
fere with its interaction with p-arrestin pre- 
vents this receptor from becoming internal- 
ized by the cell and instead triggers activa- 
tion of p421p44 MAPK through a separate 
route, resulting in translocation of p421p44 
MAPK to the nucleus and mitogenic stimu- 
lation of the cell (7). 

Several findings now converge to en- 
large the part played by arrestins in signal 

termination. Receptor signaling and desen- 
sitization of the receptor to the activating 
signal are in reality two intimately coupled 
processes. Molecules viewed as "signal 
terminators" in one pathway may in fact 
be "activators" in another. With the Mc- 
Donald et 01, work, we are witnessing an 
important new beginning for arrestins as 
activators of MAPK signaling. 

ReprogrammingX Inactivation 
Philippe Clerc and Philip Avner 

S
everal mammalian species including 
mouse (I-3), sheep, and pig have 
been successfully cloned by somatic 

cell nuclear transfer-that is, transfer of 
a nucleus from a differentiated adult cell 
into an oocyte that has had its own nu- 
cleus removed. Yet, despite these suc-
cesses, few cloned embryos develop to 
term. Although the precise reasons for 
this are not clear, it is possible that the 
adult nucleus cannot be easily repro- 
grammed to direct embryonic develop- 
ment. On page 1578 of this issue, Eggan 
and colleagues (4) investigate how the 
transplanted nuclei of adult somatic cells 
and of embryonic stem cells are repro- 
grammed in cloned female mouse em- 
bryos. By monitoring X chromosome 
gene expression in different embryonic 
and extraembryonic (placental) tissues, 
the investigators were able to examine 
reprogramming of the X chromosome in- 
activation state of adult nuclei. 

One of the two X chromosomes in fe- 
male cells has to be shut down (transcrip- 
tionally silenced), otherwise twice the 
amount of protein will be produced in fe- 
male cells as in male cells (which have on- 
ly one X chromosome). There are several 
molecular processes that contribute to X 
chromosome inactivation [for a review, see 
(5)]. These include coating of the X chro- 
mosome by Xist nuclear RNA, removal of 
acetyl groups (hypoacetylation) from the 
histone proteins of DNA, accumulation of 
the macroH2A histone protein, and addi- 
tion of methyl groups to CpG islands 
(stretches of cytosine and guanine nu- 
cleotides in the DNA). During the earliest 
phases of female embryogenesis, there is 
gene expression from both the maternal X 
chromosome (donated by the egg) and the 
paternal X chromosome donated by the 
sperm (see the figure, top). At the blasto- 
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cyst stage, the X chromosome inherited 
from the father is preferentially chosen for 
inactivation in cells of the trophectoderm 
(the blastocyst outer layer). Later, when 
the embryo becomes implanted in the 
uterine wall, random X inactivation occurs 
in cells of the inner cell mass that will 
form all of the somatic tissues (5). Early 
inactivation events are under the conhol of 
a master region on the X chromosome, the 
Xic, which contains the Xist gene encoding 
a large nonhanscribed nuclear RNA. Initia- 
tion of X inactivation involves both a step 
in which X chromosomes are counted rela- 
tive to the total number of chromosomes in 
the cell and a process of choosing, whereby 
one of the two X chromosomes in the fe- 
male cell may be preferentially selected for 
inactivation. 

Eggan et 01. studied X inactivation in 
cloned mouse embryos derived from enu- 
cleated oocytes injected with female 
adult cell nuclei (see the figure, bottom). 
In one set of experiments, the female 
adult nuclei transferred to oocytes had 
one X chromosome marked by a green 
fluorescent transgene (XGFP) and the oth- 
er marked by a null mutation in the HPRT 
gene. These cells are fluorescent when 
u  

the transgene is carried by an active X 
chromosome (X,) and is expressed, but 
are nonfluorescent when the transgene is 
carried by an inactivated X chromosome 
(X,) and remains silent (6) .  Preparations 
of cells bearing an inactive XGw trans- 
gene (XGFP,) were obtained by selection 
with 6-thioguanine, which killed those 
cells expressing the normal HPRT gene; 
preparations of cells bearing an active 
XCgFPtransgene (XGFP,) were obtained by 
selection in HAT medium, which killed 
those cells not expressing the HPRT 
gene.  All blastocysts  derived from 
[XGFP,X,] nuclear transfer were fluores- 
cent, supporting the conclusion that XGFPi 
is reactivated in most cells of the preim- 
plantation embryo. Reactivation ofthe X, 
was followed by random inactivation of 
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either X in the epiblastic cell lineages of 
cloned embryos (the epiblast, derived 
from the inner cell mass. will form all so- 
matic tissues). This was known because 
transfer of either [XGFPiX,] or [XGFPa XI] 
adult nuclei resulted in a mixed population 
of cells bearing an XGFPi and an XG",. 
Fluorescence-activated cell sorting of fi- 
broblast cells derived from three mid-ges- 
tation E12.5 (embryonic day 12.5) clones 
revealed the XGPi and XGF", mixed cell 
populations. In extraembryonic tissues 
from four mid-gestation clones, the X in-
activation status was determined by the 
donor cell nucleus because [XGFPIX,] nu- 
clei resulted in nonfluorescent placentas 
whereas [XGFPaXl] nuclei generated fluo- 
rescent placentas. 

The conclusions drawn from these ele- 
gant experiments were confirmed using 
polymorphisms (sequence variations) in 
the X-linked Xisr and Grpr genes of em- 
bryos cloned from cells of F, females pro- 
duced by crossing two mouse subspecies. 
Expression of Xist and Grpr from both X 
chromosomes (biallelic expression) con- 
firmed that X reactivation followed by 
random inactivation had occurred in E 13.5 
tissues. In the placentas of six E13.5 
cloned embryos, monoallelic expression 
of both Xist and Grpr was observed which 
confirmed that X inactivation was nonran- 
dom in extraembryonic tissues. Interest- 
ingly, transfer of nuclei from embryonic 
stem cells that have two active X chromo- 
somes was associated with biallelic ex-
pression of Xist and Grpr in the placenta 
of the single recovered mid-gestation em- 
bryo. Thus, X inactivation in the extraem- 
bryonic territory of cloned embryos seems 
to occur randomly in the absence of the in- 
activation profile provided by the adult 
cell nucleus. 

Given the extreme stability of X inac- 
tivation in adult tissues, it may seem re- 
markable that the early embryo can re- 
verse the pattern of X inactivation (a pro- 
cess normally associated with formation 
of female gametes). It is possible, howev- 
er, that the cloned embryo is mimicking 
properties of the natural embryo. During 
the early stages of normal embryogene- 
sis, Xist RNA coats the paternal X chro- 
mosome (see the figure, top) (7) This 
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epigenetic mark disappears from the in- 
ner cell mass before the onset of random 
X inactivation. It is possible that a similar 
erasure of epigenetic constraints occurs 
on both the paternal X chromosome and 
the cloned Xi. However, the poor recov- 
ery of postimplantation embryos suggests 
that complete Xi erasure and reprogram- 
ming are inefficient. One-third of cloned 

matin in the transplanted adult nucleus 
may be similar to that of the paternal X 
after gamete formation. Accumulation of 
histone macroH2A is associated with 
condensation of the paternal X in early 
embryos and extraembryonic cells of the 
blastocyst, and with condensation of the 
Xi in adult nuclei (8).  A third possibility 
is the coating of the X chromosome by 

ale adult cell nudeus 

Random X Inadvation pdxal 

X marks the spot. (A) X chromosomes in tissues of the developing female mouse embryo. P, 
maternal X chromosome; XP, paternal X; Xi, inactive X; X,, active X; circled X, X chromosome coat- 
ed by Xist RNA. (B) X chromosomes in cloned female mouse embryos (4). Pink and yellow identify 
the individual X chromosomes; a blue shadow surrounds the inactive X.Transfer of an adult female 
somatic nucleus (XaXi) into an enucleated oocyte results in reactivation of Xi followed by random 
X inactivation in the embryo and inactivation of Xi in the placenta. Injection of an embryonic stem 
(ES) cell nucleus (X,X,) into an enucleated oocyte results in the random inactivation of both X 
chromosomes in embryonic and placental tissues. 

embryos produced by nuclear transfer de- 
velop into blastocysts, but only a few per- 
cent make it through the critical period of 
implantation. 

Eggan and colleagues suggest that 
there is a functional equivalence be- 
tween the imprinted X after gamete for- 
mation and the somatic Xi in extraem- 
bryonic tissues. Methylation of the DNA 
could be involved because it is often 
suggested as an imprinting mark on the 
paternal X, and because CpG islands in 
the Xi are hypermethylated (5). Alterna- 
tively, the condensed state of Xi chro- 

Xist nuclear RNA, which could be a 
mark both in the adult nucleus and in ex- 
traembryonic tissues. Indeed, it remains 
to be established whether the Xist coat- 
ing is maintained or is removed from the 
paternal X and from the cloned Xi be- 
fore imprinted inactivation is initiated in 
the trophectoderm. To explain the func- 
tional equivalence of the paternal X and 
Xi, one could also hypothesize that the 
X, of the transferred adult nucleus is 
protected against inactivation in ex- 
traembryonic tissues of cloned embryos 
(comparable to the protection of the ma- 

ternal X in extraembryonic tissues of the 
normal embryo). There is strong evi- 
dence that the maternal X normally car- 
ries a stringent imprint that confers re- 
sistance to.inactivation in extraembryon- 
ic tissues. Female embryos that carry a 
deleted Xist gene on the maternal X in- 
activate the paternal X and grow normal- 
ly; in contrast, those that have a paternal 
X with a deleted Xist gene die (9).  The 
imprint must, at least in part, be carried 
by the region 3' to the Xist gene, because 
maternal inheritance of a deletion in- 
cluding the DXPas34 locus and abolish- 
ing Tsix antisense expression leads to 
aberrant maternal Xist expression and 
postimplantation embryonic lethality 
(10). It is unlikely that the imprint de- 
pends on methylation of this region, as it 
is  not methylated in gametes or  in 
preimplantation embryos (11). 

The recovery of placentas that express 
genes from both X chromosomes after 
transfer of embryonic stem cell nuclei 
could signal that counting and random 
choice as well as imprinting occur in ex- 
traembryonic tissues. However, counterse- 
lection against XaXa cells and XiXi cells 
cannot be excluded. Androgenetic em- 
bryos that carry two copies of the paternal 
X also show random inactivation (12). 
Again, this may be due to secondary 
events, such as reactivation of one of the 
inactivated X chromosomes, rather than a 
counting process. 

Exciting avenues of investigation are 
opened up by such nuclear transfer ex- 
periments. Many genes encoding factors 
that epigenetically modify chromosomal 
DNA can be mutated and tested with 
this technology. In combination with 
microarray analyses, it promises to re- 
veal new molecules intervening in the X 
inactivation process. A fuller biochemi- 
cal characterization of the X chromo- 
somes of cloned embryos (including 
characterization of the Xist coating and 
histone acetylation) should elucidate the 
extent to which reprogramming of the 
inactive'x chromosome in cloned cells 
recapitulates X inactivation during nor- 
mal embryogenesis. 
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