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Rex1/Zfp42 is a nuclear protein that is highly conserved in mammals, and widely used as an embryonic stem (ES)
cell marker. Although Rex1 expression is associated with enhanced pluripotency, loss-of-function models re-
cently described do not exhibit major phenotypes, and both preimplantation development and ES cell derivation
appear normal in the absence of Rex1. To better understand the functional role of Rex1, we examined the
expression and localization of Rex1 during preimplantation development. Our studies indicated that REX1 is
expressed at all stages during mouse preimplantation development, with a mixed pattern of nuclear, peri-
nuclear, and cytoplasmic localization. Chromatin association seemed to be altered in 8-cell embryos, and in the
blastocyst, we found REX1 localized almost exclusively in the nucleus. A functional role for Rex1 in vivo was
assessed by gain- and loss-of-function approaches. Embryos with attenuated levels of Rex1 after injection of
zygotes with siRNAs did not exhibit defects in preimplantation development in vitro. In contrast, over-
expression of Rex1 interfered with cleavage divisions and with proper blastocyst development, although we
failed to detect alterations in the expression of lineage and pluripotency markers. Rex1 gain- and loss-of-function
did alter the expression levels of Zscan4, an important regulator of preimplantation development and plur-
ipotency. Our results suggest that Rex1 plays a role during preimplantation development. They are compatible
with a role for Rex1 during acquisition of pluripotency in the blastocyst.

Introduction

Preimplantation development starts at fertilization
and lasts until implantation. Upon fertilization, arrested

oocytes resume development and finish the second meiotic
division. Sperm chromatin is decondensed and converted into
a functional pronucleus. After pronuclear fusion, zygotic ge-
nome activation (ZGA) initiates, although up to the mid 2-cell
stage in mice, development is mainly governed by maternally
stored RNAs and proteins [1–3]. The transition to the em-
bryonic genetic program governed by de novo transcription
occurs in 2 major transient waves of de novo transcription [4].
The first wave during the 1- to 2-cell stage corresponds to
ZGA. The second wave occurs during the 4- to 8-cell stage,
and is known as mid-preimplantation gene activation (MGA).
The novel expression landscape resulting from combined
ZGA and MGA specifies the totipotent state of blastomeres
during the cleavage stage of embryogenesis. Proper progres-
sion of cleavage and subsequent compaction and blastocoel

formation are a prerequisite for future cell differentiation,
lineage separation, and commitment. In the first lineage sep-
aration step, the preimplantation blastocyst is divided in the
inner cell mass (ICM), from which embryonic stem (ES) cells
can be derived [5,6], as well as the trophectoderm (TE).

ES cells can be maintained in culture for an apparently
unlimited number of cell divisions (self-renewal) and main-
tain the defining property of pluripotency or the ability to
differentiate into cell lineages of all 3 primary layers of the
embryo. Oct4, Sox2, and Nanog participate in a transcrip-
tional network with essential functions in the formation
and/or maintenance of both the ICM during mouse preim-
plantation development and murine ES cells in culture
[7–10]. Additional transcription factors have been implicated
in stem cell biology and pluripotency, based on specific
expression patterns [11–13], loss-of-function studies [14,15],
or epigenetic contributions [16]. Among those genes acti-
vated during ZGA and restrictively expressed in preim-
plantation embryos is Zscan4 [17], which is expressed in
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2-cell stage embryos [18] and a subset of ES cells [19]. Zscan4
is essential for long-term proliferation of ES cells, and con-
tributes to telomere elongation and enhanced genomic sta-
bility [20].

Another example is Rex1 (for reduced expression-1, also
known as Zfp42), which encodes a protein containing 4 Cys-
His-type zinc-fingers. Rex1 was generated by duplication
from Yy1 by retrotransposition, displays significant similar-
ity to the Yy1 transcription factor in the zinc-finger domains,
and is present exclusively in eutherian mammals [21]. Rex1
was first discovered as a result of its specific expression in
pluripotent F9 embryonal carcinoma cells [22]. Rex1 was
subsequently shown to be expressed in other pluripotent cell
types, specifically undifferentiated ES cells [23], multipotent
adult progenitor cells [24], and amniotic fluid cells [25].
During mouse development, mRNA encoding Rex1 was
detected during mouse development in the ICM of the
blastocyst and in trophoblast-derived tissues [23]. Rex1
mRNA is also expressed in spermatocytes actively under-
going meiosis [23], and Rex1 has been detected in dividing
cells of the human testes and ovaries [26].

Rex1 is widely used as a pluripotency marker, as Rex1
expression has been positively linked to increased pluri-
potency in both murine ES cells [11,27,28] and human ES
and induced pluripotent stem (iPS) cells [29,30]. In contrast,
conflicting results have been reported regarding the func-
tional role of Rex1. Gene silencing by RNA interference re-
sults in loss of self-renewal in ES cells [14], and
overexpression of Rex1 negatively affects self-renewal (D.
Guallar, M. Sánchez and J. Schoorlemmer, unpublished
data). However, Rex1 does not have to be provided for ef-
ficient reprogramming of differentiated cells toward iPS
[11,27], and Rex1 is dispensable for the maintenance of self-
renewing pluripotent ES cells [31], and ES cell lines can ef-
ficiently be derived from Rex1-deficient blastocysts [32].
Gene expression studies have indicated subtle differentiation
defects in Rex1 - / - murine ES lines [31,32], in line with both
the potential association of Rex1 to polycomb-regulated gene
expression [33] and a functional connection of Rex1 to ge-
nomic imprinting [34].

The in vivo roles of Rex1 have been analyzed in different
mouse lines in which the transcription unit was interrupted.
Similar to the results in ES cells, and contrary to initial ex-
pectations, mutant mice lacking Rex1 were viable and fertile
[32]. Breeding experiments showed, however, that litter sizes
correlated well with the combined gene dosage of Rex1 in the
parents, and that both homozygous (Rex1 - / - ) and hetero-
zygous (Rex1 - / + ) animals were present in numbers below
Mendelian ratios [32,34]. Embryos were shown to die during
the late-gestation and neonatal stages [32], in line with a
functional connection of Rex1 to genomic imprinting [34],
although Rex1 expression is restricted to the early stages of
development [4,23]. Rex1 dosage is more critical during
spermatogenesis than during oogenesis [34]. This result is
consistent with the fact that Rex1 expression is mainly de-
tected in spermatogenesis [23,35].

Although Rex1 is expressed during the early stages of
development, the actual presence, levels, and contributions
at different stages of preimplantation have been poorly de-
fined. Considering the unique presence of Rex1 in eutherian
mammals and its invariable association with pluripotency in
ES cells, the absence of phenotypes in Rex1-deficient ES cells

and mice is very surprising. We reasoned that understanding
the signaling, transcriptional, and epigenetic mechanisms
underlying preimplantation development may unravel mo-
lecular mechanisms that govern pluripotency in ES cells and
operate during the reprogramming of somatic cells toward
an induced pluripotent state (iPS).

We therefore studied the presence and function of Rex1
during preimplantation mouse development. We report a
detailed expression analysis of REX1, which appears to
transition into the nucleus at both the 8-cell and at the
blastocyst stage. No phenotype was apparent in Rex1 loss-of-
function studies using siRNA technology. By contrast, REX1
overexpression caused developmental delay during cleavage
stages and interfered with blastocyst development. We
show that Rex1 regulates expression of Zscan4, providing a
potential alternative mechanism for future developmental
defects.

Materials and Methods

Immunofluorescence and confocal microscopy

The rabbit a-REX1 serum described previously [33] was
further affinity-purified over REXD-GST protein [36].
Monoclonal a-HA (clone HA-7) was obtained as an un-
purified ascites fraction (Sigma H9658). Mouse embryos
(CD-1; Charles River) for immunostaining were obtained
from natural matings using standard methods. To stain
embryos after injection with siRNAs, superovulated
B6D2F1/J mice were used. Immunostaining and confocal
microscopy were routinely performed as described previ-
ously [33], with a few modifications. The application of al-
ternative protocols [37] (M. Torres-Padilla, personal
communication) did not improve nonspecific staining (M.
Climent, data not shown). After storage for at least a week in
0.1% Triton X-100 in phosphate-buffered saline (PBS), em-
bryos were permeabilized with 0.5% Triton X-100 in PBS for
20¢. Nuclei were counterstained with DAPI; the purified
aREX1 was diluted 1:2,400. To extract soluble protein, em-
bryos transferred to KSOM (Millipore) were incubated for
10¢ at 4�C in 0.5% Triton X-100 in PBS, washed 3 times in
PBS, and subsequently fixed in 2.5% paraformaldehyde and
processed as usual. Images were captured on a Leica TCS
SP2 AOBS confocal microscope at the Centro de In-
vestigaciones Biológicas (C.I.B. del CSIC), or with Olympus
FV10i at the IACS (Aragon Health Sciences Institute).

REX1 staining intensities in confocal data were quantified
in maximum projections over the Z-axis [8 sections (1mm)
per embryo] using ImageJ 1.45 g software. Five regions were
drawn in each embryo to measure the fluorescence levels.
Triplicate areas of identical size (without fluorescent objects)
were used for background subtraction. The net-corrected
total cell fluorescence was calculated for each condition.

Plasmid construction and preparation

For overexpression of REX1 or eGFP, cDNAs were in-
serted into the chicken b-actin promoter-driven expression
vector pCAGIP [38]. To generate pCAG-REX1-IRESeGFP,
Rex1/Zfp42 cDNA [33] was transferred as an EcoR1 fragment
into pCAG and fused to an IRES-eGFP derived from pIRES2-
eGFP (Clontech). Further details of the plasmids used are
available on request. All constructs were verified by DNA
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sequencing. The plasmids for microinjection were purified
on PureLink� kits and columns (Invitrogen), linearized with
ScaI, phenol-extracted twice, ethanol precipitated, re-
suspended in TE, purified on GeneClean Turbo cartridges
(MP Biomedicals), and eluted in Tris/EDTA (10/0.1 mM).
Concentration was measured using Nanodrop.

siRNA and dsRNA used for microinjection

Stealth siRNA duplexes against mRex1 and control siR-
NAs (Ref 12935-112) were purchased from Invitrogen. Two
different siRNAs were used to target Rex1, corresponding to
positions 658–682 and 742–766 of mRex1 (NM_9556.3), re-
spectively. The siRNAs were annealed according to the
manufacturer’s instructions, and buffer-changed repeatedly
by dilution in Tris 10 mM/EDTA 0.1 mM and subsequent
concentration on YM-10 columns (Millipore).

Oocyte and embryo collection, culture,
and microinjection

All procedures were carried out under the Project License
PI29/08 approved by the in-house Ethics Committee for
Animal Experiments from the University of Zaragoza. Ani-
mals were taken care of and used according to the Spanish
Policy for Animal Protection RD1201/05, which meets the
European Union Directive 86/609 on the protection of ani-
mals used for experimental and other scientific purposes.

Oocyte and embryo collection, culture, and microinjection
were performed according to standard procedures [39].
Embryos were obtained from B6D2F1/J mice mated to
B6D2F1/J males (Charles River). Four- to 6-week-old females
were superovulated by an intraperitoneal (i.p.) injection of
PMSG (5 IU), followed 48 h later by an i.p. injection of human
chorionic gonadotropin (hCG; 7.5 IU). After mating, fertil-
ized eggs were harvested at 20 h post-hCG. After removing
cumulus cells with hyaluronidase, zygotes were thoroughly
washed and selected for good morphology and collected.
Fertilized eggs (1-cell embryos) were cultured in KSOM
(Embriomax�; Millipore MR-020P) at 37�C in an atmosphere
of 5% CO2, 90% relative humidity.

One-cell embryos were microinjected (defined as day 1) in
an M-2 medium (Sigma M7167) using either siRNAs at
100 mM or a linearized plasmid at 2 ng/mL and 0.4 mg/mL
Dextran-coupled Texas Red (D1829; Invitrogen). Plasmid
vectors expressing REX1, eGFP, or REX1-IRESeGFP in pPy-
CAGIP [9] were microinjected into the male pronucleus,

while transient RNA interference experiments were carried
out by microinjecting siRNA duplexes into the cytoplasm of
zygotes.

Successful injection was monitored in Texas Red; dead
embryos were eliminated immediately after injection, and
18 h after. At each time indicated, the embryos were scored
for the number of cells or, following compaction, for devel-
opment to the morula or blastocyst stage. Images were
captured using a Leica DFC360Fx camera adapted to a Leica
M165FC stereomicroscope using Leica Application Suite
3.2.0. To compare Rex1-overexpressing embryos with in-
jected controls, embryos were injected on day 1, selected for
development to at least the 2-cell stage on day 2, and to the
5–8-cell stage on day 3. Embryos injected with pCAG-REX1-
IRESeGFP were separated on day 3 into three groups
representing low (absent), intermediate, and high eGFP
expression. Only the first and latter groups were used in
experiments and are identified as low and high expressers,
respectively. Embryos were harvested in TRIzol and stored
frozen at - 80�C.

Gene expression in preimplantation embryos

For the analysis of expression in mouse preimplantation
embryos, embryos for reverse transcription (RT)–polymerase
chain reaction (PCR) experiments were selected for mor-
phology at the appropriate stages (20, 30, 43, 55, 66, 80, and
102 h post-hCG for 1-cell, early 2-cell, late 2-cell, 4-cell, 8-cell,
morulae, and blastocyst embryos, respectively) and homog-
enized in 100mL TRIzol� reagent (Invitrogen). An identical
number of experimental and control embryos was processed
from the same experiment (typically 8–10 embryos). Total
RNA was isolated from TRIzol by chloroform extraction,
precipitated with ethanol in the presence of glycogen (Roche)
as a carrier, pelleted by centrifugation, resuspended in
diethylpyrocarbonate (DEPC)-treated water, treated with
RQ1 RNase-free DNase (Promega), phenol extracted, re-
precipitated with ethanol, and resuspended in DEPC-treated
water. RNA was reverse-transcribed with the ThermoScript�

RT-PCR System (Invitrogen) using random hexamer prim-
ers. After reverse transcription, 1 to 2 oocytes or embryo
equivalents were used as a template for each PCR; products
were separated on 2% agarose gels, visualized using ethi-
dium bromide, and photographed on a Gel Doc transillu-
minator (BioRad). Data were quantified using Quantity One
software (BioRad), and expression levels were recalculated
using H2afz as a reference gene. All primers used in this

Table 1. Primers Used in Reverse Transcription–Polymerase Chain Reaction Assays

Target Forward (5¢/3¢) Reverse (5¢/3¢)

H2afz CGTATCACCCCTCGTCACTT AAGCCTCCAACTTGCTCAAA
Rex1 (Exon IV) AAGCCGTATCAGTGCACGTTCGAAGGCT ATGCGTGTATCCCCAGTGCCTCTGTCAT
Rex1 (Exon III-IV) TCACTGTGCTGCCTCCAAGT CCCTTTCTGGCCACTTGTCT
Oct4 GGCGTTCTCTTTGGAAAGGTGTTC CTCGAACCACATCCTTCTCT
Cdx2 GCAGTCCCTAGGAAGCCAAGTGA CTCTCGGAGAGCCCAAGTGTG
Stella AGGCTCGAAGGAAATGAGTTTG TCCTAATTCTTCCCGATTTTCG
Nanog CACCCACCCATGCTAGTCTT ACCCTCAAACTCCTGGTCCT
Zscan4 5¢GAGGTCGAATTCTCTAGATTCA

AGTGTGAAGAATGTTCTAG3¢
CTCGACGAATTCTCAGTCAGA

TCTGTGGTAATTC
Zscan4 GAGATTCATGGAGAGTCTGACTGATGAGTG GCTGTTGTTTCAAAAGCTTGATGACTTC
Tcstv3 ACCAGCTGAAACATCCATCC CCATGGATCCCTGAAGGTAA
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study are shown in Table 1, and were used at 200mM. PCRs
were carried out in the linear range of amplification for 35
cycles of denaturation at 94�C for 30 s, followed by 30 s of
annealing, 1 min extension at 72�C, and final extension for
5 min.

Transfection and western blot to test siRNAs

Human embryonic kidney 293T cells were transiently
cotransfected on poly-d-Lysine-coated dishes using Lipo-
fectamineTM reagent (Invitrogen) with a mixture of plas-
mids that direct the expression of HA-tagged REX1 and the
siRNAs indicated. The day after transfection, cells were
rinsed once with 1 · ice-cold PBS, and cells were scraped in
40 mM HEPES, pH 7.6, 200 mM NaCl, 0.1% NP40, and
Complete� protease inhibitors without EDTA (Roche).
Cells were lysed by standard sonication, and lysates were
spun at 4�C for 10 min in an Eppendorf centrifuge at
12,000 rpm. Aliquots of the lysate were supplemented
with Laemmli sample buffer, separated by SDS-PAGE, and
analyzed by standard western blot.

Statistical analysis

Differences between groups of embryos were statistically
evaluated using the Pearson’s Chi-square test using a 95%
confidence interval. Differences with a P value of < 0.05 were
considered statistically significant.

Results

Expression of Rex1 mRNA and protein
during preimplantation development

In silico analysis indicated that Rex1 is expressed in
cleavage-stage embryos and in the blastocyst. The transcript
levels are probably upregulated early during ZGA (1- to 2-
cell stages) based on profiling data [40]. Using publicly
available databases of expressed sequence tags, among 31
cDNA clones described most originated from blastocyst and
ES cells (8 and 10, respectively) or 2- to 8-cell stage libraries
(Unigene database) (Fig. 1A).

We experimentally confirmed the expression pattern of
Rex1 mRNA during preimplantation stages suggested by
earlier studies [4,23] and in silico analysis. Significant ex-
pression of Rex1 was detected in ES cells used as a positive
control (Fig. 1C). RT-PCR analysis for preimplantation em-
bryos indicated some expression of Rex1 in the zygote, with a
slight decrease in Rex1 expression in the 2-cell embryo. From
the 4-cell stage onward, Rex1 mRNA levels gradually in-
creased during the 8-cell-to-blastocyst transition. Although a
different set of primers spanning the exon III-IV boundary
produced a slightly lower yield of product as compared to
exon IV primers, the overall pattern was no different. These
results suggest that Rex1 is already present (likely derived
from maternal stores) before the major burst of ZGA, and
increases expression once zygotic transcription is initiated.

To study the temporal and spatial expression pattern of
the REX1 protein, we used an affinity-purified polyclonal
serum raised against the aminoterminus of REX1. Using
this anti-REX1 antibody, we detected a 41-kDa protein un-
iquely present in mouse ES cells by western blot analysis of
extracts from mouse ES cells (in addition to some additional

bands that have not been characterized) [36]. The serum
had been tested previously by preincubation with the REX1
fragment used for immunization [33]. In accordance with
the presence of Rex1 transcripts throughout preimplanta-
tion development (Fig. 1C), immunostaining revealed REX1
expression at all stages tested, starting at the 1-cell stage
until the blastocyst stage. We detected anti-REX1 immu-
noreactivity in all cells, although aREX1 immunoreactivity

FIG. 1. (A) Expression sequence tag (EST) frequencies in
Unigene cDNA libraries. Out of 4.7 million mouse ESTs, 28
Rex1 sequences were restrictedly detected at the cleavage
stages, morula and blastocyst. (B) Representation of the geno-
mic structure of the Rex1 locus. Exons I–IV are indicated as
well as the resulting mRNA. Fragments amplified by reverse
transcription (RT)–polymerase chain reaction (PCR) are de-
picted as exon IV (primers 153–154, 260nt) and exon III–IV
(primers 223–224, 250nt). (C) Detection by RT-PCR of mRNA
encoding Rex1 in preimplantation mouse embryos. RNA ex-
tracted from 25 oocytes or embryos at each stage was reverse-
transcribed and subjected to PCR using primers indicated in
(B) or H2afz as a control. RNA extracted from E14T embryonic
stem (ES) cells was included as a positive control. O, oocyte at
metaphase II; Zy, zygote; 2, 2-cell; 4, 4-cell; 8, 8-cell embryos;
M, morula; B, early blastocyst; E, expanded blastocyst E4.5. The
lower band of the molecular-weight markers in the left-most
lane corresponds to a band of 250 base pairs. O-RT and B-RT
are oocyte-RT, and blastocyst-RT controls without reverse
transcription, a PCR without input ( - ) is shown to the right.
Color images available online at www.liebertpub.com/scd
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showed a dynamic subcellular localization pattern in a
mixed pattern of nuclear, perinuclear, and cytoplasmic lo-
calization from the 2-cell stage onward. Although a nuclear
protein in mouse ES cells [33], REX1 staining was evenly
distributed in the MII oocyte and also in the cytoplasm of
embryos up to the 4-cell stage (Fig. 2A). At the 8-cell stage,
staining was more concentrated in the nuclei, followed by a

return to a more even distribution between the cytoplasm
and the nucleus at the 16-cell stage.

Localization of REX1 in cleavage-stage embryos

To further confirm the observed patterns, we stained 8-cell
embryos injected with siRNAs (see below) to attenuate Rex1

FIG. 2. (A) REX1 is present throughout mouse preimplantation development. Indirect immunofluorescent detection of
REX1 in confocal sections of representative mouse embryos depicted as differential interference contrast microscopy images.
DAPI staining indicates chromatin (blue), while REX1 (A488, green) appears in a mixed nuclear, perinuclear, and cytoplas-
matic pattern in most embryos. Negative control embryos incubated without primary antibody processed in parallel are
depicted in Supplementary Fig. S1. O, oocyte at metaphase II; Z, zygote; 2, 4, 8: 2-, 4-, and 8-cell embryos; M, morula, B,
blastocyst. (B, C) REX1 in 8-cell embryos. Indirect immunofluorescent detection of REX1 in embryos injected with Rex1-
specific siRNAs (siR) or control siRNAs (siC), scale bar = 20 mm. (B) Confocal sections as in (A). (C) Quantification of staining
intensities using maximum projections over the Z-axis for 4 embryos per condition. Data show the corrected total cell
fluorescence; error bars represent the standard deviation. (D) REX1 is chromatin associated. Confocal sections as in (A) show
a representative example of anti-REX1 immunoreactivity in 8-cell embryos pretreated with Tx100 before fixation to extract
nonchromatin-bound protein.
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levels. Anti-REX1 immunoreactivity was dependent on the
presence of REX1, as staining was several-fold stronger in
embryos injected with control siRNAs (Fig. 2B, top panels;
siC) as opposed to embryos injected with siRNAs directed
against Rex1 (Fig. 2B, lower panels; siR). Quantification of
intensities confirmed this difference (Fig. 2C). Staining of the
control embryos also confirmed a more nuclear localization
in 8-cell embryos (Fig. 2B, top panels; siC), as opposed to
more even distribution between the cytoplasm and the nu-
cleus at both 4- and 16-cell stage embryos (Fig. 2A). To better
evaluate this phenomenon, we tested for the presence of
chromatin-associated REX1 after Triton extraction of soluble
protein. Under these conditions, we observed REX1 localized
toward the nuclear periphery in 8-cell embryos (Fig. 2D), as
opposed to the more even distribution throughout the nu-
cleus in 2- and 4-cell embryos (Supplementary Fig. S2A;
Supplementary Data are available online at www.lie-
bertpub.com/scd). In control experiments, staining was de-
pendent on the primary antibody (see SP in Fig. 2D) and the
presence of the nucleus in the confocal plane (Supplementary
Fig. S2B). The distinct pattern of REX1 localization observed
in 8-cell embryos is compatible with gene regulatory func-
tions at this stage.

Nuclear localization of REX1 in the blastocyst

As reported previously [33], REX1 protein was detected in
cells corresponding to both the ICM and the TE in E3.5
blastocysts (Fig. 2A), localizing in the cytoplasmic, nuclear,
and perinuclear compartments. REX1 protein is not associ-
ated with chromatin in mitotic cells (data not shown and Fig.
3A) and is excluded from the nucleoli at all times. Starting at
the early blastocyst stage (E3.5, Fig. 3A), staining turned
progressively more nuclear in a variable number of cells, and
a predominantly nuclear localization was obtained in late
blastocysts (Fig. 3B and Supplementary Fig. S3), especially in
the TE. To quantify this shift, staining in individual embryos
was arbitrarily designated Nuclear (primarily nuclear with a
cytoplasmic component) or Perinuclear, assigning separate
values for the ICM and TE. Data obtained from 29 pre-
expansion (E3.5) blastocysts are shown in Fig. 3D. In the TE,
34.8% of embryos displayed perinuclear staining, as opposed
to predominantly nuclear staining in 65.2%. In the ICM by
contrast, about equal numbers of embryos displayed peri-
nuclear-versus-predominantly nuclear staining (Fig. 3D).
Upon expansion, E4.5 blastocysts lost perinuclear staining,
and staining turned nuclear (with a cytoplasmatic compo-
nent) in most embryos stained. The majority of embryos
display uniquely nuclear staining in the TE (11 out of 13) and
ICM (12/13). Differences observed between E3.5 and E4.5
blastocysts were statistically significant both in the TE
(P = 0.026) and in the ICM (P = 0.005). Hence, we propose
that during blastocyst development in vitro, REX1 localiza-
tion shifts toward a predominantly nuclear localization
throughout the embryo.

In vitro development of Rex1-depleted embryos

We designed siRNAs to attenuate Rex1 expression, which
were obtained as regular siRNAs or as Stealth� RNAs
(Materials and Methods section). All siRNAs were tested by
cotransfection with HA-REX1 in 293T cells. The results show

that expression of HA-REX1 (Fig. 4A, control) was abolished
by cotransfection of S2 Stealth RNAs (and S1 and S3 to a
lesser extent), but not by other siRNAs tested or control
siRNAs (Fig. 4A).

To examine whether transient depletion of Rex1 affected
early embryonic development, 1-cell embryos were collected
and injected with control siRNAs or RNAs directed against
Rex1, and developmental progress was monitored daily. Si-
milar numbers of embryos were injected with either Rex1 or
control siRNAs (nonsense oligonucleotides) in each experi-
ment, and successful injection was visualized using coin-
jected Texas-Red (see Materials and Methods section;
Supplementary Fig. S4). Approximately 80% of each group
cleaved to the 2-cell stage during overnight culture (data not
shown). The 2-cell embryos were selected for further culture,
and developmental progress was examined daily. After in-
jection of embryos on 5 separate occasions and monitoring
development of over 200 embryos, we were unable to ob-
serve differences in developmental progress between em-
bryos injected with control siRNAs or siRNAs directed
against Rex1 (Supplementary Table S1). Control- and siRex-
injected embryos developed into morulae (76.7% and 78.1%,
respectively) and blastocyst (51.9% and 54.3%, respectively)
with equal efficiency. No statistically significant differences
were found between the 2 groups at the stages analyzed
(Supplementary Table S1).

Rex1 mRNA levels were monitored in injected embryos on
days 3 and 4, corresponding to morula and early blastocyst
stages, respectively. Expression was severely suppressed in
the siRex-injected embryos, and was significantly lower than
those in control embryos (Fig. 4B).

Preimplantation development of embryos
overexpressing Rex1

In the absence of a clear preimplantation phenotype in
embryos with attenuated levels of Rex1, we sought to ex-
amine the effects of overexpression. One-cell embryos were
injected with a vector driving ectopic expression of REX1 or
eGFP as a control, and subsequent development in vitro was
monitored in parallel on days 3 and 4 (42–44 and 66–68 h
after injection, respectively). We observed that as a group,
the Rex1-overexpressing embryos consistently developed
more slowly than the control-injected embryos. By 42 h
postinjection, 56.2% of Rex1-injected embryos had not
reached the 4-cell stage, compared with 33.8% of the control-
injected embryos (Fig. 5A). This delay in development was
maintained at the early morula stage (66 h, 50% vs. 73.6%
morula). These results establish that overexpression of Rex1
was associated with delayed progression through the early
cleavage divisions up to compaction.

In a next set of experiments, we followed development
over a slightly longer period to detect potential effects on
postcleavage development and used vectors driving ex-
pression of REX1 linked to IRESeGFP or eGFP as a control.
Similar numbers of 1-cell embryos were injected (day 1) with
each construct in each experiment, and subsequent devel-
opment in vitro was monitored in parallel every day. Cu-
mulative results of several experiments are shown in Fig. 5B.
Again, the Rex1-overexpressing embryos consistently devel-
oped more slowly than the control-injected embryos, in sta-
tistically significant numbers. By 18 h postinjection (day 2),
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FIG. 3. REX1 intracellular localization in blastocyst. Detection of anti-REX1 immunoreactivity in virtual confocal sections as
in Fig. 2. (A) Early blastocyst (E3.5). DAPI staining and the corresponding aREX1 immunoreactivity are shown in selected
confocal sections across the embryo. Scale bar = 20mm. White arrows point toward mitotic cells. Green arrows highlight nuclei
that stained positive for REX1 in green, corresponding. Blue arrows locate the DAPI staining of the same nuclei. (B) Detail of
the trophectoderm (TE) of a representative E3.5 embryo to highlight predominant nuclear staining. DAPI staining and the
corresponding aREX1 immunoreactivity are shown in every fifth section. Scale bar = 10mm. (C) Control embryo without
primary antibody (SP). Scale bar = 30mm. (D) Localization of REX1 in either the TE or the inner cell mass (ICM) in early (E3.5)
and late (E4.5) blastocysts. The table shows the number of embryos displaying predominantly nuclear staining (with a
cytoplasmatic component) or perinuclear staining, in relation to the total number of embryos analyzed. Differences between
E3.5 and E4.5 are statistically significant [w2 test; 95% confidence index (P £ 0.05)] in the predominance at E4.5 of nuclear
localization both in the TE (P = 0.026) and in the ICM (P = 0.005). Color images available online at www.liebertpub.com/scd
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only 83.5% of Rex1-injected embryos had reached the 2-cell
stage, compared to 94.5% of the control-injected embryos
(Fig. 5B). This delay in development was maintained during
the following days. By 42 h (day 3), the delay was even more
pronounced, as the number of Rex1-injected embryos at
the morula stage was only 41.9% as opposed to 74.4%
in the control embryos. This difference was maintained at
days 4 and 5, as the fraction of embryo reaching the blasto-
cyst stage was diminished in the overexpressing em-
bryos (17% vs. 45.7% and 25% vs. 44.4% on days 4 and 5,
respectively).

We wished to relate more directly Rex1 overexpression in
individual embryos with the phenotype observed. We in-
jected embryos with either a vector driving expression of
eGFP as a control, or expression of a REX1-IRESeGFP cas-
sette. The majority of embryos in each group cleaved to the
2-cell stage during overnight culture (data not shown). After
further culture in vitro, development to early (compacted)
morula was scored on day 3 or to blastocyst on day 5, and
compared to eGFP expression. Embryos in both groups that
expressed high levels of eGFP and developed into morulae
on day 3 were further cultured in vitro and analyzed again
on day 5 (Fig. 5C). In both groups, blastocysts were ob-
served, but much less in the REX1-IRESeGFP group (27.3%
vs. 100%, data not shown). Overexpressing embryos dis-
played retarded development (Fig. 5C), as expected from
previous experiments (Fig. 5A). Interestingly, embryos that

developed into blastocysts in the REX1-IRESeGFP group
(indicated with arrows, Fig. 5C) seemed to have lost trans-
gene expression, which underscores that Rex1 over-
expression interferes with blastocyst development. In
addition, these results confirm that eGFP overexpression
does not interfere with blastocyst development in our ex-
perimental setting.

Rex1 overexpression interferes with blastocyst
development

To assess the effect of Rex1 overexpression in individual
embryos, we used GFP expression to separate embryos as a
function of expression levels of GFP, and limited the assay to
embryos with normal cleavage-stage development. We in-
jected zygotes with either a vector driving expression of
eGFP as a control, or expression of a REX1-IRESeGFP cas-
sette. Injected embryos were selected for development into
the 2-cell stage the following morning (81%, day 2, Fig. 6B),
and beyond the 4-cell stage on day 3 (90%, Fig. 6B). On day
3, embryos were selected for low (absent) or high eGFP ex-
pression (Fig. 6A), cultured further in vitro up to day 5, and
analyzed and processed separately.

Using this direct comparison between control embryos
(low or absent eGFP levels) and Rex1-overexpressing em-
bryos (high eGFP levels), we show an almost 2-fold differ-
ence (Fig. 6D, 1.95) in blastocyst development between the 2
groups. While 66.7% of control embryos reached the blasto-
cyst stage, only 34.2% of Rex1-overexpressing embryos did
(Fig. 6C). Importantly, using the protocol developed (out-
lined in detail in the Materials and Methods section), this
particular difference in blastocyst development could be
observed in every experiment analyzed (n = 5; Fig. 6D and
Supplementary Table S2), although fold difference varied
between 1.5 and 2.9 (mean 1.95; Fig. 6D). We conclude that
Rex1 overexpression interferes with blastocyst development.

Marker gene expression associated with Rex1
gain- and loss-of-function

As Rex1 overexpression interfered with proper blastocyst
development, we assessed the expression of a variety of
lineage and pluripotency markers, that is, Oct4/Pou5f1, Stella,
Nanog, and Cdx2, in control embryos (low or absent eGFP
levels) and Rex1-overexpressing embryos (high eGFP levels).
No marked differences were observed between control and
Rex1-overexpressing blastocysts in expression levels of any
of the preimplantation markers tested (Fig. 7A). These results
suggest that although Rex1 overexpression interferes with
proper blastocyst development, TE and ICM lineages are
initially established, although not necessarily properly
maintained.

As Rex1 overexpression also slowed down cleavage divi-
sions, we assessed the expression levels of several genes with
distinct expression in 2–4-cell-stage embryos, including
Zscan4 and Tcstv3 [17,18]. We injected zygotes with the
REX1-IRESeGFP overexpression vectors (Fig. 6). Embryos
with either high (GFP[) or low (GFPY) expression of GFP
were selected in the 2-cell stage and assayed by RT-PCR. We
observed expression in 2-cell embryos of all markers ana-
lyzed (Fig. 7B). Overexpression of Rex1 in these embryos
(Fig. 7B) suppressed expression of Zscan4 *3-fold (Fig. 7B, C).

FIG. 4. Attenuation of Rex1 levels using siRNA technology.
(A) Western blot to detect HA-tagged REX1 in cell lysates
from transiently transfected 293T cells using aHA. Figure
shows HA-REX cotransfected with Stealth� RNAs
(Stealth1–3) or with regular siRNAs (si1Rex1 and si2Rex1).
Nontransfected 293T cells were included as a negative con-
trol. The band corresponding to HA-REX is indicated with
an arrow. The antibody also generates a nonspecific band in
all lanes. (B) Rex1 levels in injected embryos. Transcript
levels of Rex1 were assessed by semiquantitative RT-PCR
analysis in embryos injected with control siRNA (Con), Rex1
Stealth-2 siRNA (si), or a combination of Stealth-1 and
Stealth-2 siRNAs (2si). Expression levels were normalized
using H2afz as a reference gene. PCRs without input did not
yield any products (no input), and ES cell RNA was used as a
positive control for RT and amplification.
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FIG. 5. REX1 overexpression in preimplantation embryos. (A) Development of embryos injected on day 1 with vectors that
direct overexpression of REX1 or eGFP as a control. Data represent the total of 4 independent experiments. At days 3 and 4,
the embryos were scored for the number of cells and for the initiation of compaction (morula). The table shows the number
and fraction (in brackets) of embryos present at the stages listed. Development of REX1 and eGFP embryos differs signifi-
cantly at each time point (v2 test; **P < 0.01). (B) Preimplantation development of embryos injected at the 1-cell stage with
vectors directing expression of REX1-IRESeGFP or eGFP. Cumulative results of 4 independent experiments are expressed as a
percentage of embryos that have reached a defined stage on a given day. Stages are indicated as follows: 1, 2, 4 indicate 1-,2-,
4-cell embryos; 5–8 indicates 5–8-cell embryos; M, morula, B, blastocyst. Some dead embryos observed on day 5 are listed as
degenerate (deg.). Significant statistical differences observed between the 2 groups are indicated as follows (v2 test;
*P < 0.05;**P < 0.01; ***P < 0.001). (C) Preimplantation development of embryos injected at the 1-cell stage with vectors di-
recting expression of REX1-IRESeGFP or eGFP. The progress is shown in a typical experiment (out of many). One-cell
embryos were injected (day 1), and after overnight culture, those that cleaved to the 2-cell stage were selected for further
culture. Well-expressing embryos were selected on day 3 (left panel), and development was assessed on day 5 (right panel). The
red arrows point out the well-developed blastocysts in the REX1-overexpressing group, which seem to have lost high ectopic
expression. Color images available online at www.liebertpub.com/scd
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As a control, Tcstv3 levels were hardly affected by REX1-
IRESeGFP overexpression (Fig. 7B, C).

To confirm a potential role for Rex1 in control of Zscan4
expression, we assessed expression levels in Rex1 loss-of-
function embryos generated by microinjection of zygotes with
siRNAs directed against Rex1 (Fig. 4). Under these conditions,
Rex1 mRNA levels were about 9-fold attenuated in 2-cell
embryos (Fig. 7D, E). As opposed to Tcstv3, expression of
Zscan was downregulated about 10-fold by the injection of
siRNAs directed against Rex1 (Fig. 7D, E). We conclude that
both attenuation of Rex1 levels and overexpression interfere
with Zscan4 expression. These results demonstrate that Rex1
controls expression of Zscan4, a crucial regulator of preim-
plantation development in the mouse [20].

Discussion

Although Rex1 is best known as a highly specific stem cell
marker [27,28,30], previous reports [4,23] have suggested its
presence in early-stage embryos. We confirm the presence of
Rex1 both at the mRNA and protein level throughout mouse
preimplantation development, suggesting a functional role
in developmental control at early stages. Our data show that
aREX1 immunoreactivity is present in all cells of murine
preimplantation embryos at all stages. The extranuclear lo-
calization of REX1 we observe (Fig. 2) is not unprecedented.
Cytoplasmic/perinuclear staining has been described previ-
ously for several chromatin regulators, that is, CBX [41], TBP
[42], and most interestingly YY1 [43]. Transcription factors

FIG. 6. Blastocyst development in REX1-IRESeGFP-injected embryos. (A) Zygotes were injected with REX1-IRESeGFP-
expressing plasmids and cultured in vitro. The following days those that progressed to the 2-cell stage on day 2, and cleaved
to > 4-cell stages early on day 3, were selected for further culture. On day 3, embryos were separated in pools that express
high levels (GFP[) or low levels (GFPY) of REX1 (as judged by epifluorescence). Further development to blastocyst and gene
expression levels were compared between the 2 groups. (B) Development of injected embryos. The fraction of injected
embryos in 3 independent experiments that develop into the 2- or 4-cell stage as indicated. (C) Development after GFP
selection. The fraction of > 4-cell embryos that develop into blastocyst in 5 independent experiments is represented for
overexpressing (GFP[) versus nonexpressing embryos (GFPY). (D) Data from separate experiments (Supplementary Table
S2) were recalculated as the fold blastocyst development in nonexpressing embryos (GFPY) versus overexpressing (GFP[) in
each experiment. The differences observed between the 2 groups are statistically significant (v2 test; P < 0.001). Color images
available online at www.liebertpub.com/scd
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with a strict nuclear distribution in postimplantation em-
bryos may be localized in the cytoplasm earlier, as reported
for HP1g in 8-cell embryos [41] and YY1 in both the ICM and
trophoblast of an E3.5 blastocyst [43]. TBP protein also shows
nuclear as well as cytoplasmic expression in both the ICM
and TE at a similar stage [42].

We observe that aREX1 immunoreactivity displays a
combination of cytoplasmic, perinuclear, and nuclear locali-
zation, with dynamic changes at various stages. Relocaliza-
tion of REX1 is observed in 8-cell embryos (Fig. 2), and
during blastocyst development in vitro REX1 localization
shifts toward a predominantly nuclear localization
throughout the embryo (Fig. 3). These changes might coin-
cide with a change in regulatory contributions. In 8-cell
embryos, the shift may coincide with downregulation of
muERV-L [36], or may be related to the initiation of Tsix
expression [44]. On the other hand, in the late blastocyst,
nuclear REX1 may contribute to epigenetic modulation of
differentiation-specific genes [31] and to regulation of genes

coupled to degenerated endogenous retroviral elements
(ERV)-derived elements, which we have identified recently
( J. Schoorlemmer et al., manuscript in preparation). An in-
triguing possibility is that in the late-blastocyst Rex1 may
contribute to biallelic expression of Nanog [45] in the ICM.

Our results showing absence of major phenotypes in em-
bryos with reduced levels of Rex1 are compatible with pre-
vious reports on genetic loss-of-function models. In several
mouse models, homozygous Rex1-deficient offspring are vi-
able and fertile, although weak phenotypes are observed.
Rex1 phenotypes comprise the birth of a reduced number of
Rex1-deficient individuals [32], reduced litter size propor-
tional to the extent of Rex1 deficiency [34], and testicular
germ cell defects [35]. Important functions of Rex1 during
preimplantation development may be compensated for by
Yy1 and Yy2, genes whose zinc fingers are related to Rex1.
All 3 Yy1 family members are present during preimplanta-
tion development [23,43]. Alternatively, changes at the mo-
lecular level caused by Rex1 deficiency may be resolved or

FIG. 7. Gene expression in Rex1 gain- and loss-of-function mouse embryos. (A) One-cell embryos were microinjected (day 1)
with plasmids that direct expression of REX1-IRESeGFP or eGFP as a control, and embryos were separated in (GFP[) or
(GFPY) groups as explained in the legend to Fig. 6A. RNA levels were analyzed by semiquantitative RT-PCR in embryos
taken on day 5. RT-cDNA from equivalent amounts of embryos was amplified with primers specific for the genes indicated;
H2afz was used as a control for input. The figure shows an ethidium bromide-stained gel scan from a representative
experiment. RNA extracted from E14T ES cells was processed alongside as a positive control. The following templates were
used for amplification: E14T ES cells (ES), embryos overexpressing eGFP as a control (eGFP), embryos with low or neglectable
Rex1 overexpression levels (GFPY), embryos with high Rex1 overexpression (GFP[), or Milli-Q water as a negative control
(none). (B–E) Deregulation of Zscan4. (B) Embryos were injected on day 1, separated in (GFP[) and (GFPY) groups on day 2,
and RNA levels were analyzed by semiquantitative RT-PCR in embryos taken on day 2 as described in the legend to Fig. 7A.
The figure shows an ethidium bromide-stained gel from 1 representative experiment out of 2 performed. None stands for no
cDNA input. (C) Quantification of data shown in (B). Expression levels are represented relative to H2afz levels (gray and
black bars for GFP[and GFPY, respectively). (B) Embryos were injected with siRNAs and analyzed as described in the
legend to Fig. 4B (si). (E) Quantification of data shown in (D). Expression levels are represented relative to H2afz levels (gray
and black bars for Rex1 and Control, respectively).
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compensated without doing harm, in such a way that em-
bryos that manage to escape such a bottleneck may resume
development and are no further affected.

In contrast to Rex1 loss-of-function, we show that over-
expression of Rex1 interferes with proper preimplantation
development. Rex1-overexpressing embryos show devel-
opmental delay maybe as early as day 2, delayed entry into
the 4-cell stage, and a reduced percentage of embryos pro-
gressing to the blastocyst stage (Fig. 5B). Moreover, we
were able to directly relate overexpression with aborted
blastocyst development (Figs. 5C and 6). As impaired
blastocyst development was observed in embryos without
previous defects (Fig. 6A, B), Rex1 might exert 2 different
and independent functions during cleavage stages and in
the blastocyst. We present the earliest molecular phenotype
that can be attributed to Rex1 loss- and gain-of-function,
which is deregulation of Zscan4 expression. We propose
that Rex1 regulates Zscan4 expression by direct binding to
so-far unidentified regulatory elements and recruiting
LSD1/KDM1A (see below). Although attenuation of Rex1
interferes with Zscan4 expression, (Fig. 7D), phenotypes of
Zscan4 loss-of-function [18] are much more severe than
those of Rex1 loss-of-function (Supplementary Fig. S4 and
Supplementary Table S1). Partial loss of Rex1 might allow
for sufficient Zscan4 expression to alleviate the preimplan-
tation phenotype.

In contrast to recovery after cleavage-stage delays, Rex1
overexpression interferes with development into the blasto-
cyst stage, and disintegration occurs later on. Surprisingly,
levels of preimplantation (Oct4/Pou5f1 and Stella) or lineage
markers (Nanog and Cdx2) appear normal in embryos de-
formed by Rex1 overexpression (Fig. 7A), indicating that
lineage separation is properly initiated. It will be important
to determine the amount of Nanog-positive cells in GFP + /
GFP - cells. Preliminary results show that in the blastocyst
mitosis might be affected under our experimental conditions,
similar to results obtained in ES cells (D. Guallar, M. Climent
et al., unpublished data).

In the absence of hard evidence, we can only speculate
regarding the physiological relevance of the gene regulation
defects caused by Rex1 overexpression that we have ob-
served. We do note that, however, both in the case of
muERV-L [36] and Zscan (Fig. 7), overexpression and atten-
uation of Rex1 levels affect the same target genes. In accor-
dance with the presence of Rex1 throughout preimplantation
development, we demonstrate changes in gene expression
caused by overexpression of Rex1 at different time points: in
2-cell embryos (Zscan4, Fig. 7B) and in 8-cell embryos
(muERV-L, [36]). Separately, we show that Rex1 controls the
expression of a group of genes regulated through cis-acting
degenerated ERV-derived elements during blastocyst devel-
opment ( J. Schoorlemmer et al., manuscript in preparation). It
is presently unknown whether the molecular phenotypes we
observe at different stages are the result of a cascade of in-
structive events that necessarily follow each other. Alter-
natively, they might represent independent regulation events
controlled by localization or by stage-dependent processes
such as the presence of cofactors and target access.

Furthermore, it remains an open question whether any of
these deregulated genes may directly interfere with blasto-
cyst development. Considering the interplay between Rex1
and LSD1 in the regulation of muERV-L expression [36], we

have initiated studies to determine lineage determination
and fixation defects in Rex1-overexpressing embryos similar
to those caused by LSD1 deficiency [46]. We have recently
shown that REX1 can interact with LSD1 [36], raising the
intriguing possibility that REX1 titrates LSD1 levels. The
observation that the Rex1 target Zscan4 is transiently induced
during ZGA raises the possibility that Rex1, its close relatives
Yy1 and Yy2, as well as interacting proteins Trim28 (TIF1/
Kap1) and LSD1 may play roles in ZGA. Although suggested
previously [47], the importance of gene regulation through
degenerated ERV-derived elements during these stages may
be even more pervasive than appreciated so far. Irrespective
of the exact molecular events underlying the Rex1 over-
expression phenotype, we believe that our results reinforce
the notion that Rex1 function is relevant during preimplan-
tation development.
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