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Continuation of mammalian species requires the formation and development
of the sexually dimorphic germ cells. Cultured embryonic stem cells are gen-
erally considered pluripotent rather than totipotent because of the failure to
detect germline cells under differentiating conditions. Here we show that
mouse embryonic stem cells in culture can develop into oogonia that enter
meiosis, recruit adjacent cells to form follicle-like structures, and later develop
into blastocysts. Oogenesis in culture should contribute to various areas, in-
cluding nuclear transfer and manipulation of the germ line, and advance studies
on fertility treatment and germ and somatic cell interaction and differentiation.

In the early mammalian embryo, the germ
line and soma are indistinguishable from each
other. In the mouse, germ cell competence is
induced at embryonic day 6.5 in proximal
epiblast cells by signals emanating from the

extraembryonic ectoderm (1, 2). Even during
the specification period, precursor cells give
rise to primordial germ cells and certain so-
matic cells, such as extraembryonic meso-
derm and allantois. The potential of embry-

onic stem (ES) cells to generate all lineages
of the embryo in vivo has been widely report-
ed in the literature, in striking contrast to the
lack of data describing the derivation of germ
cells from ES cells in vitro. We attributed the
inability to demonstrate the derivation of
germ cells from ES cells in culture to the lack
of a suitable reporter system for the noninva-
sive visualization of germ cell formation.

Induction of germ cells in culture. Elu-
cidation of the various known regulatory el-
ements within the germline-specific gene
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Fig. 1. Analysis of early stages of germ cell formation. (A) Schematic
representation of the Oct4 reporter gene (gcOct4-GFP) showing four
conserved sequences (CR1 to 4) in the 5� regulatory region with the
deleted area boxed. The conserved sequences overlap with two regu-
latory elements: a distal enhancer (DE, germ cell–specific) and a
proximal enhancer (PE, epiblast-specific) that have been described
previously (5). (B) Phase contrast image of E14 ES cells transformed
with gcOct4-GFP and growing on an embryonic fibroblast feeder layer
(42). The clone presented here resulted in 3.5 dpc and 6.5 dpc mice
embryos that lacked GFP expression but showed specific expression in
germ cells of 12.5 dpc fetuses. (C) Merged fluorescent and phase
contrast image of gcOct4-GFP ES cells 7 days (d7) after �1 �104

to 2.5 � 104 cells/cm2 were plated without feeder cells or growth factors in
ES cell medium Bar scale for (B) and (C), 75 �m. (D) Expression analysis of
four distinct cell populations of d7 cultures sorted by fluorescence-activated
cell sorting (FACS) using markers GFP and c-kit. RT-PCR results for Oct4, the
Oct4-GFP reporter, c-kit, Vasa, DMC1, SCP3, and �-actin are shown. (E)
Scheme of differentiating early germ cells in vitro. Only positive markers
are presented. (F) FACS analysis of a d9 culture using the gcOct4-GFP
reporter. The R3 population was further sorted in (G) on the basis of
c-kit staining, which shows that, at d9, only a minor fraction of
gcOct4-GFP� cells are also positive for c-kit. R5 represents the
population of c-kit negative cells, whereas R2 denotes cells in which
c-kit is weakly or moderately expressed.
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Oct4 (3, 4) was instrumental in the develop-
ment of a system that can visualize the initial
steps of germ cell formation in vitro. Com-
parative analysis of the mouse, human, and
bovine Oct4 genes highlighted three con-
served regions, CR2 to CR4, that lie within
the known germ cell (DE) and epiblast (PE)
enhancers (Fig. 1A) (5). To restrict expres-
sion of an Oct4-based reporter to germ cells
during mouse development, we deleted CR2
and CR3 from a genomic Oct4 fragment driv-
ing an inserted green fluorescent protein
(GFP) rather than Oct4 (gcOct4-GFP, Fig.
1A) (6). ES cells were transfected with
gcOct4-GFP, and three positive clones were
expanded and tested for specific expression
in transgenic animals. Two transgenic lines
showed specific gcOct4-GFP expression in
germ cells and no signal in blastocysts or
epiblast-stage embryos (7).

The same gcOct4-GFP ES cells (Fig. 1B)
that had been used to generate transgenic
mice were subsequently used to establish the
conditions required to induce germ cell dif-
ferentiation in vitro. ES cells were plated on
tissue culture dishes and maintained in ES
cell medium without any feeder cells or
growth factors besides the factors present in
the heat-inactivated serum. Expression of
gcOct4-GFP was detected in some cells after
4 days (d4), in �25% of all cells at d7 (Fig.
1C), and in 40% of all cells at d8 (not shown).
Day 7 cultures were sorted into four cell
populations on the basis of the levels of
expression of the gcOct4-GFP reporter and
endogenous c-kit, both being markers of ear-
ly germ cells (Fig. 1D). After sorting, we
further characterized cells by determining the
mRNA expression of Oct4, gcOct4-GFP, c-
kit, Vasa (a marker of postmigratory germ
cells) (8), and two meiosis-specific markers,
namely the synaptonemal complex protein 3
(SCP3) and the mouse homolog of the yeast
meiosis-specific homologous recombination
gene (DMC1) (9). The SCP3 protein is part of
the axial-lateral element of the synaptonemal
complex to which the chromatin loops are
attached and is an excellent marker for detec-
tion of the meiotic transition in mammals
because its expression is required for the
onset of the first meiotic division (10). The
DMC1 protein is supposed to function during
chromosome synapsis and homologous re-
combination events (11, 12).

Three of the sorted cell populations
(GFP�/c-kit�, GFP�/c-kit–, and GFP–/c-kit–)
contained cells at different stages of germ cell
development (Fig. 1, D and E). The GFP�/
c-kit� fraction expressed Oct4, gcOct4-GFP,
and c-kit but little Vasa mRNA (Fig. 1D, lane
2). Because Vasa is a marker for postmigra-
tory germ cells until postmeiotic stages (8),
these results suggest that these cells corre-
spond to premigratory or migratory primor-
dial germ cells. Cells sorted as GFP�/c-kit–

(Fig. 1D, lane 3) were found to express Oct4,
gcOct4-GFP, and Vasa, but not c-kit, and
thus may represent cells of an early postmi-
gratory germ cell stage. GFP–/c-kit– cells did
not express Oct4, gcOct4-GFP, or c-kit
mRNA but expressed Vasa mRNA (Fig. 1D,
lane 4). These cells likely represent postmi-
gratory germ cells that are about to enter
meiotic prophase I, because these cells did
not express the meiotic markers DMC1 and
SCP3 (9). GFP–/c-kit– cells seem therefore
to exhibit the same expression pattern as that in
vivo, in which both Oct4 and c-kit are down-
regulated in female germ cells before the zygo-
tene-pachytene stage of meiotic prophase I,
around 15.5 days postcoitum (dpc) (13). The
fourth group (GFP–/c-kit�) was composed of
cells that were not part of the germ line (Fig.
1D, lane 1) (6, 14). Further analyses are re-
quired to define the identity of these c-kit� cells
that 2 days later were almost absent (d9) (Fig. 1,
F and G).

Early germ cell differentiation. In our
cultures, colonies of variable size had

formed by d12 (Fig. 2, A to C, represent a
large colony). Large colonies in general
exhibited reduced GFP expression but con-
tained a high percentage of Vasa� cells
(Fig. 2B). Within these colonies, three dis-
tinct types of cells were identified: (i) cells
only expressing GFP, (ii) cells expressing
both GFP and Vasa, and (iii) cells only
expressing Vasa. Strings of GFP� and
Vasa– cells were also found in the cultures,
reminiscent of migratory germ cells (Fig.
2D) (15). GFP�/Vasa� cells were always
found in the vicinity of both GFP�/Vasa–

and GFP–/Vasa� cells and may correspond
to early postmigratory germ cells in vivo
(Fig. 2B). GFP-expressing cells had nuclei
with a more diffuse DNA staining, whereas
cells solely expressing Vasa were more
condensed, round, and physically separated
from each other (Fig. 2A), which is typical
of postmigratory germ cells. Outside the
colonies, all cells were negative for germ
cell markers and therefore most likely rep-
resent somatic cell types.

Fig. 2. Large d12 colony with different early germ cell stages. (A) Fluorescent image showing DNA
localization (Hoechst staining, blue), (B) merged fluorescent image of gcOct4-GFP (green) and
immunoreactive Vasa protein (red), and (C) phase contrast image. Boxed area in (B) is enlarged in
(D) to show a string of gcOct4-GFP� cells (arrow). (E) Merged fluorescent GFP and phase contrast
image of the supernatant from a d12.5 culture. (F) Merged fluorescent (green, GFP; red, Vasa) and
phase contrast image of one aggregate with a single GFP� cell. All pictures represent whole mount
stainings. Bar scales, 50 �m in (A) to (C) and (E) and 25 �m in (F).
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Individual cells or groups of cells detached
simultaneously from the large colonies, but in
both cases these predominantly Vasa� germ
cells tended to form small aggregates in the
supernatant, with very few GFP� cells (Fig. 2,
E and F). It is likely that these cells detach
because of the loss of cell-cell contacts, as
noted in the lower center area of the colony
(Fig. 2, A to C). A reduction in cell-cell adhe-
sion among these Vasa� germ cells in culture is
quite similar to that of postmigratory germ cells
in vivo (8). Interestingly, the aggregates were
frequently attached to GFP–/Vasa– cells, which
often resulted in a more compact structure than
that within the original colony (Fig. 2F). These
tightly knit structures are quite similar to the
histotypic structures obtained after disaggrega-
tion by mild trypsin treatment of male or female
genital ridges (16, 17). Furthermore, cultures of
suspended ovarian cells of newborn mice and
rat can also yield primordial follicles (18).

Formation of follicular structures. Ag-
gregates were collected by centrifugation and
cultured in new plates. Well-organized struc-
tures formed, and some of these were morpho-
logically similar to early ovarian follicles (Fig.
3, B and C) (6). During the next 2 weeks,
advanced follicle-like structures formed both in
the master plate and aggregate cultures (Fig. 3,
E, F, and H). The majority of these structures
degenerated upon further cultivation, and
�20% produced oocytes larger than 40 �m.

In the mammalian female gonad, the de-
velopment of a meiotically competent oocyte
requires the interaction of somatic cells,
which work in cooperation to synthesize es-
tradiol. Androgen precursors produced by
theca cells are aromatized into estrogen by
granulosa cells. Detection of estradiol in our
cultures, therefore, provides evidence for
functional activity of the somatic cells in
these follicle-like structures. We consistently
found estradiol in the culture medium by d12,
with levels peaking around d20. Thereafter,
estradiol levels decreased (Fig. 3A). To de-
termine whether estradiol production was as-
sociated with expression of steroidogenic en-
zymes, we performed quantitative reverse
transcription polymerase chain reaction (RT-
PCR) for key genes involved in estrogen
biosynthesis, including steroidogenic acute
regulatory protein (StAR), P450 17�-hydrox-
ylase-17/20 lyase (CYP17), and P450 aro-
matase (Fig. 3G) (19). The mRNAs of P450
aromatase, CYP17, and StAR were 4.3-, 3.3-,
and 1.8-fold greater, respectively, in d22 at-
tached cultures compared with those at d16.
Increased expression of these genes correlat-
ed with the observed increased concentration
of estradiol in the medium. The steroidogenic
gene expression profiles for attached cells at
d16 were compared with those of replated
cells at d16F 4 days after replating. This
comparison illustrated pronounced differenc-

es between the two cell populations, includ-
ing increased expression of P450 aromatase
(2.4-fold), CYP17 (1.4-fold), and StAR (3.5-
fold) in d16F cells. These higher levels are
likely the result of an increased proportion of
follicular to nonfollicular somatic cells in the
replated culture. This is also supported by the
sevenfold increase in growth differentiation
factor (GDF-9) in the replated cells as com-
pared with attached cells (d16 and d16F, Fig.
3D). Increased expression of the oocyte-
specific cell marker GDF-9 in the replated
cultures is an interesting phenomenon, be-
cause this growth factor is required for ovar-
ian folliculogenesis (20, 21). The expression
of steroidogenic enzymes and follicular estro-
gen synthesis is typically thought to require
gonadotropin support. However, expression
of steroidogenic enzymes may occur in the
absence of gonadotropins, because transfec-
tion of ES cells with steroidogenic factor–1
(SF-1), for example, induces steroidogenic
enzyme expression (22). In addition, the se-
rum and possibly endogenously produced go-
nadotropins in the cultures may provide suf-
ficient hormonal support.

Characterization of oocytes. As early
as d26 of culture, oocyte-like cells were re-
leased from the vicinity of their companion
somatic cells (Fig. 3I) and found floating in
the supernatant. The oocyte-like cells were
enclosed in a coat resembling the zona pel-

Fig. 3. Formation and char-
acterization of follicle-like
structures. (A) Media estra-
diol levels (pg/ml) from cul-
tures between d7 and d34.
(B and C) Representative
phase contrast images of
structures that are morpho-
logically similar to early pri-
mary or secondary follicles.
(D) Quantitative RT-PCR
analysis of GDF-9 in d16 and
d22 cultures and in d16F-
replated cultures. (E), (F),
and (H) depict aggregate
cultures and show that many
of the follicle-like structures
maintain their three-dimen-
sional organization. (F) is a
magnified representation of
(E) at a different area of the
same culture. (I) represents
an adherent culture; all other
panels show nonadherent
cells and structures. (G)
Quantitative RT-PCR analy-
sis of aromatase, CYP17, and
StAR in d16 and d22 cultures
and in d16F-replated cul-
tures. (I) Phase contrast im-
age of oocyte-like cells re-
leased from d26 culture. All
pictures are whole mount
stainings. Bar scales: 15 �m
in (B), 30 �m in (C), 500 �m
in (E), 50 �m in (F), 40 �m in
(H), and 100 �m in (I).
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lucida, which was fragile and easily lost when
manipulated with a micropipette (compare
Fig. 4, B and C). Most of these cells were 50
to 70 �m in size, which is in the size range of
natural oocytes (23). However, some looked
swollen, reaching a size of 130 �m, and had
a thinned zona (Fig. 4C). They were GFP�,
in accordance with Oct4 being reexpressed
after birth in diplotene-arrested oocytes (Fig.
4D) (13). The large cells also exhibited cyto-
plasmic staining for zona pellucida proteins 2
and 3 (ZP2 and ZP3, respectively) (24) at a
location predominantly adjacent to or in the
cell membrane, which is distinct from that of
the GFP signal (Fig. 4E, ZP2 shown in red;
ZP3 not shown). To support the immunocy-
tochemical analysis, we examined the cul-
tures for mRNA expression of several oo-
cyte-specific markers, including ZP1, ZP2,
ZP3, a factor in the germ line (Fig�), and
GDF-9 (20, 21, 24–27). Fig�, a transcription
factor required for the expression of ZP1,
ZP2, and ZP3, was absent in the ES control
cells (not shown) and expressed at similar
levels between d16 and d30 (Fig. 4A). As
expected, expression of both ZP2 and ZP3
was also observed; however, ZP1 expression
was not detectable (Fig. 4A, lanes 2 to 4).
This may indicate that factors required for
specific expression of ZP1 are not properly
expressed in our cultures. Because ZP1
serves as a linker for ZP2 and ZP3 (28), its
absence may account for the fragile zona
observed on the ES-derived oocytes. Loss of
ZP1 has been reported to perturb but not
impair folliculogenesis (28).

Expression of the murine oocyte-specific
GDF-9 in the d16 and d22 adherent cultures
and the increase in GDF-9 mRNA levels in
the replated aggregate cultures (d16F; with a
high oocyte/somatic cell ratio) provide addi-
tional evidence for folliculogenesis (Fig. 3D).
Loss of GDF-9 expression (15.2-fold de-
crease) between d16 and d22 in the adherent
cultures is also consistent with loss of oocyte
GDF-9 expression as follicular growth occurs
(20).

Evidence of meiosis. DMC1 expression
and lack of SCP3 expression as determined
by RT-PCR at d16 indicated that the ES-
derived germ cells were about to enter mei-
osis (6). To further substantiate entry into
meiosis, we mildly disaggregated d16 cul-
tures with trypsin, replated them, and collect-
ed single cells of varying sizes after the ma-
jority of the cell population had reattached
(Fig. 5A). Expression and distribution of
SCP3/COR1 (Fig. 5, B, D, F, and I) or SCP1/
SYN1 (not shown) within these cells were
analyzed with the use of the respective anti-
bodies (29, 30). Germ cells indistinguishable
in size from somatic cells showed SCP3/
COR1 staining (Fig. 5, A, white arrows, and
B) that was very similar to that of female
germ cells isolated from day 15.5 embryos

(Fig. 5C), suggesting that these cells are in a
stage before leptotene. Germ cells up to 25
�m in size showed SCP3/COR1 staining that
colocalized with the nucleus (Fig. 5, A,
black-white arrow, and D to F). In contrast,
SCP3/COR1 was undetectable in accompa-
nying smaller cells (Fig. 5, D to F) or in germ
cell controls in which the primary antibody

had been omitted (not shown). In large germ
cells (Fig. 5A, black arrow), SCP3/COR1
(Fig. 5, G to I) and SCP1/SYN1 (not shown)
were localized predominantly in the cyto-
plasm, which is indicative of a more ad-
vanced meiotic stage (28). Addition of
gonadotropins, i.e., pregnant mare serum go-
nadotropin and human chorionic gonadotro-

Fig. 4. Characterization of oo-
cytes. (A) RT-PCR analysis of cul-
tures at three different time
points, compared with an ovari-
an newborn tissue control (P).
Comparison of expression levels
of oocyte-specific markers ZP1,
ZP2, ZP3, and Fig� by RT-PCR
shows that at d30 only ZP1 re-
mains absent. �-actin served as
an internal standard. (B) Phase
contrast image of a small oo-
cyte-like cell with holding pi-
pette (right). (C) Phase contrast
image of grown oocyte-like cell
with holding pipette (right) and
injection needle (left) for size
comparison. (D) Fluorescence
image of gcOct4-GFP, and (E)
ZP2 immunostaining of the same
cell shown in (C).

Fig. 5. Germ cells
showing meiotic mark-
ers. (A) Image of puta-
tive germ cells selected
from cultures on the
basis of size of cells.
The white arrow marks
a cell that is represen-
tative for the size of
cells stained in (B) and
(C); the black-white ar-
row, cells representa-
tive for (D) to (F); the
black arrow, germ cells
representative for (G)
to (I). Bar scale, 25 �m.
(B) SCP3 staining of a
germ cell derived from
ES cell cultures in com-
parison with a germ
cell derived from a day
15.5 embryonal ovary.
(C) The highly decon-
densed chromatin ap-
pearance suggests that
the cell in (B) is in
a preleptotene stage.
(D to F) represent a
germ cell showing nu-
clear SCP3 staining (D).
(G to I) illustrate a
germ cell that has pro-
gressed to a diplotene-
like nuclear configura-
tion. (J) Chromatin con-
densation surrounding
the nucleolus in large
oocyte-like cells. Images of oocyte-like cell directly after hormone-induced extrusion from follicle (K)
and after fixation (L) showing a structure resembling the polar body within the zona. (A), (G), (K), and
(L) are phase contrast images; (D) is a fluorescent image for SCP3/COR1 protein (red); (E), (H), and (J)
are stained for DNA (blue); (B), (C), (F), and (I) are merged fluorescent images showing SCP3/COR1
protein in relationship to DNA.
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pin, to isolated follicles resulted in extrusion
of oocytes and formation of a structure that
morphologically resembles a polar body, sug-
gesting that some oocytes in the cultures can
complete the first phase of meiosis (Fig. 5, J,
K, and L).

Blastocyst-like structures derived
from ES cells. At about d43, structures are
found in the cultures that, with respect to
morphology (Fig. 6, A to M) and expression
of molecular markers (Fig. 6, M and N), are
similar to mouse preimplantation embryos. A
defined zona around the embryo was only
detected in a few cases (for example, Fig.
6B), which is likely a consequence of its
fragile structure. A zona was identified after
it had detached from the embryo (compare
Fig. 6, C and D, showing the same embryo on
2 subsequent days). This embryo had defined
features of a 16-cell morula (Fig. 6, E to G).
Nuclear staining by Hoechst, the cytoplas-
mic-to-nuclear ratio, a compacted morpholo-
gy, and Oct4 protein expression and distribu-
tion, which at this stage starts to be localized

predominantly to the nucleus [Fig. 5C in
(31)], are characteristic for a mouse morula.
Several structures were found in our cultures
that resembled blastocysts (Fig. 6, H to L,
show a representative collection of five dif-
ferent blastocyst-like structures).

It is likely that the structures resembling
preimplantation embryos represent parthe-
notes, as suggested by the similarity of our
follicle outgrowths (Fig. 6A) to parthenoge-
netically activated oocytes of the LT/Sv
mouse strain (32). Future experiments will
address whether cleavage was induced by the
culture conditions. It is well known that
agents such as ethanol or cations or thermic
shock of the oocytes during the observations
may induce parthenogenesis with or without
extrusion of a second polar body. Addressing
these and related questions may provide a
better understanding of the physiological
problems of parthenogenesis in vivo. In ad-
dition, our system may contribute to a better
understanding of the regulation of spontane-
ous ovarian teratocarcinogenesis and the mo-

lecular mechanism by which genes such as
c-mos block the second meiotic metaphase
arrest (22, 33, 34).

Summary and conclusions. It is not sur-
prising that the derivation of oocytes and
blastocyst-like structures could be accom-
plished with both female and male ES cells.
In the absence of appropriate SRY expression
in the gonads, male primordial germ cells
enter the female pathway and often undergo
the first step of oogenesis, entering meiotic
arrest at prophase I [for review see (35)].
Male-to-female sex reversal even happens in
the mammalian embryo when single genes
such as Sry, Sox9, or Fgf9 are not properly
regulated or deleted (36). Because we detect-
ed Sry expression by RT-PCR only in the
later stages of our cell cultures (not shown),
the gene may not be efficiently regulated in
the areas where germ cells differentiated into
female germ cells.

The reports from 1978 cited above in the
context of dissociation and reaggregation of
gonadal cells are interesting also in this con-

Fig. 6. Characterization of preimplantation embryos. Cleavage stage–like
embryos and blastocyst-like structures around d43 of culture are shown.
(A) A two-cell stage embryo within an outgrown follicle-like structure. (B)
A floating three-cell stage embryo. (C and D) Attached embryo at a
24-hour interval; note the detaching zona pellucida in (D) (upper right). A
16-cell embryo stained for DNA [blue, (E)] or immunoreactive Oct4

protein [red fluorescence, (F)]; (G) is a merged phase contrast and Oct4 protein image. Four blastomeres were removed before fixation [see holes in
(F)]. (H) Blastocyst-like embryo with reduced cell-cell contact within the structure. (I and J) Blastocysts lacking a characteristic flattened outer
trophoblast cell layer, instead nuclei bulge out. This appearance is also found in natural blastocysts when the zona pellucida is removed before cleavage
of the embryo (not shown). (K and L) Two blastocyst-like structures that are morphologically indistinguishable from natural blastocysts. (M)
Immunocytochemical localization of Troma-1 to the outer layer of cells (green) and Oct4 protein (red) to inner cells that are acentrically located in
the blastocyst-like structure, a staining pattern typical of natural blastocysts. (A) to (D) and (H) to (L) are phase contrast images; (M) is a merged
fluorescent image of the embryo shown in (L). (N) RT-PCR analysis of d43 cultures and ES cells under nondifferentiating conditions shows differential
expression of Hand1, Pl-1, and TpBp in reference to �-actin expression. Oct4 is expressed in both samples, which reflects the critical role of Oct4 in
the inner cell mass of blastocysts and in ES cells. Mash2, although essential for extraembryonic development (42), is also expressed in ES cells. Bar
scales: 100 �m in (A), 40 �m in (G), 30 �m in (H), 25 �m in (I), 45 �m in ( J), 30 �m in (K), and 20 �m in (L).
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text (16, 17). Disintegration and reaggregation
of male mouse and rat testes resulted in long,
twisting tubular structures as well as spherical
aggregates (16, 17). One type of aggregate was
indistinguishable in appearance from isolated
medium-sized ovarian follicles in suspension
and thus termed “folliculoids.” The yield of
folliculoids in these cultures was markedly in-
creased when treated with antibodies specific
for H-Y, an antigen that is responsible for the
differentiation of the undetermined gonadal an-
lage into a testis [for review see (37)]. Because
even cells of natural gonads form such “follicu-
loids,” the formation of similar structures from
male ES cells seems not too farfetched to us.

Two main arguments have been put forth
to explain why ES cells are not totipotent in
vitro. Mouse ES cells have not been observed
to give rise to germ cells in vitro, nor have
they been shown to differentiate along the
trophectodermal lineage. Expression of tro-
phectodermal markers, like Troma-1 protein
(Fig. 6M) or Pl-1, Hand-1, and TpBp mRNAs
(Fig. 6L) (38–40), together with the mor-
phology of the structures observed, strongly
suggests that a trophoblast is formed from ES
cells in vitro. Notably, our blastocyst-like
structures looked better than most of those
obtained by nuclear transfer of somatic nu-
clei. In addition, they had the correct Oct4
expression, which is in contrast to most
clones, and yet the latter are generally con-
sidered to represent blastocysts (41). We con-
clude that mouse ES cells are capable of
differentiating into oocytes and form struc-
tures very similar, if not identical, to blasto-
cysts, thereby demonstrating that these cells
are actually totipotent even in vitro. Future
experiments will reveal whether the oocytes
we have generated in culture from ES cells
can be fertilized, whether they have under-
gone a gender-specific resetting of the epige-
netic marks (imprinting), and whether they
can be used as starting material to derive ES
cell lines after nuclear transfer.
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Keeping G Proteins at Bay: A Complex
Between G Protein–Coupled Receptor

Kinase 2 and G��
David T. Lodowski,1 Julie A. Pitcher,2 W. Darrell Capel,3

Robert J. Lefkowitz,3 John J. G. Tesmer1*

The phosphorylation of heptahelical receptors by heterotrimeric guanine nucle-
otide–binding protein (G protein)–coupled receptor kinases (GRKs) is a uni-
versal regulatorymechanism that leads to desensitization of G protein signaling
and to the activation of alternative signaling pathways. We determined the
crystallographic structure of bovine GRK2 in complex with G protein �1�2
subunits. Our results show how the three domains of GRK2—the RGS (regulator
of G protein signaling) homology, protein kinase, and pleckstrin homology
domains—integrate their respective activities and recruit the enzyme to the cell
membrane in an orientation that not only facilitates receptor phosphorylation,
but also allows for the simultaneous inhibition of signaling by G� and G��
subunits.

G protein–coupled receptors (GPCRs) are
integral membrane proteins that respond to
specific extracellular signals by activating G
proteins within the cell. They represent the
largest class of receptors in the mammalian
genome and play a fundamental role in the
sensations of light, smell, and taste and in the
regulation of heart rate, blood pressure, and
glucose metabolism (1). For cells to remain
responsive to their environment, activated

GPCRs must be rapidly desensitized. The
best characterized system for receptor desen-
sitization is that of the GRKs and arrestins (2,
3). Activated GPCRs are first phosphorylated
by GRKs and are then bound by molecules of
arrestin, which block the binding of G pro-
teins, target the receptors for clathrin-mediat-
ed endocytosis (4), and serve as adaptors that
link receptors to other signaling pathways
such as those of the mitogen-activated protein
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