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ABSTRACT  Slain1 was originally identified as a novel stem cell-associated gene in transcriptional

profiling experiments comparing mouse and human embryonic stem cells (ESCs) and their

immediate differentiated progeny. In order to obtain further insight into the potential function of

Slain1, we examined the expression of βββββ-galactosidase in a gene-trap mouse line in which a βββββgeo

reporter gene was inserted into the second intron of Slain1. In early stage embryos (E7.5), the

Slain1-βββββgeo fusion protein was expressed within the entire epiblast, but by E9.5 became restricted

to the developing nervous system and gastrointestinal tract. In later stage embryos (E11.5 - E13.5),

expression was predominantly within the developing nervous system. Lower level expression

was also observed in the developing limb buds, in the condensing mesenchyme, along the apical

epidermal ridge and, at later stages, within the digital zones. These observations suggest that

Slain1 may play a role in the development of the nervous system, as well as in the morphogenesis

of several embryonic structures.
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Introduction

The Slain family of genes encode proteins that are highly con-
served throughout vertebrate evolution. However, other than
serine- and proline-rich domains, thought to be involved in pro-
tein-protein interactions, neither Slain1 nor Slain2 contain well-
recognized protein motifs that provide clues to their function.
Similarly, little is known about the function or expression of the
Slain gene family during development. The Slain1 gene is located
on chromosome 14 and gives rise to 2 alternate transcripts that
differ by the inclusion or exclusion of exon 3 (Hirst et al., 2006). In
order to gain further insight into the potential function of this novel
group of genes, we have undertaken a detailed analysis of the
developmental expression of β-galactosidase from a Slain1-βgeo
gene trap mouse line-using X-gal staining of whole mount em-
bryos.
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Results and Discussion

Characterisation of the Slain1-βββββgeo insertion
Two mESC lines, XG385 and XG752, which have the pGT1Lxf

gene trap vector integrated into intron B of the mouse Slain1 gene
were obtained from the Mutant Mouse Regional Resource Centre
(http://www.mmrrc.org/). These lines were predicted to express a
protein in which the N-terminus of Slain1 (encoded by exons 1 and
2) was fused with βgeo (β-galactosidase fused with neomycin
phosphotransferase; Fig. 1A). Using primers corresponding to
sequences located in Slain1 exon 2 and βgeo, RT-PCR analysis
identified transcription of Slain1-βgeo in the bone marrow, brain,
kidney, lung, testis and thymus; with lower levels observed in the
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colon (Fig. 1B). These data confirmed that Slain1–βgeo tran-
scripts exhibited the same tissue distribution to that previously
described for Slain1 in wildtype mice (Hirst et al., 2006).

Insertion of the βgeo cassette into intron B was predicted to
result in the generation of a chimeric transcript in which Slain1
sequences terminated at the end of exon 2. However, analysis of
homozygous Slain1βgeo/βgeo mice indicated that transcripts includ-
ing more distal Slain1 sequences were still present; indicating that
insertion of the βgeo gene trap vector did not create a Slain1 null
allele (Fig. 1C and data not shown). We have previously reported
alternative splicing of Slain1 around exon 3, which generates two
isoforms (Hirst et al., 2006). Isoform 1 (which includes exon 3)
was most highly expressed in brain, whilst isoform 2 (exon 3

deleted) was more widely expressed (Fig. 1C, E and Supplemen-
tary Fig. 1). Overall, our analysis suggests that Slain1βge/βgeo mice
express three Slain1 related transcripts, representing the Slain1-
βgeo fusion gene and isoforms 1 and 2. We hypothesise that the
isoform 1 resulted from splicing out of the βgeo gene trap
sequences while isoform 2 arose after splicing out both βgeo and
exon 3 sequences.

Slain1-βββββgeo expression during early embryogenesis
Expression of Slain1-βgeo in the mouse embryo was investi-

gated by staining of embryos from timed matings of heterozygous
Slain1βgeo/w mice for βgalactosidase activity. There was no ob-
served attrition of homozygous Slain1βgeo/βgeo embryos during
development and heterozygote and homozygote embryos were
distinguishable only by a greater intensity of βgeo staining in the
homozygotes. At E7.5, Slain1-βgeo expression was observed
throughout the entire epiblast (Fig. 2B), as predicted by our
previous in situ hybridisation (ISH) and embryonic stem cell
differentiation data, which indicated that Slain1 was highly ex-
pressed at this stage of mouse development (Hirst et al., 2006).

Consistent with prior ISH studies, whole mount X-gal staining
of E9.5 embryos showed robust Slain1-βgeo expression along
the entire neural tube, continuous with the tailbud (Fig. 2C and F).
Expression was also observed in the neural crest-derived dorsal
root ganglia (Fig. 2G), as well as in the surface ectoderm of the
branchial arches (Fig. 2C) and the otic vesicle (Fig. 2E). In
contrast to earlier ISH studies, Slain1-βgeo was also observed in
the primitive gut tube, probably reflecting the greater sensitivity of
the X-gal analysis (Fig. 2C).

In E11.5 embryos stained for 4 hours, the strongest areas of
Slain1-βgeo expression were observed within the forebrain, eye
and neural tube (Fig. 3B). Weaker staining was detected within
the optic and oropharyngeal regions and parts of the gut tube (Fig.
3B). Overnight staining of embryos revealed additional Slain1-

Fig. 1. Analysis of Slain1-βββββgeo transcripts in adult tissues from

homozygous Slain1βββββgeo/βββββgeo mice. (A) Diagram of the Slain1 gene
structure indicating the insertion of the En2-βgeo cassette (contain-
ing sequence from intron 1 of the En2 gene and its corresponding
splice acceptor site, followed by the fusion of βgalactosidase with
neomycin phosphotransferase) into intron B and positioning of PCR
primers. (B-D) Semi-quantitative RT-PCR analysis of Slain1-βgeo
transcripts compared to HPRT expression. (B) Detection of the
Slain1-βgeo transcripts using primers in exon 2 and βgeo (primers p2
and pβ). (C) Detection of wildtype Slain1 transcripts using primers in
exon 2 and 4 (primers p2 and p4). The PCR products corresponding
to the alternate transcripts that include (Iso1) and exclude (Iso2) exon
3 are indicated. (E) Summary of the tissue distribution of the splicing
forms. The scoring system is based on a subjective assessment of
band intensity from absent (-) to very strong (++++).

Fig. 2. Slain1-βββββgeo expression in pre- and post-implantation em-

bryos. Photomicrographs of whole mount X-gal stained Slain1-βgeo
heterozygous (E) and homozygous mouse embryos (B,C,F,G) or wildtype
littermate controls (A,D). At E7.5 (A-B) Slain1-βgeo was expressed
throughout the epiblast (B). At E9.5 (C-G) robust expression of Slain1-
βgeo was observed along the length of the neural tube (nt) from forebrain
(fb) to tailbud (tb) with lower levels observed within the branchial arches
(ba) and gut tube (gt) (D) but not in the heart (ht). Intense X-gal staining
was also observed in the midbrain (mb), hindbrain (hb), otic vesicle (ot)
and tailbud (E,F) and the dorsal root ganglia (drg) (G).
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βgeo expression in branchial arches, midgut loop and in the
condensing mesenchyme of the developing limb buds (Fig. 3 C-
E). Embryos at E13.5 demonstrated extensive staining for Slain1-
βgeo throughout the developing nervous system, including the
dorsal root ganglia and the olfactory bulb and within the endoderm
derived midgut loop, in the physiological umbilical hernia (Fig. 3
G-I).

Sagittal sections of embryos at E11.5 and E13.5 confirmed the
extensive expression of Slain1-βgeo in neural tissue and re-
vealed additional sites of expression in the main bronchi of the
lung and within the developing metanephric tubules at E13.5 (Fig.
4A, B and insert). Staining was observed within regions of the
gastro-intestinal tract, particularly within the lumen of the midgut
loop and the stomach at E11.5 (Fig. 4 A,B).

Expression of Slain1-βββββgeo in the developing limb buds
At E11.5, Slain1-βgeo expression was observed in the apical

ectodermal ridge (AER) of the developing limb buds, the specialised
region of surface ectoderm responsible for inducing growth and
differentiation of the underlying limb mesenchyme (Fig. 5 A,B). At
mid-gestation, development of the forelimb is more advanced
than the hindlimb. The distal region of limb buds, which give rise
to the hand plate, was marked by intense Slain1-βgeo expression,
while lower levels of expression were observed in the proximal
region, which gives rise to the pectoral girdle and arm (Fig. 5C).

By E13.5 the hindlimb has developed the angular contours at
its peripheral margin, which correspond to the future digits. The
three central digital rays were marked by robust Slain1-βgeo
expression, whereas the two external digital rays had less intense
X-gal staining (Fig. 5D). Additional Slain1-βgeo expression was
apparent in the proximal region corresponding to the future tarsus
(Fig. 5D). Similarly in the forelimb, robust Slain1-βgeo expression
outlined the three central digits while lower levels marked the

emerging digital rays corresponding to the two external digits.
Furthermore, Slain1-βgeo expression marked the future carpal
and metacarpal bones (Fig. 5E). Slain1-βgeo expression was
also observed within the maxillary surface elevations correspond-
ing to the horizontal rows of vibrissae (Fig. 5E).

Expression of Slain1-βββββgeo in the developing nervous system
Robust Slain1-βgeo expression was detected in the neuroepi-

thelium of mouse embryos examined at E9.5, E11.5 and E13.5.
Transverse sections from the cranial region of an E9.5 embryo
demonstrated extensive Slain1-βgeo expression within the neu-
roepithelium surrounding the telencephalic, mesencephalic and
optic vesicles. Slain1-βgeo expression was also observed within
condensations of cells corresponding to neural crest cells located
on either side of the mesencephalic vesicle (Fig. 6A). Transverse
sections from the mid-trunk region of an E9.5 embryo demon-
strated extensive Slain1-βgeo expression within the neuroepithe-
lium of the neural tube as well as neural crest derived cells located
on either side of the neural tube, which give rise to the sensory
cells of the dorsal root ganglia. Slain1-βgeo expression was also
observed in the hindgut diverticulum and the overlying surface
ectoderm of the cranial region (Fig. 6 A,B).

Sagittal sections from the head region of an E11.5 embryo
demonstrated pronounced Slain1-βgeo expression within the
neuroepithelium surrounding both the fourth and telencephalic
ventricles. Higher magnification examination of the fourth and
telencephalic ventricles indicated that Slain1-βgeo expression
was located within the ventricular zone however the level of
expression varied between different stratified layers of the neu-
roepithelium. Slain1-βgeo expression was absent from the roof of
the hindbrain (Fig, 6 C-E).

Examination of histological sections of E13.5 X-gal-stained
embryos indicated that Slain1-βgeo localised to the superficial
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Fig. 3. Slain1-βββββgeo expression in the

E11.5 and E13.5 embryo. Photomi-
crographs of whole mount X-gal stained
Slain1-βgeo homozygous mouse em-
bryos (B-E, G-I) or wildtype littermate
controls (A,F). At E11.5 (A-E) Slain1-
βgeo expression was highest within
the forebrain (fb), neural tube (nt) and
eye (ey) while fainter X-gal staining
was evident within the oropharynx (op)
and the gut tube (gt). (C) Prolonged
staining of the same embryo as in (B)

identified additional sites of expres-
sion within the branchial arches (ba)
and midgut loop (mg) as well as the
forelimb (fl) and hindlimb (hl). (D) Higher
magnification indicates Slain1-βgeo
expression within the maxillary, man-
dibular and hyoid arches (mx, md and
hy respectively) overlying the oropha-
ryngeal region. (E) Higher magnifica-
tion of Slain1-βgeo expression in the
midgut loop. At E13.5 (F-I), Slain1-
βgeo expression was retained within

the developing nervous system but was most prominent in the forebrain (fb), midbrain (mb) and spinal cord (sc) (G), the olfactory bulb (ob) (H) and
the dorsal root ganglia (drg) (I). Slain1-βgeo expression was also retained within the developing forelimb and hindlimb (G) and in the midgut loop (H).
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Fig. 4. Slain1-βββββgeo expression during organogenesis in Slain1-βββββgeo embryos. Parasagittal sections of (A) E11.5 and (B) E13.5 homozygous
Slain1-βgeo embryos demonstrated β-galactosidase activity in the developing nervous system, as well as the lung, gut and metanephros (see insert)
Abbreviations: bc, buccal cavity; cc, central canal; cm, cephalic mesenchyme; cp, choroid plexus; dr, dorsal rootlets of drg; drg, dorsal root ganglia;
ey, eye; fag, facio-acoustic ganglion complex; fb, forebrain; fl, forelimb; fv, fourth ventricle; ht, heart; hb, hindbrain; hl, hindlimb; igv, inferior ganglion
of the vagus nerve; li, liver; ll, lower lip; lu, lung; mn, metanephros; mb, midbrain; mg, midgut loop; mt, metanephric tubules; mv, mesencephalic
vesicle; nl, lumen of the neural tube; nt, neural tube; op, olfactory pit; os, optic stalk; ov, otic vesicle; st, stomach; tg, trigeminal ganglion; tv,
telencephalic vesicle vc, vestibulocochlear ganglion.
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Fig. 5. Slain1-βββββgeo ex-

pression in the develop-

ing limb bud at E11.5 and

E13.5. Photomicrographs
from wholemount X-gal
stained Slain1-βgeo ho-
mozygous mouse embryos
at E11.5 (A-C) or E13.5
(D,E). At E11.5, Slain1-βgeo
expression in the forelimb
and hind limb was evident
within the apical epidermal
ridge (aer) and in the proxi-
mal (px) and distal (dl) re-
gions of the condensing
mesenchyme (B,C). At
E13.5, X-gal staining
marked the developing dig-

its (dg) of the fore- and hindlimbs, and regions delineating the presumptive tarsal bones (ts) of the hindlimb (D), and the presumptive carpal (cp) and
metacarpal (mc) bones of the forelimb (E). In addition Slain1-βgeo staining is present in the vibrissae (vb) on the maxillary region.
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layers of the neuroepithelium and the ependymal
layers surrounding the fourth and lateral ventricles
(Fig. 6 F,H). Slain1-βgeo expression was apparent
in the neurons of the dorsal root ganglia and in
dorsal roots between the cartilage primordia (Fig.
6G). X-gal staining was also observed in the cranial
sensory ganglia, including the trigeminal ganglion,
the facio-acoustic ganglion, the vestibulocochlear
ganglion and the inferior ganglion of the vagus
nerve (Figs. 4A, B and 6H). Examination of the
sensory ganglia at E13.5 revealed X-gal staining in
both the neurons and in the neural projections
emanating from the trigeminal ganglion and the
vestibulocochlear ganglion towards the hindbrain
(Fig. 6H).

In the developing sensory organs, Slain1-βgeo
expression was observed in the epithelium of the
olfactory pit, optic stalk and otic vesicle at E11.5 and
the eye at E13.5 (Figs. 4 A,B and 6I). Histological
analysis revealed X-gal staining throughout the
epithelial layer of the cochlea, with the most pro-
nounced expression associated with the apical
surface (Fig. 6H). In the developing eye, Slain1-
βgeo expression localised to the elongated cells of
the posterior wall of the lens vesicle and the poste-
rior side of the neural layer.

This study has documented the developmental
expression of a βgeo gene trap vector inserted into
the locus of the Slain1 gene. βgeo expression was
observed in distinct cell populations derived from all
three germ layers, with highest levels associated
with cells of the developing nervous system. This
study of the Slain1-βgeo mouse complements our
previous work in which the expression of Slain1 was
examined using ISH. Although it is important to bear
in mind that the transgene reports only sites of gene
expression, not endogenous protein localisation,
use of the highly sensitive lacZ-based reporter
system has allowed identification of additional sites
in which Slain1 may play a role. It is well recognized
that random insertions of lacZ transgenes may be
associated with misexpression, in the form of si-
lencing and variegated expression or ectopic sites
of expression. It is believed that these are insertion
site related phenomena that reflect the incomplete

Fig. 6. Expression of Slain1-βββββgeo within the developing nervous system. (A,B) Transverse sections from an E9.5 embryo demonstrating Slain1-
βgeo expression within the neuroepithelium surrounding the telencephalic, mesencephalic and optic vesicles as well as in the neural tube (tv, mv,
ov and nt), with additional Slain1-βgeo expression within the neural crest derived cells (nc) located on either side of the neural tube. Slain1-βgeo
expression was also observed in the overlying surface ectoderm (se) of the cranial region of the embryo (A) and in the hindgut diverticulum (hd) (B).
(C) Sagittal sections of the head region from an E11.5 embryo (shown at low magnification in Figure 4A) demonstrating Slain1-βgeo expression within
the neuroepithelium surrounding the fourth and telencephalic ventricles (fv, tv). cm, cephalic mesenchyme; fb, forebrain; mb, midbrain; op, olfactory
pit; os, optic stalk; tg, trigeminal ganglion (D,E). Higher magnifications of the fourth and telencephalic ventricles demonstrating Slain1-βgeo expression
within the ventricular zone (vz) however Slain1-βgeo is absent from the roof of the hindbrain (rhb). (F) Sagittal sections from an E13.5 embryo
demonstrating Slain1-βgeo expression within the neuroepithelium surrounding the fourth and lateral ventricles (fv, lv), the dorsal root ganglia (drg)
and the olfactory epithelium (oe). Expression was absent from the optic recess (or), Rathke’s pouch (rp), intrinsic muscle of the tongue (tn) and choroid
plexus (cp). (G) Sagittal section through the thoracic region demonstrating Slain1-βgeo expression within the drg, spinal cord (sc) and dorsal rootlets
(dr). Expression was absent from the cartilage primordium (cl). (H) Magnified view of the area surrounding the fourth ventricle (fv) revealing expression
within the ependymal layer (el), the trigeminal ganglion (tg), vestibulocochlear ganglion (vc) and cochlea (co). (I) Expression of Slain1-βgeo was also
detected within the elongated cells of the posterior wall of the lens vesicle (pw) and neural layer (nl). Expression was not observed in the anterior
wall of the lens vesicle (aw), the pigment layer (pl) or lower eyelid (le).
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regulatory sequences used to drive the transgene, as well as
attributes of the lacZ gene itself, such as transcriptional instability
due to its high G + C content (Montoliu et al., 2000). Interestingly,
these insertion site effects are less evident when lacZ is used as
an embryonic reporter, especially in gene trap or knock in experi-
ments. It is argued that more faithful expression patterns reflect
the native configuration of the unperturbed regulatory sequences
under these circumstances. Therefore, whilst we do not have
multiple independent gene trap lines, it is still likely that the lacZ
expression observed in the Slain1-βgeo mouse faithfully reflects
endogenous expression. Nevertheless, the generation of specific
antibodies to Slain1 (including antibodies that differentiate be-
tween isoforms 1 and 2) will be required to fully elucidate the exact
expression dynamics and localisation of the Slain1 protein in
these tissues.

Materials and Methods

Generation of Slain1-βββββgeo mice
Mice were generated from the XG385 and XG752 mESC lines (Hirst

et al., 2006) by Monash University Mouseworks transgenic facility (Monash
University Animal Ethics Approval number - PHYS/MIS/2005/14). All
mouse tissues were obtained post-mortem after euthanasia performed in
accordance with Monash University guidelines. A candidate primer ap-
proach was performed to characterise the exact site of transgene integra-
tion, which indicated that both XG385 and XG752 have the same insertion
point, suggesting they are sister clones. Genotyping of tail DNA was
performed using primer pairs that flank the βgeo insertion point:
Geno F; 5’-TAGCCATTAGGACCTAGGACATGC-3’ and
Geno R; 5’-TCTGGTCTGTGGCTTATCTGATCC-3’ and
pβ R; 5’-CTTCACTGAGTCTCTGGCATCTCC-3’.

Analysis of splice variants
Total RNA was extracted from adult mouse organs using the RNeasy

Midi Kit (QIAGEN) and cDNA generated with SuperScript III (Invitrogen)
according to the manufacturers’ instructions. Semi-quantitative RT-PCR

was performed as previously described (Elefanty et al., 1997) with the
following primers
p2 F; 5’- CTCTTCAAAGACATTCACCTCACC-3’,
p4 R; 5’- ATGACTGCGGACTAAGTGGAGAGC-3’,
pβ R; 5’- CTTCACTGAGTCTCTGGCATCTCC-3’,
HPRT F; 5’- GCTGGTGAAAAGGACCTCT-3’ and
HPRT R; 5’- CACAGGACTAGAACACCTGC-3’.

Visualisation of βββββgeo expression using X-gal staining
Whole embryos were fixed in 4% paraformaldehyde (PFA) in phos-

phate buffered saline (PBS) and then washed three times in washing
buffer (0.1 M phosphate buffer, 2 mM MgCl2, 5 mM EGTA, 0.02% Nonidet-
P40, 0.01% sodium deoxycholate) at room temperature. Embryos were
transferred to X-gal staining solution (0.6 mg/ml X-gal, 5 mM K4Fe(CN)6,
5 mM K3Fe(CN)6 in wash buffer) and incubated at 37°C for 4 hr or until
colour developed. Stained embryos were washed in PBS with 3% DMSO
before being post-fixed in 4% PFA/PBS at 4°C overnight in order to
preserve staining patterns. Embryos were photographed as whole mounts
before embedding in paraffin for sectioning and histology. 10 μm sections
of embryos were counterstained with Nuclear Fast Red (Sigma).
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