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Embryonic stem cells stably transfected with mRARB2-lacZ
exhibit specific expression in chimeric embryos
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Hubrecht Laboratory, Netherlands Institute for Developmental Biology, Utrecht, The Netherlands

ABSTRACT Using the embryonic stem (ES) cell/chimera approach, we have studied the activity of
the mouse retinoic acid receptor B2 (mRARB2) promoter during ES cell differentiation and during
embryonic development. Stable ES clones were isolated after introduction of a 1.8 kb mRARBrlacZ
expression cassette. LacZ expression in these stable clones was specifically induced by retinoic acid
IRA) in a similar fashion as the endogenous RARB2 gene. Following introduction of three different ES
clones into blastocysts, an integration-independent mRARB2-lacZ expression pattern was obtained in
chimeric embryos similar to that described by in situ hybridization and transgenic studies. Moreover,
mRARB2-lacZ expression was also detected at some additional sites not described before, e.g. body
wall, ureter, mesonephric duct and optic stalk. Maternal RA administration at 8.5 days of pregnancy
extended lacZ expression to more anterior and posterior regions. Transgenic mice were generated
from germ-line transmission of the transfected ES cells; expression pattern and changes in expression
upon RA induction in these transgenic embryos were identical to those in chimeric embryos. We
conclude that by using the ES/chimera approach, the proximal 1.8 kb of the mRARB2 promoter pro-
duces a reliable and reproducible expression pattern of the reporter gene, and that the ES cell/chimera
approach is invaluable for the study of gene expression and regulation.
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Introduction

RA has a wide spectrum of effects on embryonic development.
Treatment of embryos with excess RA induces malformations of
different tissues including hindbrain, neural tube, craniofacial
tissue. vertebrae and limbs in different vertebrates (Kochhar, 1973;
Sulik et al.. 1988; Tibbles and Wiley, 1988; Durston et a/.. 1989:
Kessel and Gruss, 1991; Morriss-Kay et al., 1991). Local applica-
tion of high concentrations of RAto the chicken limb bud mimics the
zone of polarizingactivlty(Tickle et al., 1982). In vitro, RAcan induce
differentiation of a variety of cells (Breitman et al.. 1980; Lotan,
1980). including embryonal carcinoma (EC) cells (Strickland and
Mahdavi, 1978: Edwards and McBurney, 1983) and ES cells (Smith
and Hooper, 1987).

It is now known that RA functions through binding to specific
receptors (RARs) which are members of the steroid/thyroid hor-
mone receptor superfamily (Evans. 1988). RARs act as nuclear
transcriptional activators or repressors on target gene promoters
(Gudas, 1992). Three different RARs, a, B. y(Giguere et al., 1987:
Petkovich et al., 1987: Benbrook et al., 1988: Brand et al.. 1988:
Krust et al., 1989; Zelent et al., 1989) and more recently a second
class of related receptors, designed RXRs, a (Mangelsdorf et al.,
1990), B (Yu et al.. 1991), and y (Leid et al.. 1992) have been

discovered, The fact that transcripts of the different RARs exhibit
unique expression patterns in the embryo suggests that each
receptor may have a distinct function during development (Dolle et
al.. 1989, 1990: Ruberte et al.. 1990. 1991). RARB expression is
mainly detected in the central nervous system, the facial areas. the
digestive tract. the urogenital system. in the limbs and sense
organs (Dolle et al.. 1990, Ruberte et al.. 1991).

Different isoforms were identified for members of the RAR
subfamily which are generated by differential splicing and/or
different promoter usage (Kastner et al.. 1990. Leroy et al.. 1991.
Zelent et at., 1991). For the RARS gene, three isoforms have been
described with different exons encoding the A domain of the
receptor: RARBl and RARB3are transcribed from a distinct promoter
more than 20 kb upstream of the RARB2 promoter. and RARB2 is the
most active form in RA-treated EC or ES cells and in embryos (Zelent
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Fig. 1. Structure of the mRARI\-lacZ expression cassette (AI and its
transient expression in P19 ECcelis (B). (A) Schematic representatIOn of
the construct containing 1.8 kb of mRARf3 promoter (open box). 3_4 kb of
lacZ coding sequence (filled box) and 1. l1:b of pMC 1Neo (hatched box)
The restriction sites used for linearization of the plasmid (Kpnl) and
digestion of genomic DNA for Southern hybridization (EeaRI and Xhol) are
marked with K, E and X, respectively- (B) mRARG -laeZ expression in

transiently transfected P19 EC cells in the absence (Rtr) or presence of RA
(RA+) at a concentration of 1 11M for 24 h.

et al., 1991), indicating an important role of the RAR152 gene during
early development.

In previous studies we have characterized both human and
mouse RAR62 promoters in P19 EC cells and found that, in addition
to the RA-responsive element (RARE) at position -59 (de The et at..
1990; Hoffmann et a/., 1990; Sucov et al., 1990), more upstream
sequences contribute to the RA-inducibility as well (Kruyt et a/..
1991; Shen et al., 1991). Although the EC cell is a very useful
system for studying RAR62 regulation in vitro, its regulation during
embryonic development is not understood. Rossant et al. (1991)
have recently produced transgenic embryos using a lacl reporter
gene under the control of three copies of the RAR6TRARE coupled
to a heat-inducible (hsp68) promoter. In a recent study, transgenic
mice carrying a 3.8 kb mRAR62 promoter-Iacl fusion gene were
reported by Mendelsohn et al. (1991).

To study RAR62 promoter regulation in vivo, we have chosen the
ES cell/chimera approach similarto that described by Lovell-Badge
et al. (1987). ES cells derived from the inner cell mass of the
blastocyst resemble both inner cell mass and EC cells in many
respects (Rossant and Papa ioannou, 1984). After re-introduction
into embryos, they can participate in all tissues originated from
three germ layers including functional gametes. Single copy integra-
tion of a reporter gene, rather than multiple integration usually
occurring upon microinjection of DNA into pronuclei of fertilized
eggs, can be achieved relatively easily in ES cells byelectroporation,
without interference with their developmental potency. Both integra-
tion and expression patterns ofthe reporter gene can be determined
in vitro before returning cells to embryos. In addition, ES cells can
be maintained as undifferentiated stem cells in conditioned medium
from Buffalo rat liver cells (BRL-CM), or can be differentiated into
different cell types by transfer to minimal essential medium (MEM)
or by addition of RA (Mummery et al., 1990). Therefore, this ap-
proach is the only method making it possible to connect in vitro and

in vivo studies, and this is the first study of this type for a member
of the steroid/thyroid receptor superfamily.

In this report we describe the isolation of stable ES clones
containing the mRAR6Tlacl transgene in one or multiple copies.
Transgene expression was studied during ES cell differentiation in
vitro and during development in chimeric embryos as well as in ES
cell-derived transgenic embryos. The results show that 1.8 kb
mRAR62 promoter can direct lacl expression both in stable ES cells
and in embryos in a manner similarto that of the endogenous RARB2
gene. Moreover, maternal administration of RA extends the borders
of lael expression to more anterior and posterior regions.

Results

The mRARB~lacZ vector and its expression in vitro
As we described before (Shen et a/.. 1991), 1.8 kb of the most

proximal sequence of the mRARB2 promoter contains sufficient
information to direct transient lacl expression in EC cells in a RA-
inducible manner. To investigate the RAR62 promoter activity during
embryonic development through the ES cell/chimeric embryo ap-
proach, we constructed an expression cassette by coupling the
mRARB2-lacl construct to the neomycin-resistance gene (Fig. lA).
This construct was tested by a transient expression assay in P19
EC cells. As can be seen in Fig. lB, lacl was hardly expressed in
transfected cells in the absence of RA (Fig. lB, RA-), while after
addition of RA at a concentration of 1 JlM for 24 h, expression was
significantly induced (Fig. 18, RA+).

To obtain ES cells with stable integration of the expression
cassette, the construct was linearized atthe 3' end of the neomycin-
resistance gene and introduced into ES cells by electroporation.
Resistantclones were isolated after three weeks ofG418 selection.
Subsequently, these clones were treated with RA and stained with
X-gal to detect lacl expression in comparison with cells maintained
in BRL-CM. RA-inducible laeZ expression was observed after 48 h of
RA treatment in most isolated clones.

Among these clones, three (lF5, 2E5 and 2F3) were character-
ized by Southern hybridization (Fig. 2). When genomic DNA from
these clones was digested with EeaRI and hybridized with the lael
coding sequence, a 3.0 kb DNA fragment was detected in all clones
as expected (Fig. 2B). When EcaRi-digestedgenomic DNA was probed
with the mRAR62 promoter sequence, a 1.8 kb hybridization signal
was observed besides the 4.2 kb endogenous fragment (see Fig. 2A
and Shen et al..1991). Quantification ofthe 32p signal revealed that

both 2E5 and lF5 clones, which were isolated from two independ-
ent electroporations, contain a single copy integration. However,
the 2F3 clone has multiple integrations of the reporter gene (not
shown).

ES cells can be differentiated by addition of RA to the BRL-CM or
by maintaining cells in MEM (Mummery et a/., 1990). However, RARB
transcripts are only expressed in RA-treated cells, but not in cells
differentiated in MEM (our unpublished observation). Consistent
with endogenous RAR8 induction, the mRAR62-lacl gene was
strongly expressed in cells in the presence of RA, but there was
practically no expression in cells either maintained in BRL-CM or
differentiated in MEM (Fig. 3). LacZ expression in these ES c"lones
is relatively sensitive to RAtreatment as 10-9 M RAcan induce lacl
expression significantly (data not shown). Among different clones,
there was no significant difference in the transgene expression
when the 8-gal activity was quantified by assaying cell extracts with
Q-nitrophenyl-8-galactopyranoside (not shown). Rapid induction of



A

Plas. E14 2E5 2F3 IF5

.- - - .~ -4.3

- ..,
"

-1.8

mRARj32,lacZ "-'pressioll ill chimeric embryos 467

B

Plas. EI4 2E5 2F3 IF5

-3.6.. -~-
-2.3

Fig. 2. Southern hybridization of stably transfected ES cell lines. Ten Jig of genomic DNA from three independent clones (2£5, 2F3 and 1F5) as well

as negative control DNA from non-transfected ES cells (£14) were loaded per lane. As apositive control, 15 ng plasmid DNA (plas.) was added to 10 J.1Q
of £14 genomic DNA. Genomic DNA was digested with feaRI restriction enzyme and hybridized wirh the 1.8 kb of PZPJ-Iabefed mRARI3 promoterlAJ
or 3 kb lacZ coding sequence (B). DNA size is indicated in kilobase. The integration copy numberaf the transgene for 2E5 and 1FS clones w~s determined
on the Phosphorimager by the ratio of the transgene signal (1.8 kb) over the endogenous gene signal (4.2 kb, 2 copies) in each eel/line.

lacl expression in combination with its down-regulation after 5 days
of RAtreatment indicates that RARB2is an early response gene in
the RA-mediated differentiation pathway.

In conclusion, these results demonstrate that the 1.8 kb of the
mouse RARB2promoter sequence can regulate lacl expression in
a fashion similar to that of the endogenous RARB gene in these
stably transfected ES clones.

Mouse RARBrlacZ expression in chimeric mouse embryos
To investigate the RARB2promoter-directed laclexpression during

embryonic development, the three independent clones described
above were injected into a total of 316 blastocysts obtained from
superovulated females. After transfer of 272 (86.1%) manipulated
embryos into uteri of foster mothers. 168 (61.8%) embryos were
recovered at mid-gestation stages and 127 (75.6%) chimeric
embryos were identified based on X-gal staining (Table 1).

A potential problem in studying gene expression in chimeric
embryos is that in a given embryo, information may be lost due to
a restricted distribution of ES cells. We tried to overcome this
problem by introducing a total of 20 to 30 ES cells into each
blastocyst in orderto increase the ratio of ESjinner cell mass cells.
In this way, transgene-like chimeric embryos with highly identical
lacl expression patterns were obtained (Fig. 4F). Moreover. the
results showed that 1.8 kb of the mRARB2promoter expressed the
lacl reporter gene in an integration-independent manner, since
chimeric embryos with different clones of ES cells revealed identical
and age-dependent staining patterns (see below, Fig. 7A,C and E).
In addition, the lacZtransgene was detected in all organs of a new-
born chimeric mouse by Southern hybridization (Fig. 5). These data
together with other independent evidence demonstrate that ESj
chimera is a reliable and reproducible approach for the study of
gene expression during development (see discussion).

By 9.5 days, mouse embryos possess 21-29 somites with
apparent forelimb buds at the level of 8-12th somite, while the
hindlimb buds have not appeared yet. The anterior neuropore is
closed but the posterior neuropore still remains open. In chimeric
embryos at this stage, mRARB2-lacl was strongly expressed in the
spinal cord with a sharp anterior border, caudal to the third
pharyngeal arch at the closure point of the neural tube (Fig. 4A).
However, the posterior border of lacl expression was located at the
level of 12th somite, neither identical to the RARB transcripts

detected by in situ hybridization (Ruberte et aI" 1991) nor similar
to expression in transgenic animals (Mendelsohn et al., 1991;
Rossant et al., 1991) in which it was localized to the posterior
neuropore, In the spinal cord caudal to the 12th somite, expression

was reduced abruptly. In agreement with in situ hybridization data
(Dolle et al., 1990), B-gal activity was observed in the fronto-nasal
region (fn, Fig, 4A). In the region of the forelimb bud, strong staining
appeared in the anterior part at the base of the limb bud (Fig. 4A).
In sections, staining was detectable in developing gut and heart
(Fig. 6G). The lateral body wall ventrally to the somites expressed
the lacZ transgene in a thin line along the anterior/posterior (AjP)
axis caudal to the forelimb buds; expression at this position
continued up to 12.5 days and disappeared in day 13.5 embryos
(arrows in Figs. 4 and 7).

A day 10.5 embryo consists of 35-39 somites with the appear-
ance of hindlimb buds as an important feature. At this stage, lacl
expression in the anterior part of the neural tube was similar to that
in day 9.5 embryos and remained very strong (Fig. 48), and staining
also appeared at the position of hindlimb buds. However, in the
spinal cord between fore- and hind-limb buds B-gal activity continued
to be weak. In contrast, staining at the lateral body wall (arrow, Fig.
48) became more intense, with stronger expression near the
forelimb buds. In intact embryos. high B-gal activity was observed
in spinal ganglia in the regions corresponding to lacl expression in
the neural tube, while sections revealed that staining was mainly
limited to the outer layer of spinal ganglia (not shown). Expression
at the base of the forelimb bud was reduced compared to day 9.5
embryos, whereas very weak staining appeared at the base ofthe
hindlimb bud. In sections mRARBTlacl expression was also ob-
served in developing gut, lung bud and heart (not shown).

In day 11.5 chimeric embryos, expression at the anterior part of
the spinal cord was similar to that in day 10.5 embryos, while at the
posterior part of the neural tube corresponding to developing
hindlimb buds (between the 21st and 25th somite), staining was
becoming stronger (Fig. 4C). LacZ expression along the body wall
was increased caudally in the direction of the hindlimb bud. In
sagittal sections. high B-gal activity was detected in mesonephros
and metanephros, and weak expression was present in the devel-
oping lung and eye (not shown).

By 12.5 days. the hand-plates are becoming indented. the
tongue is delimited from the jaw. and the gonads are formed and
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Fig. 3. mRARB -lacZ expression in stable ES clones is specifically induced by RA. Three stable clones (2E5, 2F3, and 1F5) were maintained in BRL-
CM. differentia1ed in the presence of RA (111M) or differentiated spontaneously in MEM fOf 2 or 5 days as indicated. Cells were fixed and stained with
X-gal.
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Fig. 4. mRARB .lacZ expression in chimeric mouse embryos. ES cells resulting from stable transfection of the mRARf3 -lacZ constructwereinrroduced
into embryos b~ blastocyst injection. Developing chimeric embryos were dissected from foster mothers at mid-gestation2and stained with X-gal. Embryos
from day 9.5 to 13.5 are depicted from A to E, respectivelv. Under Fa lirterofday 9.5 chimeric embryos is shown. The frontonasaf region is marked with
fn (A), and arrow indicates staining of the body wall.

separated from the mesonephros. In the forelimb region from the
level of inner ear in the hindbrain to that of the 11th somite, the
spinal cord was strongly stained (Figs. 40 and 6A). Expression in the
neural tube at the level of the hindlimb bud (from the 19th to 26th
somite) became as strong as that in the forelimb region, while
between these two domains B-gal activity remained very low.
Staining on the body wall along the AlP axis reached its highest level
at this stage during embryonic development (Figs. 4D and 6C). In
developing sense organs, the lacl gene was expressed in the
retinal layer (not shown) and in the optic stalk (on, Fig. 6B), in the
epithelium and adjacent mesenchymal cells of the nasal chamber
(Fig. 6A) and in the inner ear (e, Fig. 6D). Strong staining was found
a!the back of the tongue and adjacent mandible (Fig. 6A), while jaw

and oral epithelium stained weakly. In the brain, lacl expression
was absent except for weak staining in the myelencephalon and in
Rathke's pocket (not shown). In sections low B-gal activity was
observed in the lung (Iu, Fig. 6F) and in the trachea and the pleural
sac (ps, Fig. 6F). Strong expression was found in mesonephros (m,
Fig. 61), kidney (k, Fig. 6H), ureter (u, Fig. 6H) and mesonephric duct
(md, Fig. 6H) as well as at the base of the genital eminence (ge, Fig.
6H). The B-gal activity was also present in the urethra and umbilical
cord, but almost undetectable in the allantoic bladder (ab, Fig. 6G),
except where connected to ureter and mesonephric duct. In the
digestive system, staining was detectable in esophagus (not
shown), stomach (st, Fig. 6C and G), intestine (in, Fig. 6G) and
rectum. The mRAR8Tlacl expression was also observed in the
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Fig. 5. Distribution of the laeZ transgene in different organs of a new-
born chimeric mouse containing transfected ES cells (1 F5) detected
by Southern hybridization of genomic DNA with laeZ probe. Lanes 1
and 3 contain 70pg control DNA from non-transfected E14cells and normal
mouse liver. respectlve/y. Five ,ug genomic DNA from 1F5 celfs was loaded
on lane 2 as a positive control. Ten pg genomic DNA from head. forelimb.

hindlimb. rail, skin. heart lung, liver. kidney, reproductive system, digestive
system and the remaining tissues were added in lane 4 to 75. respectively.

heart (he, Fig. 6E) throughout 9.5 to 12.5 days, while weak staining
was also observed in the pericardial layer of day 12.5 embryos.
However. staining in the interdigital region of limbs was hardly
detectable (not shown). Consistent with in situ hybridization data
(Dolle et al., 1990), expression in liver, gonads, somites, ribs or tail
was completely lacking_

In general, day 13.5 (Fig. 4E) and 14.5 (not shown) chimeric
embryos showed progressivety limited lacZ staining. The main
expression domains were found in the spinal cord at the position of
the fore- and hind-limbs, in mesonephros and kidney, while the
intensity of staining in the spinal cord was much weaker compared
to embryos of 12,5 days.

RA-induced lacZ expression In chimeric embryos
The data presented above demonstrated that ES cells with

stable integration of the mRARBTlacZ construct express the lacZ
gene in a RA-inducible manner. On the other hand, RA is well-known
to cause malformations in a variety of embryonic tissues when
applied during pregnancy (Kochar, 1973; Sulik et a/.. 1988; Tibbles
and Wiley. 1988; Kessel and Gruss, 1991; Morriss-Kay et al..
1991) and RA-induced abnormal development has been correlated
with changed Hox gene expression (Kessel and Gruss, 1991;
Morriss-Kay et al., 1991). To reveal mRARBTlacZ expression caused
by excess RA, pregnant animals carrying chimeric embryos were

treated with RA at 8.5 day of gestation. After 20 h, embryos were
removed and stained with X-gal to visualize RA-induced RARB2-lacZ
expression. Control chimeric embryos were obtained from mothers
which received oil injection only.

The most striking effect of RA treatment was the shift in lacZ
expression to more anterior and posterior regions. In control
embryos with three independent clones. a distinct and reproducible
anterior border of mRAR82-lacZ expression was observed at the
closure point of the neural tube, posterior to the otic vesicle (arrow
head. Rg. 7). In chimeric embryos with ES cells containing a single
copy of the reporter gene (clone 1F5 and 2E5), this border was
shifted to the metencephalon (Fig. 7F). Sections of RA-treated
embryos demonstrated that staining was present in all organs
except the forebrain and developing tail bud (Fig. 7F). In chimeric
embryos with 2F3 cells -containing multiple copies of the reporter
gene - the whole embryo was strongly stained after RA treatment

(Fig. 78), similar to the results obtained in transgenic mice with the
RARE-hsplacZ or RARE-tklacZ transgene (Rossant et a/..1991; Balkan
et a/.. 1992). In addition, application of 1 mg of all-trans RA to the
mother at the 8.5 day pregnancy caused a delay in development:
half of the embryos recovered on the next day were practically
arrested at the stage of RA application (not shown).

LacZ expression in transgenic embryos obtained from germ-line
transmission of chimerae

Forty-five chimeric males were born after introduction of three ES
clones (lF5, 2E5 and 2F3) derived from E14 (isolated from agouti
mouse strain 129(01a, Handyside ef a/.. 1989) into MF1 albino
embryos. Agouti mice were obtained from 1F5-<:ontaining chimeric
males after breeding with MF1 albino females. Southern hybridiza-
tion showed the transmission of lacZ transgene in approximately
half of agouti mice (not shown) and expression of the lacZ transgene
was examined in transgenic mice (Fig. 8).

The staining patterns of 10.5 (Fig. 8A) and 13.5 (Fig. 8B) day
transgenic embryos were very similar to those of chimeric embryos
(Fig. 48 and E). As in the chimeric embryos. lacZ expression in the
interdigital region was not found in these transgenic embryos (Fig.
88). To reveal the mRAR82-lacZ expression also in early embryonic
development. transgenic embryos at 4.5, 6.5 and 8.5 days were
examined. In day 4.5 embryos, lacZ was weakly expressed in
trophectoderm cells (not shown). In vitro culture of blastocysts in
M16 medium in the presence of 1 ~M RA overnight resulted in weak
induction of staining in primitive endoderm cells (not shown). When
6.5 day egg cylinders were cultured in MEM medium containing
7.5% fetal calf serum, staining was hardly visible, however, in the
presence of 1 ~M RA. X-gal activity was slightly induced in the
extraembryonic part (not shown). To be sure that RA can be active
in these embryos under the culture conditions employed, 8.5 day
embryos were incubated overnight in MEM containing 7.5% fetal
calf serum with or without 1 ~M RA. X-gal staining revealed stronger
and more extended lacZ expression (Fig. 80) in comparison to non-
RA-treated embryos (Fig. BG), consistent with the situation in
chimeric embryos (Fig. 7).

Discussion

ES cells have been widely used for studies on cell differentiation
(Smith and Hooper, 1987; Mummery et a/., 1990), gene inactiva-
tion by homologous recombination (see review Capecchi, 1989) as
well as for promoter trapping (Gossler et al.. 1989; Friedrich and
Soriano, 1991). In this paper we extend the ES cell/chimera
approach (Lovell-Badge et a/., 1987) to the study of a ligand.
inducible and developmentally regulated gene. In vitro, expression
of the reporter gene can be characterized in the transfected ES
cells. In vivo, ES cells introduced in blastocysts were virtually
contributing to all embryonic organs and tissues as was supported
by four independent lines of evidence. First, similar expression
patterns ofthe transgene were obtained among chimeric embryos
with three different ES clones (Fig, 7A,C and E). Second, maternal
administration of RA induced mRARB2"lacZ expression in the whole
embryo (Fig. 70). Third, hybridization of genomic DNAfrom a new-
born chimeric mouse showed that the mRAR82-lacZ transgene was
present in all organs tested. including those devoid of lacZ staining
such as head, limbs, tail,liver and reproductive system (lanes 4,5
and 6, 7, 11 and 13, respectively, in Fig. 5), although there is a
difference in the intensity of the transgene (ES cell) distribution



mRARji2-lacZ expression in chimeric embryos 471

Fig. 6. mRARB -lacZ expression in sagittal sections of a day 12.5 chimeric embryo. ab, allantOic bladder; bw, body wall; e, inner ear; ge, genital
eminence; he. ~eart; In, intestine; ki, kidney; Ii, liver; lu. lung; m, mesonephros; md, mesonephric duct; on, optiC stalk; p5, pleural sac, st, stomach; and
U, ureter.
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Fig. 7. RA-induced mRARB -lacZ expression in chimeric embryos. RA-treated embryos containing 2£5. 2F3 and 1F5 cells are shown In 8, 0 and F,
respectively with their corre~ponding control embryos in A. C and E. Under G and I sections are shown from embryos in E and F, respectively. Arrow
head indicates otic vesicle. and arrow indicates body wall staining.
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Fig. B.lacZ expression in ES ceIl11FS).derived transgenic embryos. (AI A day 10.5 embryo.IBI A day 13.5 embryo. fC) A dayB.5 embryo cultured
for 20 h in MEM containing 7.5% (v/v) fetal calf serum. ID) A day 8.5 embryo from the same litter cultured under the same condition as in C.but with
the addition of 111M RA.

among different organs. Fourth. transgenic mice derived from
transfected ES cells showed laeZ staining pattern comparable to
chimeric embryos (see Figs. 4 and 8). Therefore. undetectable

expression of the reporter gene in these organs of chimeric embryos
is unlikely to be due to the absence of ES cells. but more likely
reflects gene regulation in vivo. In this way we studied the expres-
sion pattern of a specific promoter. the mRARB2. The results showed
that in general, the 1.8 kb mRARB2 promoter sequence was suffi-
cient to direct lacl expression in a pattern similar to that of
endogenous RARB gene. In stably transfected ES cells, significant
induction of lacZ expression by RA was already detected at 10.9 M.
in agreement with the endogenous RARB induction in EC (Kruyt et
aJ.. 1990) or ES cells (unpublished results).

In the majority of tissues from chimeric embryos, the pattern of
mRARB2-lacl expression was consistent with results obtained by in
situ hybridization (Dolle et al.. 1990; Ruberte et al., 1991) or by
transgene studies (Mendelsohn et aJ.. 1991; Rossant et al..1991)
(for a comparison see Table 2)_ In the head region, mRARB2-lacZ
expression was observed in the retinal layer, in the epithelium o!the
nasal chamber and in the inner ear, tongue, mandible and jaw. In
internal organs. strong expression was detected in mesonephros.

--

kidney and at the base of genital eminence, while relatively weak
staining was seen in lung, gut, stomach, intestine, rectum and
pancreas_ On the other hand, no expression was found in brain,
liver, orgonads.ln contrast to RARE-hsplacZ or RARE-tklacZ transgene
studies (Ross ant et al., 1991; Balkan et al., 1992), no B.gal activity
was detected in somites. In addition, we observed strong expres-
sion in the optic stalk, ureter, mesonephric duct and some specific
regions of the body wall similar to the results obtained with
transgenic mice by Reynolds et al. (1991) and weak expression in

myelencephalon and Rathke's pocket which may represent expres-
sion in the embryonic brain detected by Northern hybridization
(Zelent et 81.. 1991),

The mRARBTlacZ transgene expression on the body wall was
developmentally and spatially regulated. Expression first appeared
in day 9.5 embryos as a sharp line caudally to the forelimb buds and
ventrally to somites. The intensity of expression was stronger
towards the forelimb bud in day 9,5 and 10.5 embryos. Following
the formation and further growth of the hindlimb buds, staining in
the direction of the hindlimb buds was increased concordantly. At
this position, lacl expression reached a maximum in day 12.5
embryos but disappeared abruptly within the next day. This expres-

--
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TABLE 1

NUMBER OF CHIMERIC EMBRYOS OBTAINED AFTER
BLASTOCYST INJECTION WITH ES CLONES CONTAINING

MRARB .LACZ REPORTER GENE,
No. Embryos (percentage)

Clone Age (days) Injected Transferred Recovered X-galStained

2E5 9.5 50 42 27 26
2E5 10.5 42 35 26 19
2E5 11.5 27 22 9 7
2E5 12.5 10 10 3 3
2E5 13.5 15 15 5 3

2F3 9.5 26 26 20 18
2F3 10.5 27 19 14 11
2F3 11.5 9 9 7 7
2F3 12.5 9 9 5 5

lF5 9.5 42 31 22 4
lF5 10.5 16 11 6 4
lF5 11.5 7 7 4 3
lF5 12.5 20 20 13 13
1F5 14.5 16 16 7 4

-
Total 316 272186.1 %1 168161.8%1127175.6%1

Organs In chimeric Transgene expression
embryos Ins/win
11.8 kbl 3.8 kb 121 RARE 13'

--
Spinal cord two domains + + +
Eye

retina + + + +
lens +
optiC stalk + n.d n.d n.d

Nose
epithelium + + + +
mesenchyme + + n.d

Inner ear
epithelium + + + +
mesenchyme + + n.d

Tongue + + n.d n.d
Mandible + + nd +
Jaw + n.d + +
Lung + + n.d
Pleural sac + n.d n.d
Heart + nd
Pericardla1 membrane + + n.d
Gut + + + n.d
Stomach + + + +
Kidney + + + +
Mesonephros + + + n.d
Ureter + n.d n.d n.d
Mesonephric duct + n.d n.d n.d
Urethra + + n.d +
Genital eminence base + nd nd
Limb

base mesenchyme + + + +
interdigital + + +

Brain telencephalon
liver
Gonad
Somite +
Body wall + n.d n.d nd
RA Induction whole embryo nd limited whole embryo

11Dolle eta!.. 1990.
2)Mendelsohn et al., 1991.
3, Rossant etal., 1991.
+/- indicates the presence/absence of lacZstaining or RARf1 transcripts.
n.d., not descnbed

sian seems not to be ectopic. since the pattern was observed with
all ES cell lines tested (Fig. 7A.C and E). It remains possible that
sequences located distally from the 1.8 kb promoter are responsi-
ble for the repression of RARB2 expression on the body wall.

As can be seen from Table 2, there are locations in which the
mRARBTlacZ expression is different from the previous reports
(Dolle ef al..1990; Mendelsohn ef al..1991; Rossant et a/..1991;
Ruberte ef a/.. 1991). In the spinal cord. RAR8 transcripts (Dolle et
al.. 1990; Ruberte et al.. 1991) as well as expression of RARE.
hsplacZ transgene were detected continuously along the AlP axis.
However. in chimeric embryos. the mRARB2-lacZ was predominantly
expressed in the spinal cord with the same anterior border, but with
a different posterior border at the level of the 12th somite in day 9.5
embryos. Later, in day 12.5 embryos a second expression domain
appeared at the region where hind limbs were developing, while
staining between fore- and hind-limbs or posterior to the 25th
somite was very weak or undetectable. If the RARB2 promoter
contains an enhancer activating its expression in the middle part of
the neural tube, this enhancer is not present in the adjacent 2 kb
upstream sequence since the gap in lacZ expression was also
reported in day 11.5 and 12.5 transgenic embryos with 250 base
pair. 625 base pair. 3.1 kb (Reynolds et al.. 1991). 3.5 kb (our
unpublished observation). or 3.8 kb (Mendelsohn et a/.. 1991) of
the promoter. It is more likely that the discontinuous mRARBzlacZ
expression in the spinal cord indicates that different RARB isoforms
specify distinct domains along the neural tube during development
since all transgenic mice with different lengths of mRARB2 promoter
(from 7.5 kb to 187 base pair) revealed the same expression
pattern in the spinal cord (data not shown).

We observed lacZ expression in the heart of chimeric embryos,
which was also reported in transgenic embryos with the RARE-
hsplacZ (Rossant et al.. 1991) and in adult heart by Northern

hybridization (Zelent et al., 1991). Expression in the pericardial

--

membrane is consistent with the findings using a 3.8 kb mRAR82
promoter sequence (Mendelsohn et al., 1991), while staining in the
pleural sac may result from differential stability of RARB2 and lacZ
transcripts and/or diffusion of B-gal activity.

Although mRARB2-lacZ expression in the spinal cord, spinal
ganglia, and body wall was closely related to the position Of the limb
buds, expression in the interdigital regions as observed in other
studies (Dolle ef al..1990. Mendelsohn ef a/..1991. Rossant et al..
1991) was undetectable in this study. It is unlikely due to the
absence of ES cells in the interdigital regions because the mRARB2-

TABLE 2

COMPARISON OF mRARB,-LACZ EXPRESSION IN CHIMERIC
MOUSE EMBRYOS WITH DATA OBTAINED BY IN SITU HYBRIDIZA.

TION'" AND TRANSGENE EXPRESSION STUDIES".3I



lacZ transgene was detected in both fore-and hindlimb(lane 5 and
6 in Fig. 5, respectively) in a new-born chimera. Furthermore, we
have generated transgenic mice from germ-line transmission of the
1F5 cell line and staining in the interdigital regions does not appear
in the transgenic offspring either (data not shown). Interestingly,
staining in this region was variable among a litter of embryos
dissected from a female crossed with a transgenic male carrying a
lacZ transgene under the control of 3.5 kb mRARB2 promoter se-
quence (unpublished observation).

The mRARB2-lacZ expression pattern observed may reflect en-
dogenous levels of retinoids since in cultured cells lacZ expression
isverysensitiveto RAtreatment, and invivo, administration ofexcess
RAto mothers induces lacZ expression in whole embryo. Moreover,
addition of RAto in vitro cultured transgenic embryos resulted in a
comparable pattern of lacZ induction (see Figs. 7 and 8). However,
it seems retinoids are not the only factor determining mRARB2-lacZ
expression. Recent reports have demonstrated that expression of
RXRs as well as other co-regulators are possibly involved in RARB2
regulation and that formation of RAR/RXR heterodimers is critical
lor binding to RAREs (Glass et ai., 1989, 1990; Yu et al.. 1991;
Kliewer et al.. 1992; Leid et ai.. 1992; Zhang et al.. 1992). Addi-
tional regulatory sites on the upstream part of the promoter for
tissue-specific factors may also exist. Identification of the com-
plexes responsible fordifferential RARB2 regulation and systematic
characterization of RARB2 promoter activityduringembryonicdevel-
opment will be useful for a full understanding of the function of
RARs.Availability 01 RARI3.laeZ transleeted ES cells and ES cell-
derived transgenic mice as described above will assist in further
understanding of the RA network: endogenous retinoids, retinoid
receptors and unknown accessory factors, the relationship between
RARB2expression and cell differentiation, and the effect of domi-
nant negative mutants during development.

Materials and Methods

The mRARBz-'acZ expression cassette and Southern hybridization
The Xhol-Hindlll fragment of the neomycin-resistance gene from the

pMC1NeoPA vector (Strategene) was inserted into the same restriction sites
of the p1C-20Rvector(Marsh etal., 1984), pIC-Nea. A5.6 kb ofmRAR8rlacl
(Xhol-Xbal) fragment from pMR8-lacl-PA (Shen et al., 1991) was claned into
the £coFN site of pIC-Neo. The construct was linearized by Kpnl before
electroporation.

Genomic DNA from ES cell pellets and mouse tissues were isolated
according to the protocol described by Hogan et ai, (1986). Southern hy-
bridization of the genomic DNAwas done following the protocol given by
Ausubel et al. (1987).

Cells. transfectlon and detection of expression
Transient assays for lacl expression upon induction by all-trans RA in

P19 EC cells were carried out as described earlier (Shen et al.. 1991).
ES cells (E14. Handyside et al.. 1989) were maintained in BRL-CMcon-

taining20% (vjv}fetal calf serum. Approximately 107 cellswereelectroporated
with 40 pg linearized DNAat 240 V, 500 pF in 0.8 ml Ca2+. and Mg2+-free
PBS. Subsequently, cells were plated on gelatin-coated 6-well dishes
(Costar, USA) and G418 was applied at a concentration of 200 pg/ml two
days later. Resistant clones were isolated three weeks after selection when
no control cells electroporated in the absence of DNAhad survived.

The X-gal staining procedure far ES cells was identical to that described
for EC cells (Shen et a/.. 1991).

Manipulation of embryos
Embryo manipulationswere carried out as described by Hogan et al. (1986).

Blastocysts were obtained from superovulated MF1 females at 3.5 days of
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pregnancy and 20-30 transfected ES cells were introduced per embryo by

blastocyst injection (Shen, 1990).
For lacl staining, embryos were fixed in PBS containing 1% (v/v)

formaldehyde, 0.2% (vjv) glutaraldehyde and 0.02% (vjv) NP-40 at 4"C for
30 min and washed twice in PBS at room temperature for 20 min. Staining
was carried out overnight at 30cC in PBS containing 1 mgjml X-gal. 2 mM
MgCI2, 5 mM K4Fe(CN}6 and 5 mM K3Fe(CN)6'

Sectioning of the embryos was performed according to the standard
paraffin section procedure after fixation of stained embryos in 4% (w/v)
paraformaldehyde in PBS at 4~C overnight. Photographs were taken from the

dark field view.

RA administration
All-trans RA (30 ,..LI)at a concentration of 0.1 M in DMSO was diluted to

0.2 ml with rape oil and applied into the pharynx of a mother at 8.5 days of
pregnancy. Control mothers were received 0.2 ml of oil only. After 20 h, RA-

treated embryos and control embryos were recovered and stained with X-gal
as described above.

Acknowledgments
We thank Dr. Anton Berns (Amsterdam) for the £14 cell line. Olivier

Oestree for advice and Siegfried W. de Laat for helpful discussions and
continuous support.

References

AUSUBEL. F.M., BRENT. R.. KINGSTON. R.E.. MOORE. D.O., SEIDMAN.J.G.. SMITH.
J.A. and STRUHL. K. (Eds.) (1987). Current Protocols in Molecular Bioiogy. Greene
Publishing Associates and Wiley-Interscience Press. New York, Chichester. Bris-
bane, Toronto and Singapore.

BALKAN. W., COLBERT. M.. BOCK. C. and LINNEY. E. (1992). Transgenic indicator mice

for studying activated retinoic acid receptors during development. Proc. Natl. Acad.
Sci. USA 89: 3347-3351.

BENBROOK. D.. LERNHARDT.E. and PFAHL. M. (1988). A new retinoic acid receptor
identified from a hepatocellular carcinoma. Nature 333: 669.672.

BRAND, N.. PETKOVICH.M.. KRUST. A., CHAMBON, P.. DE THE. H.. MARCHIO,
A"TIOLLAIS, P. and DEJEAN. A. (1988). Identification of a second rctinoic acid

receptor. Nature 332: 850.853.

BREITMAN.T.R" SELONICK.S. and COLLINS. S.J. (1980). Induction of differentiation
of the human promyelocytic leukemia cell line (HL 60) by retinoic acid. Proc. Natl.
Acad. Sci. USA 71: 2936-2940.

CAPECCHI.M.R. (1989). Altering the genome by homologous recombination. Science
244: 1288-1292.

DE THE. H., DE MAR VIVANCO.RUIZ. M., TIOLLAIS. P., STUNNENBERG. H. and DEJEAN.

A. (1990). Identification of a retinoic acid responsive element in the retinoic acid
receptor gene. Nature 343: 177-180.

DOLLE, P., RUBERTE. E.. KASTNER.
P"

PETKOVICH.M.. STONER, C.M.. GUOAS. L.J.
and CHAMBON, P. (1989). Differential e~pression of genes encoding u:. Band [
retinoic acid receptors and CRABP in the developing limbs of the mouse. Nature
342: 702-704.

DOLLE. P" RUBERTE. P.E.. LEROY. P.. MORRISS-KAY,G. and CHAMBON.P. (1990).
Retinoic acid receptors and cellular retinoid binding proteins: I. A systematic study
of thei rdifferential pattern of tran scription during mou se organoge nesis. Development
110: 1133-1151.

DURSTON, A.J.. TIMMERMANS. J.P.M., HAGE. W.J.. HENDRIKS.H.F.J.. DEVRIES. N.J..
HEIDEVELD. M. and NIEUWKOOP. P.O. (1989). Retinoic acid causes an
anteroposterior transformation in the developing central nervous system. Nature
340: 140-144.

EDWARDS, M.K.S. and McBURNEY. M.W. (1983). The concentration of retinoic acid
determines the differentiated cell types formed by a teratocarcinoma cell line. Dev.
Bioi. 98: 187-191.

EVANS, R.M.(1988). The steroid and thyroid hormone receptor superfamily. Science
240: 889.895.

FRIEDRICH.G. and SORIANO. P. (1991). Promoter traps in embryonicstem cells: a
~enetic screen to identify and mutate developmental genes in mice. Genes Dev. 5:
1513-1523.

GIGUERE. V.. ONG, E.S., SEGUI, P. and EVANS.R.M. (1987). Identification of a receptor
for the morphogen retinoic acid. Nature 330: 624-629.



476 S. S/1"/I et al.

GLASS. C.K" DEVARY, a.v. and ROSENFELD. M.G. (1990). Multiple cell type-specific
proteins differentially regulate target sequence recognition by the ex retinoic acid
receptor. Cell 63: 729-738.

GLASS, C.K., LlNPKIN. S.M.. DARY, a.v. and ROSENFELD. M.G. (1989). Positive and
negative regulation of gene e~pression by a retinoic acid-thyroid hormone receptor
heterodimer. Gel/59: 697-708.

GOSSLER. A., JOYNER, A.L.. ROSSANT, J. and SKARNES, w.e. (1989). Mouse embry-
onic stem cells and reporter constructs to detect developmentally regulated genes.
Science 244: 463-465.

GUDAS. L.J. (1992). Retinoids. retinoid-responsive genes, cell differentiation, and
cancer. Cell Growth Differ. 3: 655-662.

HANDYSIDE, A.H.. O'NEILL. G.T.. JONES. M. and HOOPER. M.L. (1989). Use of BRL-
conditioned medium in combination with feeder layers to isolate a diploid embryo-
nal stem cell line. Raux Arch. Dev. Bioi. 198: 48-55.

HOFFMANN. B.. LEHMANN. J.M"ZHANG, X.-K.. HERMAN. T., HUSMANN. M.. GRAUPNER.
G. and PFAHL. M. (1990). A retinoic acid receptor-specific element controls the
retinoic acid receptor-B promoter. Mol. Endocrlno/. 4: 1727-1736.

HOGAN, B.. COSTANTINI, F. and LACY, E. (Eds.) (1986). Manipulating the Mouse Embryo:
A Laboratory Manual. Cold Spring Harbor Press, New York.

KASTNER, P.H.. KRUST. A., MENDELSOHN.
C"

GARNIER, J.-M., ZELENT, A., LEROY. P..

STAUB. A. and CHAMBON. P. (1990). Murine isoforms of retinoic acid receptor"'f
with specific patterns of expression. Proc. Natl. Acad. Sci. USA 87: 2700.2704.

KESSEL. M. and GRUSS, P. (1991). Homeotictransformations of murine vertebrae and
concomitant alteration of Hox codes induced by retinoic acid. Cell 67: 89-104.

KLIEWER.SA. UMEOSONO.K.. MANGEL5DORF,D.J. and EVANS,R.M. (1992). Retinoid
X receptor interacts with nuclear receptors in retinoic acid, thyroid hormone and
vitamin D3 signalling. Nature 355: 446-449.

KOCHHAR,D.M. (1973). limb development in mouse embryos. I. Analysisofteratogenic
effects of retinoic acid. Teratology 7: 289-298.

KRUST. A.. KASTNER, P., PETKOVICH. M., ZELENT, A. and CHAMBON. P. (1989). A third

human retinoic acid receptor hRARI. Proc. Natl. Acad. Sci. USA 86: 5310-5314.

KRUYT.F.A.E.. VANDE BRINK. C.E.. DEFIZE. L.H. K" DONATH,M.J., KASTNER. P.H.,

KRUIJER. W.. CHAM BON, P. and VAN DER SAAG, P.T. (1991). Transcriptional
regulation of retinoic acid receptor B in RA-sensitive and -resistant P19

embryocarcinoma cells. Mech. Dev. 33: 171-178.

LEID. M., KASTNER,P.. LYONS. R.. NAKSHATRI.H.. SAUNDERS. M" ZACHAREWSKI,
T., CHEN. J.-Y.. STAUB. A., GARNIER. J..M.. MADER. S. and CHAM BON, P. (1992).
Purification, cloning, and RXRidentity of the Hela cell factor with which RARor TR
heterodimerizes to bind target sequences efficiently. Ge1/68: 377-395.

LEROY.P.. KRUST. A.. ZELENT,A., MENDELSOHN,C., GARNIER,1.-M.. KASTNER, P.,

DIERICH.A.and CHAMBON.P. (1991). Multiple isoforms of the mouse retinoic acid
receptor a are generated by alternative splicing and differential induction by retinoic
acid. EMeG). 10: 59-69.

LOTAN.R. (1980). Effects of vitamin A and its analogues (retinoids) on normal and
neoplastic growth. Biochim. Biophys. Acta 605: 33-91.

LOVELL-BADGE, R.H.. BYGRAVE. A., BRADLEY, A.. ROBERTSON, E., TILLY. R. andCHEAH,

K.S.E. (1987). Tissue-specific expression of the human type II collagen gene in
mice. Proc. Natl. Acad. Sci. USA 84: 2803-2807.

MANGELSDORF,D.J., ONG. E.S., DYCK.J.A. and EVANS,R.M. (1990). Nuclear receptor
that identifies a novel retinoic acid response pathway. Nature 345: 224-229.

MARSH. J.L.. ERFLE, M. and \"IYKES. E.J. (1984). The piC plasmid and phage vectors
with versatile cloning sites for recombinant selection by insertional inactivation.
Gene 32: 481-485.

MENDELSOHN. C.. RUBERTE. E., LEMEUR. M.. MORRISS-KAY, G. and CHAM BON, P.
(1991). Developmental analysis of the retinoic acid.inducible RARB2 promoter in
transgeniC animals. Development 113:723-734.

MORRISS.KAY.G.M., MURPHY. P., HILL.R.E. and DAVIDSON.D.R. (1991). Effects of
retinoic acid excess on ~xpression of Hox-2.9 and Krox-20 and on morphological
segmentation in the hindbrain of mouse embryos. EMBO). 10: 2985-2995.

MUMMERY. C.L., FEYEN. A., FREUD. E. and SHEN, S. (1990). Characterization of
embryonic stem cell differentiation: a comparison with two embryonal carcinoma
cell lines. Gell Differ. Dev. 30: 195-206.

PETKOVICH.M.. BRAND.N.J.. KRUST, A. and CHAMBON.P. (1987). A human retinoic
acid receptor which belongs to the family of nuclear receptors. Nature 330: 444-
450.

REYNOLDS, K., MEZEY. E. and ZIMMER. A. (1991). Activity of the B-retinoic acid
receptor promoter In transgenic mice. Mech. Dev. 36: 15-29.

ROSSANT. J. and PAPAIOANNOU,V.E. (1984). The relationship between embryonic.
embryonal carcinoma and embryo-derived stem cells. Cell Differ. 15: 155-161.

ROSSANT, 1.. ZIRNGIBL, R.. CADO. D., SHAGO, M. and GIGUERE, V. (1991). Expression

of a retinoic acid response element.hsplacZ transgene defines specific domains of
transcriptional activity during mouse embryogenesis. Genes Dev. 5: 1333-1344.

RUBERTE,E., DOLLE, P., CHAMBON. P. and MORRISS-KAY,G. (1991). Retinoic acid
receptors and cellular retinoid binding proteins: il. Their differential pattern of
transcription during early morphogenesis in mouse embryos. Development 111:
45-60.

RUBERTE, E.. DOLLE, P., KRUST, A.. ZELENT, A., MORRISS-KAY, G. and CHAMBON, P.
(1990). Specific spatial and temporal distribution of retinoic acid receptor gamma

transcripts during mouse embryogenesis. Development 108: 213-222.

SHEN. S. (1990). Developmental potency of mouse primitive ectoderm cells, embry-
onic ectoderm cells and primordial germ cells after blastocyst injection. Cell Res.
1: 53-65.

SHEN, S., KRUYT,FAE., DENHERTOG,J., VANDERSAAG.P.T. and KRUIJER, W. (1991).

Mouse and human retinoic acid receptor 82 promoters: sequence comparison and
localization of retinoic acid responsiveness. DNA Sequence 2: 111-119.

SMITH, A.G. and HOOPER, M.L. (1987). Buffalo rat liver cells produce a diffusible
activity which inhibits the differentiation of murine embryonal carcinoma and
embryonic stem cells. Dev. Bioi. 121: 1-9.

STRICKLAND, S. and MAHDAVI. V. (1978). The induction of differentiation in
teratocarcinoma stem cells by retinoic acid. Ge1/15: 393-403.

SUCOV. H.M., MURAKAMI,K.K. and EVANS. R.M. (1990). Characterization of an
autoregulated response element in the mouse retinoic acid receptor type B gene.
Proc. Nat!. Acad. Sci. USA 87: 5392-5396.

SULIK. K.K.. COOK, C.S. and WEBSTER, W.S. (1988). Teratogens and craniofacial
malformation: relationship to cell death. Development (Suppl.) 103: 213-232.

THALLER.C. and EICHELE.G. (1987). Identification and spatial distribution ofretinoids
in the developing chick limb bud. Nature 327: 625-628.

TIBBLES. L. and WILEY.M.J. (1988). A comparative study of the effects of retinoic acid
given during the critical period for inducing spina bifid a in mice and hamsters.
Teratology 37: 113-125.

TICKLE,C., ALBERTS,B., WOLPERT,L. and LEE.J. (1982). Local application of retinoic
acid to the limb bud mimics the activity of the polarizing region. Nature 296: 564-
566.

YU, V.C., DELSERT, C., ANDERSON. B.. HOLLOWAY, J.M.. DEVARY, O.V., NAAR, A.M..

KIM. S.Y.. BOUTIN. J.-M.. GLASS. C.K. and ROSENFELD, M.G. (1991). RXRB: A
coregulatorthat enhances binding of retinoic acid, thyroid hormone. and vitamin D
receptors to their cognate response eiements. Ge1l67: 1251-1266.

ZELENT, A., KRUST, A., PETKOVICH. M., KUSTER, P. and CHAMBON.P. (1989). Cloning
of murine a and B retinoic acid receptors and a novel receptor '( predominantly
expressed in skin. Nature 339: 714-717.

ZELENT,A.. MENDELSOHN.C.. KASTNER.P., KRUST, A.. GARNIER, J.-M., RUFFENACH,
F., LEROY. P. and CHAMBON. P. (1991). Differentially expressed isoforms of the

mouse retinoic acid receptor B are generated by usage of two promoters and
alternative splicing. EMBO. J. 10: 71-81.

ZHANG. X-K., HOFFMANN, B., TRAN, P.B.V., GRAUPNER, G. and PFAHL, M. (1992).

Retinoid X receptor is an auxiliary protein for thyroid hormone and retinoic acid
receptors. Nature 355: 441-446.

.-\fO'j;/rd for jmh!im/irlT/: ()f/o/1fT /992


