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stella Is a Maternal Effect Gene Required
for Normal Early Development in Mice

Results and Discussion
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Figure 1. Expression and Evolutionary Conservation of Stella

(A–O) Expression of Stella in preimplantation embryos represented by confocal sections of anti-Stella (left column) and DNA (middle column)
stainings (right column, merged images). Maternal Stella is stored in the unfertilized egg (A–C) (arrow, exclusion of Stella from condensed
metaphase chromosomes) and localizes both to the cytoplasm and pronuclei (PN) after fertilization ([D]–[F]; PB, polar body). Also at later
stages (two cell, [G]–[I]; four cell, [J]–[L]; blastocyst, [M]–[O]), Stella can be seen in both the cytoplasm and the nucleus.
(P–R) Blastocyst stained with secondary antibody only. Scale bars, 20 �m (bar in [L] for [A]–[L]; bar in [R] for [M]–[R]).
(S and T) Synteny of the stella gene in mouse, rat, and human (S), and the relationship between stella and the neighboring genes in mouse
and human (T). Arrows indicate the direction of transcription.
(U) Alignment of Stella protein sequences. Identical amino acids have a black background and similar amino acids a gray one. Putative nuclear
export and localization signals are marked by red and black lines, respectively. The red stars indicate conserved hydrophobic amino acids,
which are typical for nuclear export signals [12]. The putative SAP-motif is shaded yellow and the splicing factor-like domain light blue.
(V) RT-PCR analysis of STELLA-expression in human pluripotent cells and reproductive organs. RPL32 was used as control. ES, embryonic
stem cells; EC, embryonic carcinoma cells (nTera2); tet, testis tumor; te, normal testis; ov, normal ovary; �Rt, without reverse transcriptase;
0, water control.

is located, is consistently overrepresented in testicular stella knockout (stella�/�) mice (Figure 2). Matings be-
tween heterozygous (stella�/�) mice on the 129/SvEvgerm cell tumors [11]. stella/STELLA resides within a

conserved cluster of genes consisting of nanog/NANOG background resulted in the birth of 192 pups consisting
of 56 (29.2%) wild-type, 81 (42.2%) stella�/�, and 55[13, 14] and gdf3/GDF3 [15] (Figure 1T), which are asso-

ciated with pluripotency and germ cell tumors. The con- (28.6%) stella�/� mice, in the approximate mendelian
ratio of 1:2:1. Therefore, stella�/�-deficient mice are via-served proximity in mice and humans and the overlap-

ping expression patterns of these genes suggest a ble and survive at a normal rate.
As stella is detected in the founder PGCs, we exam-possible coregulation at a transcriptional level [16].

Clearly, these findings prompt a careful analysis of the ined stella�/� mice for any effects on development of
germ cells. Examination of germ cells at E8.5 in mutantfunctions of stella and its neighbors in mouse and man.

To begin to address functions of stella, we generated embryos by tissue nonspecific alkaline phosphatase
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Figure 2. Generation of stella Mutant Mice

(A) The targeting vector was designed to delete exon 2 and replace it with an IRES-LacZ/MC-neo reporter-selection cassette. HSV-TK was
used for negative selection against nonhomologous recombination. 5�, 3�, and neo probes were used to confirm correct targeting of ES cells.
(B) Southern blot analysis of genomic DNA derived from littermate mice born from a stella�/� intercross. The example shows NcoI-digested
DNA hybridized with the 3� probe, indicating the absence of the wild-type allele in stella�/� mice.
(C) RT-PCR of testis (te) or ovary (ov) RNA from male or female mice, respectively, with exon 2-specific primers. The wild-type stella transcript
is reduced in stella�/� mice compared to stella�/� mice and absent in stella�/� mice. Gapdh was used as a control for equivalent quality and
amount of RNA. �Rt, without reverse transcriptase; 0, water control.

(TNAP) activity, a marker of PGCs [17], revealed no sig- by vaginal plugs) between stella knockout females and
knockout males, which would result in embryos entirelynificant differences in the numbers of PGCs compared

to those in wild-type embryos (Figure 3A). Similarly, we devoid of Stella, we detected no live pups whatsoever
(Figure 4A). In this case, since the females failed tofound no effect on early gonadal PGCs (E11.5) in knock-

out embryos, detected by the germ cell marker SSEA1 become pregnant, they often mated again after 9–11
days (Figure 4C). This is probably because of a lack of[18] (Figures 3B–3G). Furthermore, histological examina-

tion of testes and ovaries of adult mice showed no gross embryo implantation and consequent resumption of the
estrous cycle after a period of pseudopregnancy [19].abnormalities in the development of gametes in stella

mutant animals (Figures 3H–3K). Indeed, stella�/� males This observation strongly indicated a failure of develop-
ment of Stella null embryos during preimplantation de-showed normal fertility when mated with wild-type or

heterozygous females. In mutant females, we detected velopment. We therefore decided to examine stages at
which development was perturbed (Figures 4D–4I). Foroocytes at all stages of development and we found simi-

lar numbers of ovulated oocytes compared to those this purpose, we compared embryos from stella knock-
out intercrosses with embryos from control matings, byfrom control animals (Figure 1L), suggesting that the

loss of stella has no gross effects on either germ cell using wild-type and heterozygous females. While fertil-
ization seems to proceed normally in oocytes fromdetermination or development.

Next, we examined if development progressed nor- stella�/� females (Figure 4D and Figure S1 in the Supple-
mental Data available online), the effects of lack of Stellamally from oocytes of stella�/� females that lack maternal

inheritance of Stella. In contrast to wild-type and hetero- become evident shortly thereafter, with progressively
fewer embryos exhibiting normal development at eachzygous females that became pregnant and produced

offspring following mating (73%; Figure 4A), stella�/� fe- time point examined (Figure 4D). The cumulative effects
on preimplantation development are starkly obvious atmales displayed a strongly reduced fertility despite ovu-

lation of normal numbers of Stella-deficient oocytes. E3.5, when most of the embryos from controls (69%)
reach the blastocyst stage, while only 8% of embryosWhen we examined the outcome of matings (detected
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Figure 3. Germ Cell Development in stella Mutant Mice

(A) Numbers of PGCs in stella�/�, stella�/�, and wild-type embryos are not significantly different at E8.5 (0–8 somites). The results are presented
as means � SEM. Numbers in parentheses are the numbers of embryos for each group.
(B–G) Gonadal PGCs (E11.5) stained with anti-Stella (B and E) and anti-SSEA1 (C and F) antibodies ([D] and [G] merge including Toto3 [blue]
as DNA stain). The PGC-marker SSEA1 [18] is coexpressed with Stella in wild-type PGCs (B–D) and also detectable in stella�/� animals (E–G),
showing that PGCs are present in knockout mice. Scale bar, 10 �m.
(H–K) Sections of testes (H and J) and ovaries (I and K) of adult wild-type (H and I) and stella�/� (J and K) mice. Knockout males show normal
development of sperm (arrowheads) and knockout females normal ovary morphology, with follicles containing oocytes of different stages
(arrows). Scale bars in (J) (for [H] and [J]) and (K) (for [I] and [K]), 100 �m.
(L) Oocytes are ovulated at similar numbers from females of all stella genotypes (numbers in parentheses, females observed).

in stella�/� mothers do so (Figures 4D–4F). These few Next, we wanted to know if zygotic expression of
Stella could rescue the developmental defects that weembryos from mutant mothers, while seemingly mor-

phologically normal, are developmentally compromised, observed in Stella null embryos. We therefore mated
stella�/� females with wild-type males and compared itsince they did not result in live born pups (Figure 4A).

This was further confirmed when we transferred these with the results we obtained from knockout intercrosses.
In this case, a few stella�/� females became pregnantembryos to wild-type mothers, which also produced no

live young (Table S1). Furthermore, after culturing E1.5 and produced live young, although their numbers were
quite low (25%; Figure 4A). Importantly, these stella�/�embryos in vitro for 3 days until E4.5, only 15% of Stella

null embryos reached the blastocyst stage compared females produced considerably small litters (1.33 �
0.33, n � 3) compared to control females (5.06 � 0.31,to 65% for controls. Indeed, 49% of mutant embryos

were still at the single-cell stage, fragmenting, or exhib- n � 16) (Figure 4B). Consistent with this data, slightly
more embryos (19%) from such stella�/� mothersiting asymmetric or abnormal cleavage. The remainder

were found at various stages, including 10% at the two- reached the blastocyst stage at E3.5, when the fathers
were wild-type, compared to matings with stella�/� fa-cell stage and 27% at the morula stage (Figures 4G and

4H). Since uterine receptivity for blastocyst implantation thers (8%; Figure 4D).
We then went on to check how long the maternallyis restricted to occur at late E3.5, only those embryos

that reach the blastocyst stage by this time can implant inherited Stella persists during preimplantation develop-
ment. We found that in stella�/� embryos that have het-[22, 23]. This is in agreement with our observations

showing frequent pseudopregnancies (Figure 4C) and erozygous mothers, maternally inherited Stella is de-
graded by the early morula stage (Figures 5G and 5H).the failure to produce living offspring.
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Figure 4. Reduced Fertility of stella Knockout Females Due to Abnormal Preimplantation Development of Their Descendants

(A) Seventy-three percent of control matings (black bars) resulted in live offspring, compared to twenty-five percent of the plugs between
stella�/� females and wild-type males (gray bars). No pups were born from stella�/� intercrosses (white bars, number of plugs in parentheses).
Control matings consist of matings between wild-type or heterozygous females with males of any (�/�, �/�, �/�) stella genotype. Results
of these matings were pooled, as they did not differ significantly from the results of matings between wild-type females with wild-type males
(data not shown).
(B) Litter size was markedly reduced in knockout compared to wild-type females when mated with wild-type males (error bars � SEM, numbers
of litters in parentheses).
(C) Females in which matings did not result in implantation of embryos exhibit psudopregnancy, as revealed by plugging and renewed mating
after 9–11 days (parentheses � total number of matings).
(D–F) The percentage of embryos developing in vivo to the various stages are given for different mating combinations described above (D).
Total numbers of embryos examined at each time point are given in parentheses. Development of embryos from knockout intercrosses starts
to be affected from E1.5 onward (two-cell stage), and only a low percentage reach the blastocyst stage by E3.5 (E) compared to control
embryos (F). Slightly more embryos from knockout mothers become blastocysts, when the father is wild-type.
(G–I) Distribution of stages of embryos cultured in vitro from E1.5 until E4.5 (the time when blastocyst implantation is complete). As in vivo,
most embryos from wild-type or heterozygous mothers (black bars) develop to blastocysts (I), while many embryos of stella knockout mothers
(white bars) are delayed or show abnormal morphology (H). Total number of embryos examined in G: �/� mothers, 41; wt or �/� mothers,
52. Scale bar, 100 �m.

Therefore, after this time, the presence of Stella in wild- expression from the paternal allele in embryos derived
from stella�/� females fertilized by wild-type sperm.type embryos (see Figures 1, 5C, and 5D) must be due

to the onset of zygotic transcription. To establish the Stella was clearly detected by antibody stainings at E3.5
(Figures 5I and 5J). Using a stella-GFP reporter-trans-timing of zygotic contribution of Stella, we examined
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Figure 5. Stability of Maternal Stella Protein and Onset of Zygotic Expression from the Paternal Allele during Preimplantation Development

(A–H) To investigate the longevity of maternal Stella, we stained embryos from matings between heterozygous females and stella�/� males at
E1.5 (A, B, E, and F) and E2.5 (C, D, G, and H) with anti-Stella antibody and genotyped the embryos after imaging by PCR. Heterozygous
embryos (A–D) show Stella protein expression throughout preimplantation development. Stella�/� embryos (E–H) do not show much staining
from E2.5 onward. Maternal Stella protein therefore gets mostly degraded between the two-cell and the morula stage.
(I and J) Stella is made from the paternal allele when mating stella�/� females with wild-type males. The images show a morula at E3.5.
(K and L) A two-cell embryo (E1.5) obtained from a �/� intercross lacking Stella staining confirms the specificity of the Stella-antibody in
immunostainings.
The left columns in A-L are confocal sections of anti-Stella immunostainings (green) and the right columns are merged images with DNA
staining (red). Scale bars, 20 �m (in [H] for [A]–[H]; in [L] for [I]–[L]).
(M–Q) A stella-GFP reporter construct (M) was used to determine when the paternal allele of stella starts to be expressed. Zygotic expression
of the stella-GFP transgene begins at the two-cell stage (E1.5; [P] and [Q]) and continues during later stages (data not shown). (N) and (P),
GFP-fluorescence; (O) and (Q), brightfield merged with GFP-image; arrowheads, nontransgenic embryos; arrows, transgenic embryos. Scale
bar in (N) (for [N]–[Q]), 100 �m.

gene (our unpublished data), we found expression of strongly indicates that Stella has a role very early in
development of preimplantation embryos. It is also strik-the transgene, when contributed by sperm, as early as

the two-cell stage (Figures 5P and 5Q), the time when the ing that the onset of transcription of stella as early as the
two-cell stage from the paternal allele is not sufficient tobulk of embryonic transcription commences [24].

From all available data, it is particularly important to fully rescue the abnormalities during preimplantation
development. The majority of Stella-depleted oocytesnote that the maternal inheritance of Stella is sufficient

for normal development to explain the birth of stella�/� do not progress in development to term when fertilized
by wild-type sperm and therefore we can consider stellamice from heterozygous crosses, which are born at the

same frequency as wild-type mice (see above). This as a maternal effect gene.
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