92 wk. Five mice
were found to have multiple tumor burden (Table 1).
Two mice developed hepatocellular adenoma/adenocar-
cinomas (Fig. 6A,B) and lung adenocarcinomas (Fig. 6C–
E) at the age of 97 wk. Another mouse developed a lung
adenoma and a malignant stromal tumor showing liver,
mesenteric, spleen, and lymph node involvement at the
age of 101 wk (data not shown). One female mouse de-
veloped ovarian cystadenoma (Fig. 6F) and lung adenoma
(data not shown) at 80 wk of age.
At this time, we have also found that 17 of 40 (42.5%)

mice, heterozygous for theOvca1-specific mutation, had
tumors from 53 to 85 wk of age. Four of these 17
Ovca1+/− mice had multiple tumor burden. Consis-
tently, we identified lymphoma (data not shown), lung
adenoma (Fig. 6G,H), and hepatocellular adenoma (Fig.
6I), similar to the Ovca1–2+/− tumor spectrum. Notably,
one Ovca1+/− breeding female mouse developed a mam-
mary gland tumor (Fig. 6J) at 70 wk of age. In addition,
one ovarian tubular adenoma (∼1 cm in size) was found
in one Ovca1+/− mouse at 82 wk of age. The ovarian
tumor cells were lined by surface mesothelial cells,
which were identified by cytokeratin 8 (CK8) immuno-
staining (Fig. 6K). Focal neoplastic cells expressed anti-
Müllerian hormone (AMH; Fig. 6K), indicating a granu-
losa cell origin. Thus, both Ovca1–2+/− and the Ovca1+/−

mice spontaneously form tumors, supporting the idea
that Ovca1 is a tumor suppressor gene.

Ovca1–2+/− p53+/− (n = 25) mice developed tumors
quicker than p53+/− (n = 22) or Ovca1–2+/− mice (n = 44).
The mean latency for tumor development in Ovca1–2+/−

p53+/− mice was 52 wk of age in comparison to p53+/−

mice at the age of 70 wk (Table 1). In addition, the tumor
incidence of Ovca1–2+/− p53+/− mice was 72% (18/25),
which is higher than the tumor incidence of p53+/− mice
(50%; 11/22) by 90 wk of age (Fig. 5; Table 1). Interest-
ingly, mammary gland tumors (n = 2; Fig. 7A), pulmo-
nary tumors (n = 2; Fig. 7B), and a skin keratoacanthoma
were found in Ovca1–2+/− p53+/− mice but not in p53+/−

mice. These results suggest that loss of one copy of
Ovca1–2 in a p53+/− background significantly increased
carcinoma incidence (p = 0.047) in comparison to p53+/−

mice.
The mean latency of tumor incidence was about the

same (20 wk) in Ovca1–2+/− p53−/− (n = 31) and p53−/−

mice (n = 31; Fig. 5; Table 1). However, multiple tumor
types in single animals were found to be significantly
higher in Ovca1–2+/− p53−/− mice than in p53−/− mice (6
of 31 inOvca1–2+/− p53−/− mice vs. 1 of 31 mice in p53−/−

mice; p = 0.045). For example, we found a femaleOvca1–
2+/− p53−/− mouse with thymic lymphoma and ovarian
hemangiosarcoma (Fig. 7C–E) at 33 wk of age. Another
female Ovca1–2+/− p53−/− mouse developed lymphoma,
hemangioma, and pulmonary carcinoma at 32 wk of age.
We only found one p53−/− male mouse that developed
lymphoma and pulmonary adenoma at 30 wk of age. The

Figure 4. Effect of p53-deficiency on Ovca1 mutant MEF
growth and embryo development. (A) Growth dynamics of
Ovca1 mutant MEFs. Genotypes are indicated in the upper left
corner. (B) Percentage of S-phase cell population derived from
MEFs with various Ovca1 and p53 genotypes. Two to three
independent MEF lines were analyzed (Ovca1–2+/+ p53+/+, n = 2;
Ovca1–2+/− p53+/+, n = 2; Ovca1–2−/− p53+/+, n = 3; Ovca1–2+/+

p53+/−, n = 2; Ovca1–2+/− p53+/−, n = 3; Ovca1–2−/− p53+/−, n = 3;
Ovca1–2+/− p53−/−, n = 3; Ovca1–2−/− p53−/−, n = 3). (C) Gross
morphology of E18.5 cis Ovca1–2+/− p53+/− pup (left) and
Ovca1–2−/− p53−/− pups (two pups on the right; top); normal
palate fusion was found in 50% of Ovca1–2−/− p53−/− pups
(n = 4; representative shown at right) in comparison to cleft pal-
ate (arrow) found in 50% of the same genotype (n = 4, represen-
tative shown in the middle). Normal palate morphology of rep-
resentative cis Ovca1–2+/− p53+/− littermate (n > 4) is shown at
the left as a control.
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tumor spectrum of Ovca1–2+/− p53−/− animals remained
similar to p53−/− mice. However, there were increasing
soft tissue sarcoma (33.3% vs. 12.9%) and decreasing
lymphoma incidences (62.2% vs. 80.6%) in Ovca1–2+/−

p53−/− tumors in comparison to p53−/− tumors. In addi-
tion, one medulloblastoma was found (Fig. 7F) in an
Ovca1–2+/− p53−/− mutant. These findings indicate that
loss of one copy of Ovca1 can modify tumor spectrum in
a p53-deficient background.
To determine whether there is Ovca1 or p53 allelic

loss in Ovca1–2+/− p53+/− or p53+/− tumors, we per-
formed Southern blot analysis. The p53 wild-type allele
was lost in one cis Ovca1–2+/− p53+/− tumor but not in
two trans Ovca1–2+/− p53+/− or two p53+/− tumors that

were examined (Fig. 7G). In the same tumor with p53
LOH, we found that the Ovca1wild-type allele was pres-
ent, but an additional distinct minor was detected, indi-
cating a potential rearrangement of the Ovca1 locus in a
subset of tumor cells (Fig. 7G). Interestingly, a similar
pattern was also detected in one of the p53+/− tumors.

Discussion

Correlative human cancer genetic studies and forced
overexpression in vitro assays suggested OVCA1 as a
candidate tumor suppressor gene located on Chromo-
some 17 associated with ovarian and other cancers
(Phillips et al. 1996b; Schultz et al. 1996). Here we show

Table 1. Spontaneous tumorigenesis of Ovca1-2+/− mice in p53+/+, p53+/−, and p53−/− backgrounds in comparison to p53+/− and
p53−/− mice

Ovca1–2+/− Ovca1–2+/− p53+/− Ovca1–2+/− p53−/− p53+/− p53−/−

Total number 44 25 31 22 31
Male 29 6 15 6 21
Female 15 19 16 16 10

Tumor incidence (%) 25 (56.8) 18 (72) 31 (100) 11 (50.0) 31 (100)
Tumor spectrum (%)
Lymphoma 12 (40) 9 (50.0) 23 (62.2) 4 (36.4) 25 (80.6)
Osteosarcoma 0 2 (11.1) 0 6 (54.5) 0
Soft tissue sarcomaa 3 (10) 2 (11.1) 11 (33.3) 1 (9.1) 4 (12.9)
Adenoma/carcinomab 15 (50) 5 (27.8) 1 (3.03) 0 2 (6.5)
Teratoma 0 0 1 (3.03) 0 1 (3.2)
Brain tumor 0 0 1 (3.03) 0 0

Total tumor number 30c 18 37d 11 32e

Mean latency (weeks) 92 52 21 70 20

The tumor-free survival of wild-type mice included two females and four males that were age-matched B6129 mixed genetic back-
ground sampled from our colony (n > 500).
aSoft tissue sarcomas include fibrosarcoma, malignant histiocytoma, and hemangioma/hemangiosarcoma.
bAll types of epithelium-derived tumors are included. One pulmonary adenoma with increased mitotic figures was found in an
Ovca1–2+/− p53−/− mouse. Two p53−/− mice were found with adenomatous polyp (adenoma) in the intestine and adenoma in the lung,
respectively. Two mammary gland adenosquamous carcinomas, two lung adenocarcinomas, and one keratinized squamous tumor
(keratoacanthoma) were identified in Ovca1–2+/− p53+/− animals (5/18). Adenoma or carcinoma in liver (n = 4) and lung (n = 10) were
the major epithelial tumors of Ovca1–2+/− mice. One ovarian cystadenoma was found in an Ovca1–2+/− female.
c Five mice were found with multiple tumor burden. Two mice were found with hepatoma and lung adenoma. One mouse had a lung
adenoma nd a malignant stromal tumor. One mouse developed lung adenoma and lymphoma. One mouse had a lung adenoma and
ovarian cystadenoma.
dSix mice were found with multiple tumor burden. Five mice were found with lymphoma and soft tissue sarcomas. One mouse had
three types of neoplasms, including lymphoma, hemangioma, and adenoma.
eOne p53−/− mouse had lymphoma and lung adenoma.

Figure 5. Tumor incidence in Ovca1 mutant
mice.
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that loss of Ovca1 leads to an increased frequency of
tumor formation in mice, demonstrating in vivo that
Ovca1 is a tumor suppressor gene. We found that ∼20%
of Ovca1–2+/− mice developed tumors, predominantly
lymphomas, by 80 wk of age. By 2 yr, there was a >50%
tumor incidence. It appears that the Ovca1+/− mice will
have a similar frequency of tumor incidence. The data
suggest that Ovca1 acts as a tumor suppressor. This is in
contrast to the high correlation of OVCA1 deletion ob-
served in human ovarian and other cancers (Phillips et al.
1996b; Schultz et al. 1996; Miller et al. 2003). Loss of one
copy of Ovca1 can accelerate tumorigenesis and increase
carcinoma incidence in a p53+/− background. In addition,
Ovca1 heterozygosity can modify tumor spectrum and
increase multiple tumor burden in a p53−/− background.
Although OVCA1 and p53 are strongly associated

with human ovarian cancer (for review, see Bast and
Mills 2000), ovarian epithelial tumors were not readily
identified during the period of analysis in this study.
However, we did identify one ovarian serous cystad-
enoma in an Ovca1–2+/− female at 80 wk of age and one

tubular adenoma in an Ovca1+/− female at 82 wk of age.
Interestingly, serous cystadenoma is a relatively com-
mon benign epithelial tumor of the ovary in humans
(Zaloudek 2000). PerhapsOvca1 plays a role in the devel-
opment of benign ovarian tumors that in combination
with other genetic alterations contributes to the transi-
tion from low- to high-grade ovarian tumors. We also
identified one ovarian hemangiosarcoma in an Ovca1–
2+/− p53−/− female at only 33 wk of age. In a separate
study, we have found hemangiosarcoma in p53−/− ovaries
transplanted into wild-type hosts but only after ∼1 yr
(C.-M. Chen and R.R. Behringer, unpubl.). This suggests
that Ovca1 heterozygosity may decrease the latency of
p53-induced ovarian tumors in mice. Primary ovarian
hemangiosarcoma in humans is rare (Zaloudek 2000).
Thus, species-specific differences between human and
mouse will likely dictate the utility of mouse models of
human ovarian cancer.

BRCA1 and BRCA2 are associated with breast and
ovarian cancer in humans (Gayther et al. 1995, 1997).
However, Brca1 and Brca2 mutant mice die as early em-

Figure 6. Spontaneous tumor formation in Ovca1–2+/− and
Ovca1+/− mice. (A) Tumor mass (T) found in the liver of an
Ovca1–2+/− mouse. (B) H&E-stained section of tumor shown inA.
Hepatocellular adenoma (T) showing basophilic, focal eosino-
philic, and clear cell appearance with compression of the normal
hepatic parenchyma (N). Dashed line indicates the boundary be-
tween tumor and normal hepatic parenchyma. Scale bar, 100 µm.
(C) Tumor mass (arrow) found in the lung of an Ovca1–2+/−

mouse. (D) H&E-stained section of bronchiolo-alveolar carci-
noma (T) with mixed papillary and solid patterns shown in C.
Scale bar, 100 µm. (E) Higher magnification ofD, showing mitotic
figures (arrowheads). (F) Cystadenoma found in the ovary of an
Ovca1–2+/− mouse at 80 wk. Papillary-like epithelium immuno-
stained for cytokeratin 8 (CK8, red) projects into the cyst, which
is lined with tall columnar cells (arrow). Scale bar, 400 µm. (G)
Tumor mass (arrow) found in a ventral lung lobe of an Ovca1+/−

mouse at 78 wk of age. (H) H&E-stained section of tumor shown
in G, showing a predominantly glandular arrangement of the tu-
mor cells. (I) H&E-stained section of hepatocellular ademoma of
an Ovca1+/− mouse at 66 wk of age. There is an abnormal pres-
ence of many hyaline bodies (arrow). Scale bar, 100 µm. (J) Mam-
mary gland tumor found in an Ovca1+/− female at 70 wk of age.
Adenocarcinoma type B was indicated because of collagenous-
stroma and glandular components consisting of focal cystic, hem-
orrhagic, and papillary growth patterns. Scale bar, 100 µm. (K)
Tubular adenoma found in the ovary of an Ovca1+/− female at 82
wk of age. (Box) Region shown in L and M. Scale bar, 400 µm. (L)
The neoplastic cells were lined by surface mesothelial cells which
expressed CK8 (red). Scale bar, 100 µm. (M) AMH (red) was detected
focally in the tumor. Scale bar, 100 µm.
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bryos, and heterozygotes do not develop breast or ovarian
cancer (Gowen et al. 1996; Hakem et al. 1996; Liu et al.

1996; Sharan et al. 1997). It is interesting to note that
mammary carcinoma is only observed in mice that con-
ditionally express a hypomorphic Brca1 allele in mam-
mary glands (Xu et al. 1999). In addition, an increase in
mammary carcinoma incidence and decrease latency
was observed in Brca1 p53 mutant mice, indicating that
Brca1 and p53 mutations interact in mammary carci-
noma formation (Cressman et al. 1999; Xu et al. 1999;
Cao et al. 2003). Likewise, mammary epithelium-spe-
cific inactivation of Brca2 in mice did not result in mam-
mary tumor formation. However, when combined with
p53-deficiency, mammary gland tumors formed (Jonkers
et al. 2001). Furthermore, p53+/− mice on a BALB/c ge-
netic background develop mammary carcinoma,
whereas this type is only 1% of tumors found when the
same mutation is on a B6 or 129 genetic background
(Kuperwasser et al. 2000; Blackburn et al. 2003). Thus,
the development of ovarian cancer in Ovca1 mutant
mice may require specific genetic manipulations.
Lung and mammary gland tumors were found in

Ovca1–2+/− p53+/− animals, implying a tumor suppressor
role for human OVCA1 and p53 loci in lung and breast
cancer. Consistent with this observation is the fact that
OVCA1 LOH is also one of the most prevalent chromo-
somal alterations in breast carcinoma (Miller et al. 2003).
Multiple tumor burden in Ovca1–2+/− p53−/− animals
was found to be significantly higher than in p53−/− ani-
mals. In addition, an increasing incidence of soft tissue
sarcoma and one medulloblastoma was found in Ovca1–
2+/− p53−/− mice, suggesting that tumor spectrum in a
p53-deficient background can be modified by loss of one
copy of Ovca1. A recent report correlated human papil-
loma virus infection and expression of the p53 inhibitor
HPV E6 in ovarian cancer (Wu et al. 2003). Perhaps HPV
infection and E6 expression causing p53 inhibition
coupled with the loss of OVCA1 may be a contributing
factor to ovarian carcinogenesis.
The mechanism that causes accelerated tumorigenesis

inOvca1–2+/− p53+/− mice versus p53+/− is unclear. How-
ever, it seems reasonable to suggest that the role of
Ovca1 in regulating cell cycle progression may be a key
factor for the accelerated tumorigenesis in Ovca1+/−

p53+/− mice. Recently, OVCA1 has been identified as a
BRCA1-inducible gene, using a forced BRCA1 overex-
pression assay in the MCF breast cancer cell line (Atalay
et al. 2002). BRCA1 mutations are associated with the
formation of both breast and ovarian cancer (Gayther et
al. 1995). Thus, this raises the possibility of a link be-
tween BRCA1 and OVCA1 in breast and ovarian carci-
nogenesis. In addition, other genetic lesions may be re-
quired for the acceleration of tumorigenesis in Ovca1–
2+/− p53+/− mice because we observed p53 LOH and
perhaps Ovca1 rearrangement in only one of the four
Ovca1–2+/− p53+/− tumors examined.
The Ovca1–2 mutant phenotypes were identical to

those of the Ovca1-specific mutants, suggesting that
these phenotypes are predominantly contributed by
Ovca1 inactivation not byOvca2. Forced overexpression
ofOVCA2 did not alter cell cycle progression or suppress
ovarian cancer cell line focus formation (Bruening et al.

Figure 7. Interaction between Ovca1 and p53 mutations for
tumor formation. (A) H&E-stained section of a representative
mammary gland adenosquamous carcinoma was found in two
Ovca1–2+/− p53+/− mice at 38 and 78 wk of age. There are kera-
tinized well-differentiated squamous cells surrounded by the
glandular elements of the mammary gland. Scale bar, 100 µm.
(B) H&E-stained section shows a bronchiolo-alveolar carcinoma
with a papillary growing pattern in an Ovca1–2+/− p53+/− male
mouse at 80 wk of age. Scale bar, 100 µm. (C) Reproductive tract
from an Ovca1–2+/− p53−/− female mouse at 33 wk of age. One
ovary (arrow) shown at the right is enlarged and hemorrhagic.
H&E-stained sections of ovaries shown in C with normal his-
tology (D) and a hemangiosarcoma immunostained with CD34
(brown; E). (F) H&E-stained section of a brain tumor (T) showing
a transition from the cerebellar granular layer to a neoplastic
appearance reminiscent of human medulloblastoma, replacing
the cerebellar folia. (G) Southern blot analysis of p53 and Ovca1
in tumors from Ovca1–2+/− p53+/− and p53+/− mice. Tail DNA
fromwild-type (+/+), cis Ovca1–2+/− p53+/− (+/−), andOvca1–2−/−

p53−/− (−/−) mice. Genomic DNA from individual tumors, in-
cluding trans Ovca1–2+/− p53+/−, cis Ovca1–2+/− p53+/−, and
p53+/−. (m) Mutant allele; (+) wild-type allele; (�) p53 pseudo-
gene. One cis Ovca1–2+/− p53+/− tumor shows LOH of the p53
locus and an additional minor band (arrow), suggesting a rear-
rangement of the Ovca1 locus in a subset of cells in the tumor.
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1999). Thus, the role of Ovca2 remains unclear because
the Ovca2-null phenotype may be subtle and therefore
difficult to distinguish from the Ovca1-specific mutant
phenotypes of Ovca1–2−/− mice.
Our findings demonstrate that Ovca1 is required for

embryonic and postnatal viability. The timing of death
varied from midgestation to just after birth. Develop-
mental delay, smaller body size, and abnormalities in
multiple organ systems most likely contributed to the
lethal phenotype. The developmental delay is consistent
with the autonomous cell proliferation defect revealed in
the MEF and ovary transplantation assays. The alter-
ations in the proportion of Ovca1 mutant cells in the S
phase of the cell cycle and reduction of phosphorylated
RB protein indicate a role for Ovca1 in regulating cell
cycle progression at the G1- to S-phase transition by
down-regulating the activity of cyclin-dependent kinases
(CDKs). p53 deficiency would reduce CDK inhibitor ac-
tivity, shifting the RB to phosphorylated RB balance,
thereby rescuing the Ovca1 proliferation defect.
Loss of p53 did not rescue the perinatal lethality, al-

though in ∼50% of the cases there was rescue of the
smaller body size and cleft palate of Ovca1–2−/− p53−/−

mice. These findings suggest that there are genetic dif-
ferences between B6 and 129 that can modify the Ovca1
mutant embryo phenotype. Homozygosity for loss of
function mutations in other tumor suppressors associ-
ated with ovarian cancer, including Brca1 and Brca2,
also leads to embryo lethality (Gowen et al. 1996;
Hakem et al. 1996; Liu et al. 1996; Sharan et al. 1997).
Thus, the cellular abnormalities caused by loss of these
tumor suppressors compromises the complex develop-
mental pathways that must be coordinated to produce a
viable embryo.
Heterozygous deletion of 17p13.3 is also associated

with Miller-Dieker syndrome (MDS; OMIM 247200) in
humans (Chong et al. 1997; Hirotsune et al. 1997, 1998;
Cardoso et al. 2003; Dobyns and Ledbetter 2003). Carter
et al. (2000) reported that the phenotype of Hic1 (hyper-
methylated in cancer 1) knockout mice resembled most
but not all of the clinical features of MDS, including
craniofacial abnormalities, limb abnormalities, exen-
cephaly, and omphalocele. We found that there are sev-
eral similarities between Ovca1−/− and Hic1−/− embryos.
Both types of mutant mice showed global developmental
delay, reduction of body size, cleft palate phenotypes,
and limb defects. This suggests that MDS may be a con-
tiguous gene-deletion syndrome that involves bothHIC1
and OVCA1.
In summary, our findings suggest that Ovca1 acts as a

positive regulator for cell cycle progression, is a tumor
suppressor, and is a tumor modifier in conjunction with
p53. Human Chromosome 17 and mouse Chromosome
11 are laden with numerous tumor suppressor genes, in-
cluding p53, OVCA1, BRCA1, and NF1. In addition to
Ovca1+/− p53+/− and Brca1+/− p53+/− mice, double-hetero-
zygous mice for Nf1 and p53 also showed an acceleration
of tumorigenesis and alteration of tumor spectrum (Vo-
gel et al. 1999). Our studies suggest that the linkage of
these tumor suppressor genes and their potential coordi-

nated loss by chromosomal rearrangements may be an
important mechanism for the phenotypic changes ob-
served in tumors as they evolve.

Materials and methods

Gene targeting and generation of Ovca1 and Ovca1–2 mice

The isolation of Ovca1 DNA from a 129/SvEv mouse genomic
library was described previously (Chen and Behringer 2001). A
loxP-flanked Pgk-Neo-bpA (Neo) expression cassette and a her-
pes simplex virus thymidine kinase (TK) expression cassette
were used to generate the gene targeting vectors (Fig. 1A). For
the Ovca1-specific targeting vector, an XbaI linker with stop
codons (underlined) in all three reading frames (CTAGTC
TAGACTAG; Stratagene) was ligated 5� to the Neo cassette and
introduced into the StuI site of the third exon of Ovca1 to block
Ovca1 translation. Then 25 µg of linearized targeting vectors
was electroporated into 1 × 107 PC3 ES cells (O’Gorman et al.
1997; Nagy et al. 2003). After 10 d of selection in G418 and
FIAU, ES cell colonies were picked and genotyped by Southern
analysis. The Ovca1-specific (1D4) and Ovca1–2 (3C7 and 3F10)
targeted ES cell clones were subsequently injected into C57BL/
6J (B6) blastocysts and transferred to pseudopregnant Swiss fe-
males. Male chimeric mice were bred with B6 females for germ-
line transmission of the Ovca1 and Ovca1–2 targeted alleles.
Upon germ-line transmission, the Neo cassettes were deleted by
Cre recombinase expressed in the spermatids of the chimeras
(O’Gorman et al. 1997). The phenotypic analysis of the Ovca1
and Ovca1–2 mutants, MEFs, and tumors was performed on a
B6 × 129/SvEv mixed genetic background. The lethality of
Ovca1 and Ovca1–2 mutants was also examined on a 129/SvEv
inbred genetic background.

MEF isolation, culture, and cell cycle analysis

MEFs were isolated from E13.5 embryos as described (Nagy et
al. 2003). Passage 0 (P0) was defined as the primary isolate.
MEFs at passage 1 (P1) were plated at 5 × 105 cells in 10-cm2

gelatinized plates in complete medium (Dulbecco’s modified
Eagle’s medium [DMEM; GIBCO; Invitrogen], 10% fetal bovine
serum [FBS; Hyclone], 2 mM L-glutamine, 100 units/mL peni-
cillin G, and 100 µg/mL streptomycin sulfate). Cells were
counted daily for 5 d using a trypan blue dye exclusion method.
MEF growth dynamics were measured from two to three inde-
pendent isolates for each genotype.
For cell cycle analysis, MEFs (P1) were plated at 106 cells in

10-cm2 gelatinized plates and harvested the next day. The MEFs
were washed twice with PBS containing 0.1% Tween-20 (PBST)
and resuspended in ice-cold 70% ethanol. After ethanol fixa-
tion, the MEFs were washed twice with PBST, resuspended in a
PI solution (50 µg/mL propidium iodide, 10 µg/mL RNase A,
PBST) and incubated for 30 min at 37°C before analysis by flow
cytometry. The percentages of cells in G0/G1, S, and G2/M
phases were analyzed using the MultiCycle software program.

Ovca1 and Ovca2 expression analysis

For RT-PCR, 106 MEFs were plated at P1 and harvested the next
day. Total RNA was extracted using TRIzol (Life Technology),
according to the manufacturer’s instructions. First-strand
cDNA was generated by RT from total RNA using the Super-
script II first-strand synthesis system (Life Technology). The
Ovca1 cDNA spanning exons 1 to 13 was amplified by the
forward primer P4 (5�-CCCCAAGCTTGTGGGCTCTTGGGT
GATGGC-3�) and reverse primer P3 (5�-CACTGTGGACTCTT
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CCAGAGC-3�). The Ovca1 cDNA spanning from exon 1 to
exon 6 was amplified by forward primer P4 and reverse primer
P5 (5�-CGGGATCCGGGACACTGATGTGATAATCAGCTT
TCAGC-3�). TheOvca2 partial cDNAwas amplified by forward
primer P2 (5�-CTGCGAGTGCTGTGTCTAGCCGG-3�) and re-
verse primer P3. The PCR conditions were 4 min at 94°C, 35
cycles for 1 min at 94°C, 1 min at 58°C, 1 min at 72°C, and a
final 10-min extension at 72°C.
A recombinant GST/OVCA1 (81–435) fusion protein was syn-

thesized using methods previously described (Chen et al. 1997).
Antiserum against the GST/OVCA1 (81–435) fusion protein
was raised in rabbits (Covance Research Products). IgG was pu-
rified from this antiserum using protein A Sepharose and ab-
sorbed with GST protein. OVCA1 protein was examined in em-
bryonic tissues collected from E18.5 fetuses. Tissues were ho-
mogenized in lysis buffer (PBS containing 1% Triton X-100).
Then 40-µg protein extracts were boiled in 2× Laemmli buffer,
separated by SDS-PAGE (12% gel) and detected by Western blot
using the ECL detection system (Amersham). Anti-OVCA1 IgG
and peroxidase-conjugated anti-rabbit IgG (Zymed Laboratories,
Inc.) were used at 1:500 and 1:2000 dilutions, respectively. For
the detection of RB phosphorylation status, 106 MEFs (P1) were
plated in gelatinized 10-cm2 plates and harvested the next day,
counted, and lysed in 2× Laemmli buffer. Equal amounts of cell
lysates were separated by SDS-PAGE (7% gel) and detected by
Western blot. The anti-RB antibody (M153, Santa Cruz Biotech-
nology) was used at 1:200 dilution.

Ovary transplantation

Newborn ovaries were transferred under the kidney capsules or
in the ovarian bursae of 3- to 5-wk-old B6/129 F1 females (Nagy
et al. 2003).

Histology

Embryos or tissue samples were fixed in 4% paraformaldehyde
or 10% neutral-buffered formalin overnight at 4°C or for 2–3 h
at room temperature, respectively. The samples were then de-
hydrated through a graded series of ethanols, cleared in xylene,
and infiltrated with paraffin; embedded. 4-µm sections were cut
and stained with hematoxylin and eosin (H&E). Blood from
16.5-dpc embryos was smeared onto slides and stained with
Wright-Giemsa (Fisher Scientific).

Generation of Ovca1–2 and p53 compound mice

Ovca1 and p53 are located ∼8 cM apart on mouse Chromosome
11. Thus, the generation ofOvca1/p53 double-homozygous mu-
tants requires the generation of a recombinant chromosome
containing mutations in both genes in cis. Therefore, Ovca1–2
heterozygotes were bred to C57BL/6-p53 heterozygotes (Jacks et
al. 1994) to generate double-heterozygous progeny, with both
mutations in trans (designated trans Ovca1–2+/− p53+/−). Subse-
quently, trans Ovca1–2+/− p53+/− mice were bred with B6 mice
or intercrossed with trans Ovca1–2+/− p53+/− mice to generate
progeny with theOvca1–2 and p53mutations on the same chro-
mosome (designated cis Ovca1–2+/− p53+/−). Progeny with both
mutations on the same chromosome were obtained at an ∼1 %
frequency. The recombinant chromosome was maintained us-
ing an engineered balancer chromosome (Zheng et al. 1999).

Southern blot analysis

For Southern blot analysis, 10 µg of genomic DNA isolated from
tail or frozen tumors was digested with EcoRI/StuI or EcoRI,

separated on a 0.8% agarose gel, and transferred to Hybond-N+

nylon transfer membranes (Amersham Biosciences). The EcoRI/
StuI blot was hybridized with a p53 cDNA probe spanning ex-
ons 7 to 10 derived from plasmid LTR-XA. The EcoRI blot was
hybridized with a 5� Ovca1 probe, a 2-kb XbaI fragment located
at the 5�-end of bacterial phage clone 15–3–1 (Chen and Beh-
ringer 2001).

Immunohistochemistry

Tissue sections were placed in boiling antigen retrieval buffer
(DAKO) for 10 min after deparaffinization and rehydration. En-
dogenous peroxidase activity was quenched by 3% hydrogen
peroxide for 10 min followed by incubation with primary anti-
bodies to CD34 (1:50; Cedarlane), cytokeratin 8 (CK8; TROMA-
1, 1:100; NICHD supported Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA), and AMH (MIS C-20;
1:100; Santa Cruz Biotechnology, Inc.) for 1 h at room tempera-
ture. Appropriate biotinylated antibodies (anti-rat IgG against
antibodies to CD34 and TROMA-1; anti-goat IgG against anti-
body to AMH) were subsequently incubated with slides fol-
lowed by ABC reaction (ABC kit; Vector Laboratories, Inc.).
Staining was performed using substrate-chromagen solution
containing 3% 3-amino-9-ethylcarbazole (AEC) and hydrogen
peroxide. The slides were lightly counterstained with hema-
toxylin and then mounted.

Analysis of tumor formation

The mice used in this study were maintained in a colony that
was serologically positive for mouse hepatitis virus. Up to five
mice were housed in microisolator cages using specific patho-
gen free husbandry. The animals were provided with autoclaved
water and food (Rodent NIH-31 #7027, Harlan Teklad) ad li-
bidum. Mice were inspected for tumors twice per week. Tumor
samples were isolated and processed for histopathology. If tu-
mors were not grossly apparent, then a full necropsy was per-
formed. In most cases, lung, liver, and kidney were also col-
lected to histologically screen for metastatic lesions. Tumor
diagnosis was based on the international classification of mouse
tumors (Mohr 2001) and in consultation with pathologists.
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