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ABSTRACT In a retinoic acid (RA) gene-
trap screen of mouse embryonic stem (ES) cells, a
novel gene, named Aquarius (Aqr), was identified
and characterized. The promoterless lacZ marker
was used to trap the genomic locus and to deter-
mine the expression pattern of the gene. Aqr
transcripts are strongly induced in response to
RA in vitro. During embryogenesis, Aqr is ex-
pressed in mesoderm, in the neural crest and its
target tissues, and in neuroepithelium. Expres-
sion was first detected at 8.5 days postcoitum,
when neural crest cells are visible at the lateral
ridges of the neural plate. The gene-trapped Aqr
locus was transmitted through the mouse germ
line in three genetic backgrounds. In the F2
generation, the expected mendelian ratio of 1:2:1
was observed in all backgrounds, indicating that
homozygous mice are viable. Homozygotes are
normal in size and weight and breed normally.
The gene trap insertion, however, does not seem
to generate a null mutation, because Aqr tran-
scripts are still present in the homozygous mu-
tant animals. The Aqr open reading frame has
weak homology to RNA-dependent RNA polymer-
ases (RRPs) of the murine hepatitis viruses and
contains an RRP motif. Aqr was mapped to mouse
chromosome 2 between regions E5 through F2 by
using fluorescence in situ hybridization analysis.
Dev. Dyn. 1998;212:304–317. r 1998 Wiley-Liss, Inc.
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INTRODUCTION

Over the next decade, the complete DNA sequence of
a mammal will become available. This information will
serve as a resource with which to decipher the genetic
instructions required for embryological development,
organogenesis, and the functioning of various cell types
in the adult. The challenge for biology will be to
characterize functionally all of the genes involved in
these processes and in disease. Over the past few years,
various strategies have been developed and refined to
clone the genes corresponding to existing mutant or

disease phenotypes or to isolate genes that are the
mammalian homologs of genes in other organisms that
are more amenable to genetic analysis. These ap-
proaches can also be coupled with gene targeting in
embryonic stem (ES) cells to generate mice with muta-
tions in any desired gene. However, these procedures
are expensive, slow, and labor intensive; hence, they are
not yet sufficiently robust to apply on a genome-wide
level.

Insertional mutagenesis, based on a stochastic inser-
tion of exogenous DNA into the genome of ES cells,
provides another approach to generate novel mutations
in the mouse germ line. Furthermore, if the insertional
construct includes features such as a promoterless lacZ
cassette, then the inserted DNA provides an easy
readout of the normal expression pattern of the
‘‘trapped’’ gene, and partial sequence information of
flanking exons can be derived by various polymerase
chain reaction (PCR)-based amplification strategies.
This process of gene trapping offers a feasible and
potentially robust strategy to mutagenize and character-
ize the entire mouse genome.

Given the very large size of the mammalian genome
and large numbers of genes, pseudogenes, and noncod-
ing regions, many of the ES clones that are isolated by a
totally nonselective gene trapping strategy will harbor
insertions in regions of the genome that are never
expressed. Furthermore, large portions of the remain-
ing insertional events are likely to be in genes that may
not be of immediate interest. For example, in a recent
test for feasibility of large-scale gene trap mutagenesis,
Wurst et al. (1995) recovered 279 gene trapped clones
in a screen for developmentally regulated genes. Thirty-
six clones (13%) exhibited restricted patterns of gene
expression in embryonic and extraembryonic tissues,
88 (32%) showed widespread expression, and 155 (55%)
failed to show detectable levels of expression at 8.5 days
of gestation.
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Two approaches have been described that are de-
signed to enrich for particular subsets of trapping
events in vitro, prior to the generation of mice. Skarnes
et al. (1995) developed a gene-trapping construct that
was designed to trap genes that encode secreted and
membrane-spanning proteins, such as receptor tyro-
sine kinases, phosphatases, cadherin, and laminin. The
screening strategy was based on an in-frame insertion
of the CD4 transmembrane domain with the bgeo
reporter gene as the trapping vector, thereby capturing
any insertion occurring downstream of a signal se-
quence.

In another approach, we previously reported identifi-
cation and preliminary characterization of 20 gene trap
integrations in ES cells that were screened in vitro for
response to exogenous retinoic acid (RA; Forrester et
al., 1996). All but one of these integrations subse-
quently showed unique and tissue-specific patterns of
expression during embryogenesis. Sequence analysis
from six integrations revealed five novel genes and one
previously identified gene, the protooncogene c-fyn.
Germ-line transmission and breeding uncovered one
homozygous embryonic lethal insertion and three homo-
zygous viable insertions. A novel family of RA-respon-
sive, repetitive sequences was also identified in this RA
screen (Sam et al., 1996).

To better understand B-cell development at the mo-
lecular level, the genetic response of B-lineage cells to
bacterial lipopolysaccharide (LPS; a potent stimulator
of B cells) was also examined in a gene trap approach.
Novel LPS-responsive genes were identified and shown
to have restricted expression within the B-lymphoid
lineage (Kerr et al., 1996).

In other gene trap studies, novel genes with develop-
mentally restricted expression patterns have been iden-
tified, and it has been shown that their expression is not
disturbed by the insertion of the gene trap vector.
Loss-of-function phenotype of homozygous mutant em-
bryos has also been characterized. Takeuchi et al.
(1995) generated a gene trap mouse mutation, jumonji,
that leads to defective neural tube closure and embry-
onic lethality before day 15.5 of gestation. The gene is
expressed predominantly in the cerebellum and at the
midbrain-hind brain boundary, and its deduced amino
acid sequence shares a portion of significant homology
with human retinoblastoma-binding protein, RBP-2.
Chen et al. (1996) inactivated the murine Eck receptor
tyrosine kinase by a retroviral gene trap insertion and
showed that the expression of the Eck promoter was not
affected by provirus integration. The function of a-E-
catenin in mouse preimplantation development was
also defined by using a gene trap approach (Torres et
al., 1997). It was shown that a loss-of-function mutation
in a-E-catenin results in disruption of the trophoblast
epithelium and a subsequent developmental block at
the blastocyst stage.

The experiments described above demonstrate the
power of gene trapping to identify and analyze novel
genes and their expression and function in the mouse.

In this report, we describe the isolation and character-
ization of the mammalian Aquarius gene, which has
been identified by using the RA-induction gene trap
strategy described above and by using Internet-based
database access and resources. We believe that the
combined gene trap and database approach has consid-
erable potential in increasing the pace of gene discovery
and functional analyses, particularly as the sequence of
the mouse genome comes on line.

RESULTS

The Aquarius gene described in this report was
identified in a gene trap screen of totipotent mouse ES
cells that was designed to capture genes responsive to
exogenous RA (Forrester et al., 1996). In this approach,
the gene trap construct carrying a splice acceptor site 58
of the promoterless lacZ was integrated randomly into
the mouse genome by electroporation. Twenty gene-
trapped ES clones were isolated that were either in-
duced or repressed after 48 hr of exposure to RA. This
paper describes the cloning of the Aqr gene from one
such clone, I193. This ES clone was of particular
interest to us, because its lacZ was strongly induced in
response to RA. RA and its derivatives regulate impor-
tant biological processes, including cell proliferation,
differentiation, and morphogenesis, in a variety of
developmental systems (Mangelsdorf et al., 1995).

Cloning of the RA-Responsive Aquarius Gene

To examine RA responsivity, I193 cells were grown in
the presence or absence of leukemia inhibitory factor
(LIF), which maintains ES cells in an undifferentiated
state, and in the absence of LIF and in the presence of
RA for 48 hrs. The cells were then stained for lacZ
activity. Figure 1A–C shows that the lacZ reporter gene
was strongly induced in the I193 cell line in response to
RA, indicating the RA responsivity of the trapped locus.
To determine RA response in vivo, we fed pregnant
mothers with RA and stained embryos for lacZ activity
(see Experimental Procedures). We did not detect any
reproducibly significant change in the extent of stain-
ing in the embryos from RA-treated mothers versus
those from untreated mothers. It is possible that meta-
bolic conversion of RA in mothers prevents exposure of
embryos to an adequate dose of RA.

To obtain sequence information about the trapped
gene, 58-rapid amplification of cDNA ends-PCR (RACE-
PCR) was carried out twice in two independent reac-
tions on total RNA isolated from RA-treated I193 cells.
Both experiments yielded an identical 0.4-Kb cDNA,
which was cloned and sequenced. One hundred and
fifty bases of the cDNA were derived from the gene trap
vector. The 58 half of the RACE product was the Dr
repeat element that we have characterized previously.
We have published their sequences (Sam et al., 1996),
and Dr sequences have been submitted to the GenBank
(accession nos. U51725-U51727). The 38 half of the
RACE product was novel, with an open reading frame
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(ORF) from a 58 exon of a novel gene, which we have
designated Aquarius (Aqr).

We used the 58 exon as a probe on Northern blot
analysis of RNA isolated at different time points from

wild-type R1 ES cells treated with RA (Fig. 1D). Three
mRNA isoforms of 2.5, 6.0, and 8.5 Kb were all induced
after 24 hr of exposure to RA. The 24-hr delay in
induction may suggest that Aqr is farther downstream

Fig. 1. A–F: lacZ and Aquarius (Aqr) expression are induced in vitro in
response to retinoic acid (RA). I193 gene-trapped embryonic stem (ES)
cells stained for lacZ activity, in the presence of LIF and in the absence of
RA (A), in the absence of LIF and the absence of RA (B), and in the
absence of LIF and the presence of RA (C) for 48 hr. D: RA induction of
Aqr expression. Wild-type R1 ES cells were treated with RA for 0–48 hr.
Northern blot analyses were performed on ten micrograms of total
cytoplasmic RNA by using radiolabelled Aqr probe and then a mouse actin

probe. The migrations of ribosomal RNA (1.9 Kb and 4.9 Kb) are indicated
as size markers. E: Diagrammatic representation of the Aqr transcript and
Dr-1a repeat sequence deduced from the rapid amplification of cDNA
ends-polymerase chain reaction (RACE-PCR) cDNA product. Primers
A–D were used in reverse transcriptase-polymerase chain reaction
(RT-PCR) experiments to confirm the presence of Dr-1a sequences on
the Aqr transcript (F).
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of an RA signaling pathway; however, such long kinet-
ics of transcription activation by RA are not unusual
(Simeone et al., 1990; Tini et al., 1993).

To confirm the inclusion of the Dr repeat element
within Aqr transcripts, we designed two pairs of PCR
primers, one from the Dr element and one from the Aqr
ORF (Fig. 1E), and we used them in reverse transcrip-
tase (RT)-PCR reactions on total RNA from the paren-
tal R1 and the gene-trapped I193 lines (Fig. 1F).
Amplification of the expected 250-base-pair (bp) frag-
ment with A and D primers confirmed the presence of a
Dr element on the Aqr transcript. We have previously
reported the inclusion of Dr repetitive elements on
many RA-responsive transcripts (Sam et al., 1996).

Aquarius Is Similar to RNA-Dependent
RNA Polymerases

To determine the sequence of the coding region
corresponding to the Aqr ORF, we screened a 12.5-day
postcoitum (dpc) embryonic cDNA library using the Aqr
58 exon as a probe. A single 2.4-Kb cDNA was obtained
and sequenced. This cDNA contained a novel 552 amino
acid ORF with weak homology to RNA-dependent RNA
polymerases (RRP) of the murine hepatitis and avian
bronchitis viruses (GenBank accession nos. VFIHJH,
S15760, and VFIHB2). There is 25% identity between
Aqr and the viral RRP genes over the entire deduced
amino acid sequence of Aqr (Fig. 2A). This degree of
sequence homology is likely to be significant, because
the Aqr ORF also contains the four-segment RRP motif
corresponding to the polymerase active site (Fig. 2B;
Poch et al., 1989; Sousa, 1996). The RRP motifs within
the viral RRPs are in a different region of their se-
quence from those that are shown in Figure 2A. With
the active site motif, Aqr may possess RNA polymerase
activity. Alternatively, it may have descended from a
common ancestor shared with RRP genes but, later, lost
its original function. The 2.4-Kb cDNA that we have
cloned is similar in size to the 2.5-Kb isoform of the Aqr
transcript on Northern blot. However, our cDNA is not
complete, because it does not contain the initiation
codon and the 58-untranslated region. Aqr ORF also
contains two putative nuclear localization signals simi-
lar to those present in known nuclear proteins, such as
p53 and DIM (Fig. 2C), suggesting nuclear localization
of the Aqr gene product (Robbins et al., 1991). The
nucleotide sequence (GenBank accession no. U90333)
includes a 58 palindromic region within the ORF that is
capable of forming a 27-bp stem and a five-base-long
loop structure. There is also an RNA instability motif
(AUUUA) in the 38-untranslated region (Ross, 1996),
suggesting a short half-life for the Aqr transcript.

We searched several on-line sequence databases to
identify other genes with significant homology to Aqr.
No significant homology was detected in the yeast or C.
elegans databases. However, there were four Expressed
Sequence Tag (EST) sequences, two from human and
two from the mouse EST databases, that were highly
homologous to the Aqr ORF. The four ESTs show

88–100% amino acid sequence identity with Aqr in
overlapping regions. Human EST 564231 (GenBank
accession no. AA121582) was cloned from NT2 neuronal
precursor cells and is 94% identical to Aqr over 167
amino acid residues; human EST 626472 (GenBank
accession no. AA188145) was cloned from HeLa cells
and is 88% identical to Aqr over 92 amino acid residues;
mouse EST 765493 (GenBank accession no. AA274735)
was cloned from mouse lymph node and is 100%
identical to Aqr sequence over its full length of 157
amino acids; and mouse EST 535171 (GenBank acces-
sion no. AA073476) was cloned from RA-induced P19
embryonic carcinoma cells and is 89% identical to Aqr
over 123 amino acid residues. This last EST was cloned
from an RA-induced cell line, suggesting that it may
also be responsive to RA.

Germ-Line Transmission of the Gene Trapped
Aquarius Locus

The trapped Aqr allele was transmitted through the
germ line of mouse chimeras to produce heterozygous
I193 mice. Heterozygotes were identified and bred to
obtain F2 progeny in three different out-bred back-
grounds (see Experimental Procedures). All genotyping
was performed by using a quantitative Southern blot
analysis (Fig. 3A,B). The F2 progeny results generally
indicate a 1:2:1 Mendelian distribution of 1/1, 1/2,
and 2/2 animals (Fig. 3C). The distribution in the 75%
129 background was slightly skewed, suggesting that a
few homozygous mutant embryos may not have sur-
vived to birth. However, when embryos were examined
from midgestation to late gestation, no abnormalities
were observed in 2/2 embryos. At 10 months of age,
1/2 and 2/2 animals were the same weight and size as
their wild-type (1/1) litter mates, they bred normally,
and they did not manifest any discernable abnormali-
ties. Newborn skeletons were also prepared and stained
with alizarin red and alcian blue stains for skeletal and
cartilage structures. No abnormalities were detected in
craniofacial bone or cartilage structures where Aqr is
expressed.

To confirm genomic disruption of the Aqr locus by the
gene trap vector, genomic DNA from 1/1, 1/2, and
2/2 animals was amplified by PCR using primers from
the 58 Aqr exon and the lacZ sequences (Fig. 3D). We
obtained amplified recombinant DNA products from
1/2 and 2/2 animals but not from 1/1 animals,
confirming the integration of the lacZ vector in the
genomic Aqr locus (Fig. 3E).

To determine whether Aqr transcripts are present in
the homozygous animals, we performed Northern blot
analysis on total RNA from genotyped midgestation
embryos. Aqr transcripts were present in homozygous
as well as heterozygous and wild-type embryos (data
not shown), indicating that the insertion of the gene-
trap vector in the Aqr locus does not lead to a null
mutation. The gene trap vectors employed in these
experiments were designed so that transcription is
terminated after the lacZ polyadenylation site, leading
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Fig. 2. Aqr is similar to viral RNA-dependent RNA polymerases
(RRPs). A: Alignment of the Aqr-deduced amino acid sequence with the
murine hepatitis virus RRPs (Vfihjh and S15760) and the avian infectious
bronchitis virus RRP (Vfihb2). Gaps (dots) are introduced for the best
alignment and are counted in numbering of residues. Numbering is based
on the Aqr amino acid residues. Amino acid identities are shaded.
B: Alignment of the RRP conserved motifs for the Aqr and the three viral

RRP sequences shown in A. The strictly conserved residues are in
boldface, and the conserved hydrophobic residues are indicated by
asterisks. Numbers indicate the amino acid residues between the frag-
ments or from the beginning of the sequence. C: Aqr contains two nuclear
localization signals (NLSs) aligned here with known NLSs from four other
genes. Numbers indicate the residues from the beginning of the se-
quence.
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to a transcription disruption of the endogenous trapped
gene. It is possible, however, that RNA polymerases
proceed with transcription downstream of a polyade-
nylation site. Polyadenylation site selection by RNA
polymerase II and RNA transcript cleavage are not well
understood (Darnell et al., 1990; Alberts et al., 1994),
and it remains a concern in gene-trapping experiments.
In the case of a run-through transcription, splicing
across the gene trap vector sequences can lead to a
wild-type mRNA. The presence of the wild-type Aqr
transcript indicates why we did not detect any abnor-
malities in the homozygous mice.

Embryonic Expression in Neural Crest
and Mesodermal Tissues

The developmental pattern of Aqr gene expression
was examined during embryogenesis by staining for

b-galactosidase activity (Fig. 4) and by using RNA and
wholemount in situ hybridization techniques employ-
ing Aqr cDNA as a probe (Figs. 5, 6). At day 8.5 of
gestation, expression was detected in the cephalic
neural folds and mesoderm, paraxial mesoderm, and
somites and throughout the lateral ridges of neural
folds, including the fused regions in between the caudal
and rostral extremities of neural tube closures (Fig.
4A). The lateral ridges of neural folds are where
premigratory neural crest (NC) cells emerge and
subsequently migrate in a rostral-to-caudal sequence
at the cranial, trunk, and tail levels (Serbedzija et
al., 1990, 1992). Trunk NC cells migrate through the
somites along well-characterized pathways in a segmen-
tal fashion and give rise to numerous derivatives,
including the sensory and sympathetic ganglia (Krull et
al., 1995).

Fig. 3. Genotyping of F2 progeny and the genomic disruption of the
Aqr locus. A: Southern blot. The upper band is endogenous en-2 gene
used as internal control for DNA loading. The lower two bands are lacZ
transgene. Ratio of the intensity of the faster lacZ band (peak 3 in B) to the
en-2 band (peak 1 in B) indicates the genotype of the animal: 1/1 (ratio 5
0; lane 5), 1/2 (ratio 5 1; lanes 2 and 4), and -/- (ratio 5 2; lanes 1 and 3).
B: The densitometric measurements of the band intensities. C: Geno-

types of F2 progeny in three mixed genetic backgrounds: i) 50%
129sv-cp/50% C57-Bl6, ii) 25% 129sv-cp/25% C57-Bl6/50% CD-1, and
iii) 75% 129sv-cp/25% C57-Bl6. D: lacZ disrupts Aqr genomic locus. Aqr
exon was cloned by 58 RACE-PCR. The primers 1–3 were used for PCR
on genomic DNA to confirm disruption of the Aqr locus by the gene trap
vector. E: PCR on genomic DNA from 1/1, 1/2, and 2/2 animals and
Southern blot probed with Aqr exon.
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At day 10.5, expression is detected in forebrain,
posterior midbrain, hind brain, craniofacial structures,
limb buds, and internally along the length of the body
(Fig. 4C), indicating that Aqr expression is maintained
in NC target tissues after their migration is termi-

nated. To examine the expression pattern in more
detail, histological sections of the lacZ-stained embryos
at day 11 were prepared (Fig. 4E–I). The ventricular
zone of neuroepithelium throughout the nervous sys-
tem was positive for lacZ. Ventricular expression in

Fig. 4. lacZ expression in wholemount embryos and sections.
A: Embryonic day 8.5 (E8.5) lacZ staining in the cephalic neural folds
(cnf), in the cephalic mesoderm (cm), at the lateral ridges of neural folds,
including the fused regions in between the caudal (cc) and rostral (rc)
extremities of neural tube closures in which premigratory neural crest cells
originate, in somites (s), and in the paraxial mesoderm (pm). B,C: E10.5
nonstaining control (B) and lacZ-expressing (C) litter mate embryos
showing expression in the forebrain, posterior midbrain, hindbrain, cranio-
facial structures, limb buds, and internally along the length of the body.
Note the expression in both anterior and posterior regions of the limbs

(arrowheads). D: E13.0 forefoot plate expression in the circumference of
the cartilaginous anlagen of digits. E–I: Expression in E11 embryonic
sections. E: Ventricular zone in the dorsal region of the neuroepithelium
(ne) in the neural tube. F: Ventricular cells of neuroepithelium in the
telencephalon (tl) and diencephalon (dn). G: Widespread expression in
the limb mesoderm (lm) and in the ventricular zone (vz) of the neuroepithe-
lium. H: Widespread expression in the mesenchyme within the first
branchial arch. I: Expression in the paraxial mesoderm at the lower
lumbar region.
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neuroepithelium was observed in all stained embryos
and was also confirmed by wholemount in situs (Fig.
6B). Figure 4E–G presents the expression in the neural
tube, telencephalon, and diencephalon. Widespread

expression was also detected in the limb mesoderm
(Fig. 4G), in the mesenchyme within the branchial
arches (Fig. 4H), and in the paraxial mesoderm at the
lower lumbar region (Fig. 4I).

Fig. 5. RNA in situ hybridization recapitulates lacZ expression. RNA in
situ hybridization of wholemount embryos (B,E) recapitulates lacZ expres-
sion in E9.5 embryos (A,D). A,B: Expression in the forebrain (fb),
trigeminal neural crest tissue (tg), the region surrounding the otic vesicle
(ot), facioacoustic neural crest tissue (fa), the olfactory placode (op), the
nasal process (np), branchial arches 1–3 (a1-a3), and the limb bud (lb).
C: E12.5 sagittal section showing expression in the neopallial cortex
(neo), the midbrain (mb), the infundibulum of the pituitary (ip), Rathke’s
pouch (rp), the cartilage primordium of the lumbar vertebral body (cv), and

neural-crest derived structures: the intrinsic muscle of the tongue (imt)
and Meckel’s cartilage (mc). Expression is also seen in the liver (li) and
the lung (lg). D,E: Expression in the lateral ridges of neural folds, where
premigratory neural crest cells originate (arrows). RNA in situ of embry-
onic sections. F: E14.5 sagittal section showing expression in the
neopallial cortex (neo), infundibulum of the pituitary (ip), the lung (lg), the
liver (li), cartilage primordium of the ribs (cr), thyroid and cricoid cartilages
(tc and cc), the dorsal root ganglion (drg), the metanephros (met), and the
skin (sk).
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To determine whether the gene trap vector insertion
deregulated Aqr expression, wild-type embryonic day
9.5 (E9.5) embryos were stained by wholemount RNA in
situ hybridization with Aqr cDNA and compared with
lacZ staining of embryos (Fig. 5A,B,D,E). Both lacZ and
in situ hybridization recapitulated the same expression
pattern for Aqr in forebrain tissues, trigeminal tissues,

facioacoustic NC tissues, olfactory placode, nasal pro-
cess, branchial arches 1–3, limb buds, and the lateral
ridges of neural folds. These results indicate that the
pattern of lacZ expression faithfully reproduced the
endogenous Aqr gene expression pattern. The expres-
sion surrounding the otic vesicle and in the olfactory
placode was more pronounced in the wholemounts in
situ than in the lacZ-stained embryos, perhaps due to
an unspecific staining rather than a deregulation in
gene expression.

Aqr expression was further delineated by examining
E9 and E9.5 sections from wholemount in situs (Fig. 6).
Aqr RNA was expressed in the trigeminal NC, the
branchial arch mesenchyme (Fig. 6A,D), laterally mi-
grating NC cells, and the ventricular region of the
neuroepithelium (Fig. 6B). Furthermore, Aqr was ex-
pressed in a dynamic and spatially regulated manner in
the limbs in the zone of polarizing activity (ZPA) at the
posterior end of limb bud at day 9.5 (Fig. 6C). The ZPA
constitutes a group of mesenchyme cells that establish
the anteroposterior patterning of the limb. Cells in the
ZPA express Sonic hedgehog, a key signal involved in
limb patterning (Cohn and Tickle, 1996). At day 10.5,
Aqr was expressed in both anterior and posterior ends
of the limb bud (Fig. 4C), and, at day 13, expression of
Aqr in the foot plate was restricted to the circumference
of the cartilaginous anlagen of digits (Fig. 4D). This
distinct and dynamic limb expression suggests a role
for Aqr in the determination or patterning of limb
structures.

To observe Aqr expression at later stages of embry-
onic development, we performed RNA in situ of embry-
onic sections at E12.5 (Fig. 5C) and E14.5 (Fig. 5F). Aqr
was expressed in the neopallial cortex, midbrain, infun-
dibulum of the pituitary, Rathke’s pouch, intrinsic
muscle of the tongue, Meckel’s cartilage, thyroid and
cricoid cartilages, cartilage primordium of the ribs and
lumbar vertebral body, liver, lung, metanephros, dorsal
root ganglion, and skin. Some of these structures, such
as Meckel’s cartilage and ganglia, are derived from NC
cells, indicating the persistence of Aqr expression dur-
ing the differentiation of these cells. Aqr may poten-
tially be a useful marker in following the development
of these lineages.

Chromosome Localization by Fluorescence
In Situ Hybridization Analysis

To localize Aqr in the mouse genome, we isolated a
genomic phage clone and used it as a probe in fluores-
cence in situ hybridization (FISH) analysis (Fig. 7). The
assignment between signals from the probe and mouse
chromosome 2 was obtained by using 4,6-diamidino-2-
phenylindole (DAPI) banding and superimposing FISH
signals with DAPI-banded chromosomes. The detailed
position on chromosome 2, region E5 to F2, was based
on the analysis of ten mitotic chromosome spreads.
There are two semidominant mutations, Strong’s lux-
oid and tight skin, in the E5 to F2 region of mouse
chromosome 2 that are potentially interesting, because

Fig. 6. Expression in sections from wholemounts in situ. Aqr expres-
sion in E9.0–9.5 embryonic sections. A: Expression in trigeminal neural
crest tissue (arrowheads) just above the rostral extension of dorsal aorta
and in the mesenchyme within the first branchial arch (arrow) around the
first branchial arch artery. B: Expression in the neural crest cells migrating
laterally next to surface ectoderm (arrowheads) and in the ventricular
zone of neuroepithelium (arrows). C: Expression in the posterior end of
limb bud (arrow). D: Expression in the mesenchyme within the first
branchial arch and stronger expression in the rostral regions.

312 SAM ET AL.



they exhibit phenotypes in Aqr-expressing tissues.
Strong’s luxoid (lst) mice present limb phenotypes,
including polydactyly, and reductions or duplications of
the radius (Lyon et al., 1996). Tight-skin (Tsk) mice
have increased growth of cartilage and bone, tight skin,
and hyperplasia of the subcutaneous connective tissue
(Lyon et al., 1996).

DISCUSSION

We have identified a novel mammalian gene, termed
Aquarius (Aqr), that may be distantly related to RRPs.
Aqr shares 25% amino acid identity over the length of
its ORF with murine hepatitis virus RRPs, and it has
the conserved active site RRP motif. Very little is
known about the structural and functional domains of
RRPs. Following entry into the host cell and uncoating
in the cytoplasm, positive-stranded RNA viruses repli-
cate their genetic material by using their (1) RNA
genome as a template to synthesize a complementary
(2) RNA molecule, which, in turn, serves as a template
for the synthesis of progeny genomic (1)-strand RNA.
There have been a few reports suggesting the presence
of RNA-dependent RNA synthesis activity in eukary-
otic cells (Volloch et al., 1991; Schiebel et al., 1993a,b).
In addition, although hepatitis delta virus does not
encode any polymerase, it can still replicate autono-
mously through an RNA-dependent RNA-synthesis
mechanism in animal cells, raising the possibility that

eukaryotic cells have the enzymatic machinery neces-
sary to replicate RNA molecules (Lai, 1995).

The polymerase subunit of the Tetrahymena telomer-
ase, p95, also yields an alignment with the polymerase
active site of a family of viral RNA-dependent RNA
polymerases (Collins et al., 1995). Telomerase is a
specialized polymerase that synthesizes long, repeti-
tive, telomeric DNA (Shay, 1996). The mouse homolog of
the p80 subunit of Tetrahymena telomerase has been
identified, but the mouse p95 homolog, which is thought
to carry the catalytic polymerase domain, has not been
identified (Harrington et al., 1997). Clearly, it will be of
interest to determine whether the Aqr gene product
possess RNA-dependent RNA polymerase activity. Aqr
ORF also carries two nuclear localization signals, sug-
gesting that Aqr protein is localized to the cell nucleus.

During embryogenesis, Aqr is expressed predomi-
nantly in NC tissues from early on in their ontogeny to
their differentiated derivatives in cartilaginous head
structures, such as the hyoid bone and Meckel’s carti-
lage. Expression was first detected in the dorsal edges
along the whole length of the neural groove and in its
adjacent mesenchyme in the head fold, which contains
the earliest migrating NC cells. NC cells constitute a
transient embryonic cell population that arises from
the dorsal region of the neural tube, extensively mi-
grates, and gives rise to a number of tissues and
structures, including ectomesenchyme that forms most

Fig. 7. By using fluorescence in situ hybridization (FISH), the Aqr
gene was localized in a set of mouse metaphase chromosome spreads.
a: Phosphatidyl inositol-stained chromosomes with fluorescein isothiocya-
nate signals. b: Chromosomes were stained with 4,6-diamidino-2-

phenylindole to assign signal from the probe with the mouse chromosome
2 bands. Under the conditions used, the hybridization efficiency was 93%
for the probe (93 of 100 mitotic figures showed signals on one pair of the
chromosomes).
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of the skeleton, dermis, and connective tissue of the
vertebrate head (Couly et al., 1993; Schilling, 1997).
Cranial mesoderm and NC cells are codistributed in the
craniofacial mesenchyme but are distinctly segregated
in the branchial arches, although the interactions of
these cell populations are not yet fully understood
(Trainor and Tam, 1995). Aqr expression in NC cells
and in craniofacial and branchial mesoderm suggests a
possible role for its gene product in craniofacial develop-
ment. Aqr is expressed in paraxial and branchial
mesoderm and in other mesodermal tissues, such as the
ZPA in the limb buds, where Sonic hedgehog signaling
is thought to establish the anteroposterior limb pattern
(Perrimon, 1995). There is also evidence that Sonic
hedgehog cooperates with an RA-inducible cofactor to
establish ZPA-like activity (Ogura et al., 1996). The
distinct and dynamic expression in the limbs and its RA
inducibility suggest a possible role for Aqr in the
development of limb structures or their patterning.

Through germ-line transmission of the trapped locus,
we created animals homozygous for the disrupted Aqr
gene. Homozygous mutant mice did not present any
obvious abnormalities. At 10 months of age, they were
the same size and weight as their heterozygous and
wild-type siblings, and they bred normally. Newborn
skeletons from homozygotes also did not present any
abnormalities in craniofacial structures. The absence of
any discernable phenotype in mice homozygous for the
gene trap allele does not rule out the possibility that
Aqr plays an essential role in the cells that express it.
We found that the gene trap allele described here is not
a null mutation, because Aqr RNA is present in homozy-
gous animals. The lack of a discernible phenotype is
likely due to read-through transcription and splicing
across the trapping vector. Aqr was identified in an RA
gene trap screen of mouse ES cells. In vitro, Aqr
expression is induced ninefold in response to RA (For-
rester et al., 1996), and its transcript includes the
RA-induced Dr repeat element in its 58 end (Sam et al.,
1996). We did not detect RA responsivity of the Aqr
locus when we examined embryonic lacZ expression in
vivo (E9.5–E11.0). This lack of in vivo RA responsive-
ness might be due to the inability to expose embryos to
a concentration of RA in vivo that corresponds to the
optimal dose in vitro (Morriss-Kay, 1993).

RA is known to induce both alterations in NC cell
migration as well as craniofacial defects (Lee et al.,
1995; Gale et al., 1996). RA receptor a (RARa) is
expressed in migrating crest cells and in facial mesen-
chyme (Ruberte et al., 1991). Also, mutant mice with
targeted mutations in both RARa and other RARs have
severe defects in the craniofacial complex (Lohnes et
al., 1994). The transcription factor AP-2, which is
induced in response to RA, is expressed in NC cell
lineages, and its disruption in mice also leads to
anencephaly and craniofacial defects (Zhang et al.,
1996). Aqr induction in response to RA and its expres-
sion in ectomesenchyme presents Aqr as a candidate

gene in an RA-signaling pathway that may also play a
role in craniofacial development.

In a search of EST databases, we identified Aqr itself
and three other genes that were similar to Aqr, two
from humans and one from mouse. These genes are
highly similar in sequence to Aqr (88–94% amino acid
identity). The high degree of similarity suggests that
they may be homologous gene pairs in the two species.
We did not detect any other similar sequences in the
GenBank, yeast, or C. elegans databases, suggesting
that Aqr may be the founding member of a mammalian-
specific gene family.

The availability of significant numbers of sequence
databases for different organisms, the utility of analyti-
cal software products, and the ready access to these
tools through the internet has led to an increase in gene
identification by computer (Fickett, 1996). Approximately
50% of all human genes are represented already in the
EST databases (http://www.ncbi.nlm.nih.gov/dbEST;
Gerhold and Caskey, 1996). Up to half of ESTs are
sequences from the 5’ end of cDNAs, and gene-trapping
experiments can also be designed to trap genes in their
5’ exons, which was the case in the present study. Thus,
one can envision obtaining rapidly sequence informa-
tion about the trapped gene by using RACE-PCR
cloning of 5’ exons, searching the EST databases for the
5’ exon sequences, and obtaining the commercially
available EST clones. This combination of gene trap
experimentation and EST databases provides ready
access to the sequence of trapped genes and has the
potential to increase several-fold the pace of gene
discovery and functional characterization. At the same
time, the gene-trapped mice allow for expression and
functional analyses of the trapped gene.

In summary, in an RA gene trap screen of mouse ES
cells, we have identified and characterized the RA-
responsive Aqr gene. Aqr is expressed developmentally
and is a novel mammalian gene with some homology to
RNA-dependent RNA polymerases. Our results demon-
strate the feasibility of in vitro manipulation and
screening of ES cells to rapidly identify and character-
ize genes that lie along a cellular-response pathway.
Modification of this gene trap strategy in ES cells
should make it possible to trap and study genes that
either are induced by other biological, chemical, or
physical agents or are subject to developmental regula-
tion.

EXPERIMENTAL PROCEDURES
Gene-Trapped ES Cell Lines, lacZ Staining,
and Germ-Line Transmission

Construction, handling, and characterization of the
I193 gene-trapped ES cell line, lacZ staining, and the
transmission of the trapped locus through the mouse
germ line have been described previously (Forrester et
al., 1996).
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Mouse Genotyping and F2 Breeding
in Different Backgrounds

Genomic DNA was isolated from tails at the time of
weaning, digested with EcoR1 restriction enzyme, and
separated by electrophoresis on a 1% agarose gel.
Southern blots were double probed with both en-
grailed-2 (en-2) and lacZ probes. En-2 was used as an
internal control for quantitative Southern, and lacZ
detected the transgene in the Aqr locus. Densitometric
analyses were used to measure the intensity of the lacZ
signal (4.0-Kb band) relative to the en-2 signal (11-Kb
band). Three F1 males and six F1 females, all of which
were heterozygous for the disrupted locus, were bred to
obtain F2 progeny in a 50% 129sv-cp/50% C57BL6
out-bred background. Because the chimeric animals
generated by blastocyst injection died shortly after
germ-line transmission, out-bred F1 males were also
bred to CD-1 and 129 females to obtain 50% CD-1/25%
129/25% C57BL6 and 75% 129/25% C57BL6 back-
grounds. Three males and six females from these
backgrounds were also bred to obtain F2 progeny.
Heterozygous animals (1/2) were expected to have a
lacZ/en-2 signal ratio of 1, whereas homozygotes (2/2)
were expected to yield a lacZ/en-2 signal ratio of 2 on
Southern blots. To confirm the genotyping, two hetero-
zygotes and two homozygotes were back-crossed to
wild-type animals, and their progeny were genotyped
for the presence or absence of the transgene. In all four
crosses, half of the progeny from the heterozygotes and
all of the progeny from the homozygotes carried the
transgene, confirming the original genotypes.

RACE, PCR Amplification, Cloning of the 58 Aqr
Exon, and Genomic PCR

58-RACE-PCR on fusion transcripts from the gene-
trapped ES cell lines was performed by using a 58-
RACE kit (Life Technologies, Burlington, Ontario,
Canada) essentially according to the manufacturer’s
instructions, with the following modifications: Reverse
transcription was carried out at 42°C for 30 min in the
presence of [a-32P]dCTP to monitor the synthesis of the
first strand cDNA. SuperScript II (Life Technologies)
and GT-lacZ-1 [58-GCAAGGCGATTAAGTTGGGT-38]
primers were used for reverse transcription.

DNA amplification of the RACE products was per-
formed in two rounds in 50-µl volumes containing 1 I
PCR buffer II (Perkin Elmer, Foster City, CA), 1.25 mM
MgCl2, 200 mM deoxynucleoside triphosphates, 200
nM of each primer, and 2.0 U of AmpliTaq DNA
Polymerase (Perkin Elmer) in a DNA thermal cycler
(Perkin Elmer; one cycle at 94°C for 5 min; one cycle at
80°C for 8 min during which Taq polymerase was added
to the reaction mix; 35 cycles at 94°C for 1 min, at 60°C
for 2 min, and at 72°C for 3 min; one cycle at 72°C for 5
min). The second round of amplification was performed
under the same conditions, using nested primers (see
below) and 5 ml of the reaction product from the first
round. The primers used for DNA amplification were as
follows: for the first round, GT-lacZ-2A [58-CCGTCGAC-

TCTGGCGCCGCTGCTCTGTCAG-38] and Anchor [58-
GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-
38] (Life Technologies); for the second round, Nested
2AU [58-CAUCAUCAUCAUTTGTCGACCTGT TGGTC-
TGAAACTCAGCCT-38] and Universal Amplification
Primer [58-CUACUACUACUAGGCCACGCGTCGAC-
TAGTAC-38] (Life Technologies).

The RACE-PCR products were digested with SalI
and cloned into pBlueScript II vector (Stratagene, La
Jolla, CA). Alternatively, they were cloned into the
pAMP1 plasmid by using CloneAmp System (Life Tech-
nologies). The cDNA inserts were sequenced on both
strands by using the AutoRead sequencing kit (Pharma-
cia, Baie d’Urfe, Quebec, Canada) on an A.L.F. DNA
Sequencer (Pharmacia).

PCR amplification on genomic DNA from 1/1, 1/2,
and 2/2 animals was performed with primers flanking
the 58 Aqr exon, 1 [58-GCATGTAAATACTGGGCT-38]
and 2 [58-CTAAATTCCAGCAGCATT-38], and the GT-
lacZ-1 primer (above). PCR conditions were the same as
those described above.

cDNA Cloning, Sequencing, GenBank,
and Internet Utilities

A 12.5-dpc mouse embryonic cDNA library was
screened with standard procedures (Sambrook et al.,
1989) by using the nonrepeat region of the RACE
product (Aqr exon) as a DNA probe. Hybridization was
carried out in 50% formamide, 5 I sodium saline
phosphate EDTA buffer (SSPE; 1 I SSPE is 150 mM
NaCl, 10 mM NaH2PO4, and 1 mM EDTA), 5 I Den-
hardt’s solution, 100 mg/ml boiled and chilled salmon
sperm DNA, and 0.5% sodium dodecyl sulfate (SDS) at
42°C for 24 hr. High-stringency washes were carried
out twice in 0.2 I standard saline citrate (SSC), 0.2%
SDS at 60°C for 15 min each. DNA was prepared from
the only positive plaque, and its 2.4-Kb cDNA insert
was sequenced as described above. GenBank search
and sequence analyses were performed by using Fasta,
Translate, Bestfit, and Pileup software from the Wiscon-
sin Package (version 8.0, Open VMS; Genetics Com-
puter Group, Inc., Madison, WI). The Aqr ORF was
submitted to the National Center for Biotechnology
Information XREF internet service (http://www.ncbi.
nlm.nih.gov/XREFdb/), where it was searched against
the most recent update of the EST database. Positive
matches were examined for homology with Aqr. On-line
sequence databases for yeast (100% of the genome
complete; http://speedy.mips.biochem.mpg.de/mips/
yeast/) and C. elegans (60% of the genome complete;
http://www.sanger.ac.uk/,sjj/C.elegans_Home.html)
were also searched for homology with Aqr.

RA Induction, RNA Preparation, Northern Blot
Analyses, and RT-PCR

In the RA-induction experiments, ES cells were
maintained in ES cell medium (without LIF) containing
5% fetal calf serum (FCS) and 10-6 M all-trans RA
(Sigma, St. Louis, MO). The medium was changed
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every 12 hr on all plates, so that cells were in the
continuous presence of RA for varying time periods (0,
12, 24, or 48 hr). Control samples (0 hr) were in ES cell
medium containing 5% FCS in the absence of LIF and
RA throughout the experiment. In in vivo RA experi-
ments, pregnant mice at E8.5–E9.5 were fed 2 mg of RA
per 100 gram of body weight; then, embryos were
removed surgically 24 hr or 48 hr after RA treatment
and stained for lacZ histochemical staining.

Total RNA was prepared from ES cell lines by using a
modified version of the method described by Chomczyn-
ski and Sacchi (1987). Confluent plates (60 mm) of cells
were lysed with 5 ml guanidinium thiocyanate (4.4 M)
solution containing 25 mM sodium citrate, pH 7.0, 0.6%
sarcosyl, and 100 mM b-mercaptoethanol. The lysate
was mixed with 5 ml Tris EDTA-saturated phenol, 1 ml
chloroform, and 0.5 ml 2 M sodium acetate. After
centrifugation, RNA was precipitated from the aqueous
phase with an equal volume of isopropanol. Northern
blot analyses were carried out according to standard
procedures (Sambrook et al., 1989). The blots were
hybridized overnight with 32P-labelled probes and were
washed twice under stringent conditions in 0.2 I SSC (1
I SSC is 150 mM NaCl plus 15 mM sodium citrate)/0.2%
SDS at 60°C for 15 min each.

RT-PCR was carried out with the GeneAmp RNA
PCR kit (Perkin Elmer, Foster City, CA) according to
the manufacturer’s instructions. The primers used for
PCR amplification were Aqr exon-flanking primers A
and B and Dr-1a repeat-flanking primers C and D: A
(58-GAGCTCTTGCTATTGCTC-38), B (58-TAGAGTCG-
GCAGCCCAAT-38), C (58-GCATGTAAATACTGGGCT-
38), and D (5?-CTAAATTCCAGCAGCATT-38). The PCR
products were run on a 1% gel, blotted, and hybridized
with 32P-labelled Dr1a-Aqr probe.

RNA and Wholemount In Situ Hybridization

RNA in situ hybridization was performed as de-
scribed previously (Hogan et al., 1994). Briefly, tissues
were cryostat sectioned at 10 µm, mounted on glass
slides, and refixed in 4% paraformaldehyde. Prehybrid-
ization treatments were performed as described previ-
ously (Hogan et al., 1994). 35S-labeled, single-stranded
RNA probes were prepared by using T3 and T7 RNA
polymerases (Boehringer-Mannheim, Laval, Quebec,
Canada). Adjacent sections were hybridized with Aqr
sense and antisense probes. Posthybridization wash-
ings included treatment with 50 µg/ml RNase A (Sigma,
St. Louis, MO) at 37°C for 30 min. Following dehydra-
tion, the slides were dipped into NTB-2 film emulsion
(Eastman-Kodak, Rochester, NY), exposed at 4°C for
6–10 days, developed, and stained with toluidine blue.
Wholemount in situ hybridization was performed as
described previously (Conlon and Herrmann, 1993)
with Aqr riboprobes.

FISH

A genomic clone for Aqr was obtained and used as a
probe for FISH analysis. FISH was performed accord-

ing to published procedures (Heng et al., 1992; Heng
and Tsui, 1993).

NOTE ADDED IN PROOF

We have carried out a further statistical analysis of
the sequence alignment shown in Figure 2A using the
GAP and Bestfit programs in GCG package with 100
randomizations. This analysis gave z score values
between 0.15 to 4.06 within the significance range
(z , 3.0).
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