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Four homologs to the Drosophila homeotic gene
spalt (sal) exist in both humans and mice (SALL1 to
SALL4/Sall1 to Sall4 , respectively). Mutations in both
SALL1 and SALL4 result in the autosomal-dominant
developmental disorders Townes-Brocks and Okihiro
syndrome, respectively. In contrast, no human dis-
eases have been associated with SALL2 to date, and
Sall2-deficient mice have shown no apparent abnor-
mal phenotype. We generated mice deficient in Sall2
and, contrary to previous reports, 11% of our Sall2-
deficient mice showed background-specific neural
tube defects, suggesting that Sall2 has a role in neu-
rogenesis. To investigate whether Sall4 may compen-
sate for the absence of Sall2, we generated compound
Sall2 knockout/Sall4 genetrap mutant mice. In these
mutants, the incidence of neural tube defects was
significantly increased. Furthermore, we found a
similar phenotype in compound Sall1/4 mutant
mice , and in vitro studies showed that SALL1,
SALL2, and SALL4 all co-localized in the nucleus. We
therefore suggest a fundamental and redundant
function of the Sall proteins in murine neurulation,
with the heterozygous loss of a particular SALL pro-
tein also possibly compensated in humans during
development. (Am J Pathol 2008, 173:1455–1463; DOI:
10.2353/ajpath.2008.071039)

The homeotic spalt (sal) gene of Drosophila melanogaster
determines the identity of the anterior head and the pos-
terior tail regions in early development.1,2 At later stages,

sal is involved in the development of the wing disk, tra-
chea, and sensory organs.3–6 Humans and mice have
four functional sal-related genes SALL1 to SALL4 (Sall1 to
Sall4 in mice). The human SALL genes encode transcrip-
tion factors presenting a characteristic structure of evenly
distributed zinc finger domains. Mutations in SALL1 result
in Townes-Brocks syndrome (TBS, OMIM 107480), a rare
autosomal-dominant malformation syndrome that is char-
acterized by dysplastic ears, preaxial polydactyly and/or
triphalangeal thumbs, imperforate anus, renal malforma-
tions, and heart anomalies.7–9 Mutations in SALL2 are not
associated with any disease, however, it has been sug-
gested that SALL2 may act as a tumor suppressor.10,11

Deletion of SALL3 has been implicated in the phenotype
of the 18q-deletion syndrome.12 Mutations in SALL4
cause autosomal-dominant Okihiro/Duane-Radial Ray
syndrome (DRRS, OMIM 607323), combining radial ray
defects and Duane anomaly.13 Additional clinical fea-
tures such as anal, renal, cardiac, ear and foot malfor-
mations, hearing loss, postnatal growth retardation, and
facial asymmetry have been documented.

Sall1-null mutant mice die perinatally because of se-
vere kidney dysgenesis or agenesis,14 whereas Sall2-
deficient mice were reported to show no apparent phe-
notype.15 Homozygous Sall4 knockout mice die shortly
after implantation, and Sall4 haploinsufficiency results in
anorectal and heart anomalies as well as exencephaly.16

Mice lacking both Sall1 and Sall2 show kidney pheno-
types comparable to those of Sall1 single knockout mice,
suggesting that both genes do not genetically interact in
vivo. In contrast, Sall1/4 double heterozygotes exhibit uni-
or bilateral renal agenesis, exencephaly, anorectal mal-
formations, and ventricular septum defects with in-
creased incidence in comparison to Sall4 heterozygotes.
This argues for a redundancy in the function of these two
Sall genes.
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The SALL proteins were shown to be important factors
in complex regulatory networks in early and late verte-
brate embryogenesis. Murine SALL4 is an essential tran-
scription factor for the early development of inner cell
mass-derived cell lineages and is required for the main-
tenance of embryonic stem cell pluripotency.17,18 At later
stages, SALL4 controls Fgf10 expression in the limbs and
Gja5 expression in the heart.19 In zebrafish, fgf10 expres-
sion is indirectly activated by sall1a and sall4 via activa-
tion of fgfr24.20 XsalF from Xenopus determines the posi-
tion of forebrain and midbrain21 and Xsal3, csal3, and
sall1a are essential for nephrogenesis.22–24

Cranial neurulation begins during gastrulation, when the
neuroepithelium is induced to differentiate from the dorsal
midline ectoderm to form the neural plate. Subsequently,
the neural folds form at the edges of the neural plate,
elevate from a semihorizontal to a vertical position, and shift
from convex to concave in a complex process that involves
midline neuroepithelial bending and expansion of the un-
derlying cranial mesenchyme. Later on, the tips of the neu-
ral folds converge along the dorsal midline and fuse to form
the neural tube.25–28 Neural tube defects (NTDs) are a
group of heterogeneous and complex congenital anomalies
of the central nervous system. Most of the mouse NTD
mutants reflect a failure in neural fold elevation, and as a
consequence, they present as exencephaly, spina bifida, or
rachischisis at later stages. In mice, more than 150 muta-
tions have been reported that cause NTDs, but no clinical or
experimental study has provided unequivocal evidence for
a definitive role for any of these genes in the causation of
NTDs in humans. In addition, considerable variation is seen
in the pattern of morphogenesis between inbred mouse
strains. This indicates that neurogenesis is a complex pro-
cess with a complex genetic network.

We have generated Sall2-null mutant mice, and in con-
trast to previous reports, we present evidence that Sall2 has
a role in neurogenesis. The incidence of NTDs in Sall2�/�

embryos is drastically increased in Sall2/4 compound mu-
tants. In addition, compound Sall1/4 mutants also display
NTDs similar to Sall2/4 mutants, suggesting an in vivo re-
dundant role for the Sall genes during murine neurulation.

Materials and Methods

Generation of Sall2�/� Mice

The targeting vector was generated by incorporating the
5� BglII/BglII fragment (4.3 kb) and the 3� BglII/BamHI (3.0
kb) fragment into the pTKneo vector (kindly provided by
Nils Brose, MPI für Experimentelle Medizin, Göttingen,
Germany). The 5� fragment was subcloned into pBlue-
script (Stratagene, La Jolla, CA) and subsequently
cloned into a SalI-ClaI site 5� of the Neor gene. The 3�
fragment was excised from a pBluescript subclone and
inserted into a BglII-BamHI site 3� of the Neor gene. RI
cells were electroporated, selected, and clones resistant
to G418 were isolated and screened by Southern blot.
The DNA isolated from the duplicate plate was digested
with EcoRI, electrophoresed, transferred on nitrocellulose
membrane (Amersham, Little Chalfont, UK), and hybrid-

ized to radioactive probes to confirm the correct homol-
ogous recombination. Nine of thirty-six clones were cor-
rectly targeted. Clones were then injected into 129SV/J
blastocysts. Resulting chimeric animals were bred with
C57BL/6 or 129SV/J females. Mutant animals studied
were of F2 and later generations. Mice were genotyped
by using genomic polymerase chain reaction (PCR). For
genotyping we used the primer mix: SAF1: 5�-GGCTCA-
CAACCATCCGTAACA-3�; ExR1 5�-ACACCTGCTCAC-
CTCCATCG-3�; NeoR1 5�-GCGCGAATTCGATGATCCT-
GAACGGC-3�. The size of the amplicon is 400 bp for the
wild-type allele and 620 bp for the Sall2 mutant allele.

Sall2�/� mice on a 129SV/J-DBA/2, 129SV/J-NZW, and
129SV/J-CD1 background were generated by crossing
Sall2�/� mice on a 129SV/J background to mice on the
inbred DBA/2 and NZW and the outbred CD1 back-
ground, respectively. Sall2�/� embryos from F1 inter-
crosses were analyzed at E12.5 to E14.5. Inbred NZW
mice were obtained from The Jackson Laboratory (Bar
Harbor, MA), and inbred DBA/2 and outbred CD1 mice
were obtained from Charles River (Lyon, France).

Generation of Sall4�/gt Mice

Clone W097E01 (embryonic stem cells 129 � 1/SvJ2)
carrying an insertion of the gene trap vector pT1�geo in
intron 1 of the Sall4 gene (Sall4GT(pT1Betageo)1Flo, hereafter
termed Sall4gt) was identified within the German Gene
Trap Consortium (GGTC; www.genetrap.de).29 Mutant mice
were generated after injection into C57BL/6 blastocyst and
resulting chimeras were bred to C57BL/6J females. Mice
were genotyped using the primer mix: S4F 5�-TGGGGAT-
TCCGGACTTGCTTC-3�; S4R 5�-TTTAAAAGCGGCGC-
CACTAGAG-3�; pGEOR6 5�-GAGATGGATTGGCAGAT-
GTAGC-3�. The size of the amplicon is 284 bp for the
wild-type allele and 234 bp for the Sall4gt mutant allele.

Generation of Sall1�/� Mice

The targeting vector was made by insertion of a 5� 6.2-kb
XhoI/ClaI fragment and a 3� 1.1-kb XbaI fragment into the
pTKneo vector. The construct was linearized with NotI
and transfected into R1 embryonic stem cells. Clones
resistant to G418 were isolated, screened, and analyzed
as described above to confirm homologous recombina-
tion. Twenty-seven of forty-three clones were positive.
Clones were then injected into 129SV/J blastocysts. Re-
sulting chimeric animals were bred with C57BL/6 fe-
males. Mutant animals studied were of F2 and later gen-
erations. Mice were genotyped by using genomic PCR. For
genotyping of the wild-type allele, we used the primers Ex2
F164 5�-TGATTACACGACATTTCCTACTG-3� and SA R164
5�-GACGACTCAAGTAAA AAGCACAA-3� (fragment size
400 bp). For the recombinant allele, PCR was performed
with primers Neo F264 5�-GGCTGACCGCTTCCTCGTG-3�
and SA R164 (fragment size 750 bp).

Histological Analysis

Embryos were collected in phosphate-buffered saline
(PBS), fixed in Serra (ethanol:37% formaldehyde:acetic
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acid, 6:3:1), embedded in paraffin, and sectioned to 7
�m. Sections were stained with hematoxylin and eosin
(H&E). For cell proliferation, sections were stained with
rabbit anti-phospho-histone 3 (H3P) antibody (catalog
no. 06-570, Upstate, Chicago, IL). Detection of apoptotic
cells in paraffin sections was performed using a rabbit
anti-caspase 3-active antibody (catalog no. AF-835; R&D
Systems, Minneapolis, MN). The ABC kit (Vector Labora-
tories, Burlingame, CA) was used following the manufac-
turer’s protocol. In every section, the number of stained
cells was scored and the surface area of neuroepithelium
was determined using the AxioVs40 V 4.4.0.0 software
(Zeiss, Jena, Germany). Images were captured by a
Zeiss Axiocam MRc5 charge-coupled device camera.

In Situ Hybridization Analysis

Whole mount in situ hybridization was performed follow-
ing a standard procedure,30 with digoxigenin-labeled an-
tisense riboprobes for Sall2, Sall4,31 Fgf8,32 and Msx1.33

For expression analysis of Sall2 a 1082-bp Sall2 BamHI
fragment of exon 2 (Figure 1A) containing sequences
coding for the third double zinc finger and 3�-UTR was
subcloned into pBluescriptKS (Stratagene).

Intracellular Co-Localization Analysis

For co-localization assays, COS-7 and HEK293 cells
were grown on coverslips (5 � 104 cells) and transiently
transfected with expression plasmids using Lipo-
fectamine (Invitrogen, Carlsbad, CA). After washing with
PBS, the cells were treated with methanol for fixation (10
minutes), washed twice with PBS, and equilibrated in IF
buffer [10 mmol/L Tris, pH 7.5, 100 mmol/L NaCl, 0,05%
(v/v) Tween20, 1% (w/v) bovine serum albumin] for 30
minutes. Cells were incubated with primary antibodies
(anti-FLAG; Sigma-Aldrich, St. Louis, MO; and anti-HA;
BD Biosciences, Heidelberg, Germany), washed with
PBS, incubated with secondary biotinylated antibodies
(Vector Laboratories), and signals were detected using the
fluorescent avidin kit (Vector Laboratories). Nuclear coun-
terstaining was accomplished by 4,6-diamidino-2-phenylin-
dole staining showing the location of the nuclei for orienta-
tion. Finally, coverslips were mounted on glass slides using
Slowfade Gold (Invitrogen) and fluorescence signals were
visualized by confocal laser-scanning microscopy.

Quantitative Real-Time Reverse Transcriptase
(RT)-PCR

For quantitative real-time RT-PCR (qRT-PCR) total RNA
was isolated from E8.5 stage embryos and cDNA was
prepared by reverse transcription using oligo(dT)
primers. The relative expression of the Sall4 exon 1-2
transcript was analyzed using the primers E1RTF1
(5�-GAAGCCCCAGCACATCAAC-3�) and E2RTR2 (5�-
CTGAGGCTTCATCGCAGTT-3�). The exon 1a-2 tran-
script was amplified with the primer pair E1aRTF1
(5�-CGGACTGCGACACACACC-3�) and E2RTR2. The

qRT-PCR was performed using the ABI Prism Real-Time
Detection System 7900 (Applied Biosystems, Darmstadt,
Germany). For the quantification of RT-PCR products, we
used the SYBR Green assay system (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
In brief, the RT-PCR reactions were prepared by adding
5 �l of 2� SYBR Green mix, 2.5 �l of primer mix (forward
and reverse, 1 pmol/�l), and 2.5 �l of cDNA template.
The RT-PCR amplification condition was the following:
94°C 30 seconds, 63°C 30 seconds, 72°C 30 seconds for
45 cycles. Data analysis was done by SDS 2.1 software
(Applied Biosystems) using standard curve method and
Microsoft Office Excel (Microsoft, Redmond, WA). To ver-
ify the specificity and efficiency of real-time analysis, the
PCR products were analyzed by monitoring their disso-
ciation curves. The expression levels of investigated tran-
scripts were normalized to �-actin mRNA expression to
compensate for difference in sample amounts. The
primer sequences used for amplification of the �-actin
transcript were actinF (5�-CTTTGCAGCTCCTTCGTTGC-
3�) and actinR (5�-ACGATGGAGGGGAATACAGC-3�).

Northern Blot

For expression analysis of Sall2 a 1082-bp Sall2 BamHI
fragment34 containing sequences coding for the third
double zinc finger and 3� UTR (exon 2) was subcloned
into pBluescriptKS (Stratagene). A 32P-labeled probe of
this subclone was generated by use of Rediprime II la-
beling system (Amersham Biosciences) and hybridized
to Northern blots containing RNA of adult murine kidney
tissue. RNA extraction, Northern blotting, and hybridiza-
tion were performed as described.35

Results

Sall2�/� Embryos Show NTDs

We have generated Sall2�/� mice by deletion of exons 1a
and 2 via homologous recombination, resulting in a loss
of all regions encoding zinc finger domains and loss of
the complete coding region for the exon 1a-exon 2 tran-
script (Figure 1, A–C). Sall2�/� mice developed normally
and had no phenotypic abnormalities. When intercrossed
to generate homozygous Sall2�/� mutants, again no phe-
notypic abnormalities were observed on a mixed 129SV/
J-C57BL/6 background (105 Sall2�/� embryos ana-
lyzed). However, when we analyzed Sall2�/� mice on a
129SV/J background, the litter size was constantly below
the strain-specific average. We therefore decided to an-
alyze the phenotypic appearance of the embryos and
noted a significant perinatal lethality (data not shown).
We observed abnormalities during neural tube develop-
ment at E9.5 (Figure 1E) and exencephaly at E11.5 in
some Sall2�/� embryos (Figure 1G). To quantify the fre-
quency of the phenotype, we collected 208 Sall2�/� em-
bryos at E14.5, and 24 (11.5%) embryos displayed ex-
encephaly (Figure 1I). While this work was in progress, a
Sall2�/� mouse was described. Because these mutants
developed to term without pathological findings, a dis-
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pensable role for Sall2 in murine embryogenesis has
been postulated.15 In contrast, our results indicate that
Sall2 is required for normal embryonic neural tube de-
velopment, depending on the genetic background. To
confirm this, we generated Sall2�/� mice on three new
mixed backgrounds: 129SV/J-DBA/2, 129SV/J-CD1, and
129SV/J-NZW. We found NTDs in homozygous Sall2 mu-
tants on the 129SV/J-CD1 and the 129SV/J-NZW back-
grounds at a frequency of 12.9% and 17.1%, respec-
tively, but not on the 129SV/J-DBA/2 background (Figure
1J). This result confirms that Sall2 plays a role during
neurulation. It also shows that the frequency of NTDs
displayed by Sall2�/� embryos varies depending on the
genetic background, indicating that the different genetic
constitutions of the various mouse backgrounds modu-
lates the effect of the loss of Sall2.

Early Expression of Sall2 in the Cranial Region

Previous studies have revealed Sall2 expression in the
metanephros and the spinal cord at E11.5. At later

stages, the expression was localized to the kidney and
the brain.15 Because we observed NTDs in Sall2�/� em-
bryos already at E9.5, we decided to study Sall2 expres-
sion at early developmental stages. In situ hybridization
for Sall2 revealed expression at E7.5 in the neural ecto-
derm, the mesoderm, and a broad anterior region of the
head (Figure 2A). The same expression pattern was ob-
served at E8.5 (Figure 2B). Later, the expression became
restricted to distinct structures: strong signals were seen
in the forebrain, midbrain, hindbrain, and the mesone-
phros at E9.5 (Figure 2, C–E) and at E10.5 (Figure 2,
F–H). Analysis of the sections indicated that Sall2 is ex-
pressed dorsally in the neuroepithelium all along the
body axis (Figure 2, D and E). In addition, Sall2 expres-
sion could be detected in the otic vesicle at E9.5 (Figure
2, C–E), in the lens placode at E10.5, and in the optic cup
at E11.5 (Figure 2, H and J). Starting at E11.5, Sall2
expression in the neural tube decreased but was main-
tained in the telencephalon and the third ventricle until
E12.5 (Figure 2, I, K, and L). This pattern of expression is
consistent with a role of Sall2 in neurulation.

Figure 1. Generation and analysis of Sall2�/� mice. A: Strategy for inactivation of the Sall2 gene. Exons 1a and 2 were replaced by the neomycin cassette of the
pTKneo vector resulting in a recombinant allele. Exons including zinc finger domains (blue stripes), sequencing primers (arrows), neomycin cassette (Neo), and
thymidine kinase (Tk) are depicted B: BamHl, Bg: Bglll, C: Clal, E: EcoRl, H: Hindlll, S: Sall, X: Xbal. B: PCR to identify the Sall2 wild-type allele (�) and the Sall2
mutant allele (�). The strategy is indicated in A. We used a primer mix with the forward primer SAF1 and the reverse primers ExR1 (for wild-type allele) and NeoR1
(for Sall2 mutant allele). C: Northern-blot analysis of Sall2-deficient mice. Each lane contains 20 �g of total RNA prepared from kidneys of wild-type mice (�/�),
as well as of heterozygous (�/�) and homozygous (�/�) Sall2 knockout mice. The Sall2 probe detects a 5-kb transcript. D–I: Gross morphology of Sall2�/�

embryos at different stages. D and E: At E9.5, the neural tube is already closed in control embryos (D), whereas in some Sall2�/� embryos the neural folds remain
unfused (E, arrowheads). F–I: At E11.5 and at E14.5 some Sall2�/� embryos show excencephaly (G and I, arrowheads). J: Incidence of NTDs of Sall2�/�

embryos on different genetic backgrounds. aFor the 129SVJ and 129SVJ-C57BL/6 backgrounds, embryos analyzed were from homozygous Sall2 mutant
intercrosses from F3 and later generations; bfor the other three backgrounds, embryos analyzed were from heterozygous Sall2 mutant F1 intercrosses.
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Redundancy between Sall2 and Sall4 in Neural
Tube Development

The low penetrance of the cranial abnormalities in the
Sall2�/� embryos might be explained by the compensa-
tion by other factors. Sall4, a closely related gene, was
previously shown to display a similar expression pattern
during embryogenesis,31 and we confirmed by in situ
hybridization that both genes were simultaneously ex-
pressed in the developing neuroectoderm of the cranial
region at E8.5 (Figure 3, A and B). To screen for a
possible redundant role during neural tube development,
we decided to generate compound Sall2/4 mutant mice.

Heterozygous Sall4 gene trap mutant mice, Sall4�/gt,
generated as described in the Materials and Methods,
did not reveal any phenotypic abnormalities. In contrast,
Sall4gt/gt homozygous embryos displayed a phenotype
similar to Sall4-deficient knockout mice,16 but they died at
approximately E7.5, 1 day later than reported for homozy-
gous knockouts (unpublished observations). By data-
base searches we identified an EST clone (BY729264)
comprising an alternative first exon upstream of exon 2
that contained a different translation initiation site. Com-
parison of the EST sequence to the Sall4 genomic region
identified the localization of the alternative exon closely
downstream of the genetrap integration site. The newly
identified exon was named exon 1a (Figure 3C). To de-
termine the impact of the integration of the gene trap
vector we performed quantitative RT-PCR at E7.5. Our
analysis revealed that in Sall4gt homozygous mutants the
mRNA expression initiated from exon 1 was completely
abolished whereas the expression initiated from exon 1a
was reduced to 45% when compared to wild-type em-
bryos (Figure 3D). Therefore, the genetrap integration

resulted in a hypomorphic Sall4 mutant allele. Analysis of
the cross between Sall2�/�Sall4�/gt mice and Sall2�/�

mice revealed that Sall2�/�Sall4�/gt developed NTDs with
a full penetrance of the phenotype (24 of 24), whereas the
phenotype was only partially penetrant in Sall2/4 com-
pound heterozygous mutant embryos (4 of 23). We found
no NTDs in the other genetic combinations (Figure 3I).

To determine when phenotypic differences between
Sall2�/�Sall4�/gt and control embryos can first be de-
tected, we examined H&E-stained sections of the cranial
region between E8.0 to E8.5 (9 to 13 somite stage). At the
9-somite stage, the neural folds are already prominent in
the cephalic region of both control and mutant embryos,
lying in a semihorizontal position (Figure 3, J–M). At the
11-somite stage, the neural folds in the cephalic region
are elevating and start to become parallel in control em-
bryos (Figure 3N). This bending is also visible in the
mutant neural folds, but to a much lesser extent, and the
distance between the neural tips is always increased
(Figure 3O). In a more rostral location, the development
of an optic vesicle is visible in both control and mutant
embryos (Figure 3, P and Q; arrow), but the distance
between the neural tips remains increased in mutant
embryos (Figure 3Q). At the 13-somite stage, in control
embryos, the neural folds in the cephalic region are lying
parallel, and the neural tips are close to fusing (Figure
3R). In the mutant embryos, the degree of bending of the
neural folds is similar to the 11-somite stage, and the
neural tips are very far apart (Figure 3S). In a more rostral
location, the edges of the neural tube are parallel and
very close to each other in control embryos (Figure 3T),
whereas they are very separated in the mutant embryos
(Figure 3U). At E9.5, the neural tube is already fused in
control embryos (Figure 3, V and X), whereas the neural
folds remain unfused in the mutants (Figure 3, W and Y).
Altogether, these results show that Sall2�/�Sall4�/gt em-
bryos have a failure in neural fold elevation and fusion,
which finally leads to the excencephally seen at later
stages. They also indicate that Sall2 and Sall4 have a
redundant function in neural tube closure.

Increased Apoptosis in Sall2�/�Sall4�/gt

Embryos

To test whether a complete gene misregulation may be
responsible for the phenotype observed in Sall2�/�Sall4�/gt

embryos, we analyzed by in situ hybridization the expres-
sion of Fgf8, a marker for the neuroepithelium of the
frontonasal region, the midbrain-hindbrain boundary, and
the branchial arch,32 and Msx1, that is expressed in the
forebrain and the midbrain.33 No difference in expression
was seen for these two markers between Sall2�/�Sall4�/gt

and wild-type embryos (Figure 4, A–D). Thus, a signifi-
cant misregulation of these two marker genes seems not
to be the origin of the neural tube closure defects seen in
the Sall2�/�Sall4�/gt mutant embryos.

To test whether the neuroepithelium of Sall2�/�Sall4�/gt

mutants may reveal any difference in cell proliferation or
cell death we performed immunohistochemistry for the
mitosis marker H3P and for the apoptotic marker caspase

Figure 2. Sall2 expression during murine embryogenesis. A–C, F, I, and L:
Whole mount in situ hybridization for Sall2. D, E, G, H, J, and K: Vibratome
sections of the stained embryos. e, eye; fb, forebrain; fv, fourth ventricle; hb,
hindbrain; lv, lateral ventricle; mb, midbrain; me, mesencephalon; mn, me-
sonephros; ne, neuroectoderm; nt, neural tube; oc, optic cup; op, olfactory
pit; otv, otic vesicle; ov, optic vesicle; te, telencephalon; tv, third ventricle.
For the description of the results see the text.
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3 at the 9- to 13-somite stage. We found no difference in
cell proliferation between control and mutant embryos
(Figure 4E, top). In contrast, we found an increased num-
ber of apoptotic cells (Figure 4E, bottom). Analysis of the
neuroepithelium of control embryos stained for caspase 3
revealed some positive cells, in particular close to the
bending of the neural tube (Figure 4, F, H, and J). In the
equivalent regions in the mutants the number of positive
cells was markedly increased (Figure 4, G, I, and K).

Sall1 and Sall4 Act Redundantly during Murine
Neurulation

The murine Sall1 gene is closely related to Sall2 and Sall4
and is also expressed in the neural tube. In compound
Sall1/2-null mutants no neural tube abnormalities have
been described.15 To screen for a possible redundant
role between Sall1 and Sall4 in murine neurulation, we
crossed Sall1�/� mice to mice harboring the hypomor-
phic Sall4gt allele. For this purpose we generated Sall1�/�

mice by homologous recombination resulting in a dele-
tion of exons 2 and 3 including all zinc finger domains.
Heterozygous Sall1 mutant mice were phenotypically nor-
mal and fertile, whereas homozygous Sall1 mutants died
perinatally as a result of a bilateral kidney agenesis, as
previously described.14

By crossing Sall1�/� and Sall4�/gt mice we obtained 4
Sall1�/�Sall4�/gt mutants of 79 offspring. While this work
was in progress, a Sall1/4 compound heterozygous
mutant was described. Interestingly, 45% of these
Sall1�/�Sall4�/� mutants showed NTDs, but none of
them survived after birth.16 We therefore speculate that
the remaining expression of our Sall4gt hypomorphic
allele (see above) may account for the incomplete
penetrance and therefore may rescue a small number
of embryos from early lethality.

Analysis of the embryos from the cross between
Sall1�/�Sall4�/gt mice and Sall1�/� mice revealed that
Sall1�/�Sall4�/gt embryos presented with general growth
retardation at E10.5 and died at approximately E11.5,
probably because of cardiac failure (data not shown);
they developed NTDs with a full penetrance of the phe-
notype (eight of eight) (Figure 5, E and F). In contrast the
phenotype was partially penetrant in Sall1�/�Sall4�/gt

compound heterozygous mutant embryos (9 of 20) (Fig-
ure 5, B, D, and F). We found no NTDs in the other
genetic combinations (Figure 5F). In conclusion, our data
suggest that the higher the dosage of Sall4 on a Sall1�/�

background, or the higher the dosage of Sall1 on a Sall4�/gt

background, the less severe is the penetrance of the result-
ing cranial phenotype. This supports the idea of functional
redundancy of both genes during murine neurulation.

Figure 3. Analysis of Sall2/4 compound mutants. A and B: In situ hybridization for Sall2 (A) and for Sall4 (B) on mouse embryos revealed that both genes have
a similar pattern of expression in the cranial neuroepithelium at E8.5. C: Schematic representation of the integration of the pT1�geo gene trap vector in the Sall4
locus. Only the first three exons are shown. Integration occurred in intron 1, between exon 1 and the newly identified alternative exon 1a. D: Quantitative RT-PCR
of E7.5 wild-type (�/�) and heterozygous (�/�) and homozygous (�/�) Sall4gt embryos for the Sall4 locus. Primers were designed to include either exon 1
and exon 2 (exon1–2) or exon 1a and exon 2 (exon 1a-2). Note that in Sall4gt/gt embryos, exon1–2 transcripts are abolished whereas 45% of exon 1a-2 transcripts
are still present when compared to wild-type embryos. E–H: Sall2�/�Sall4�/gt embryos at E14.5 showed exencephaly (F). At E9.5, the forebrain and midbrain
neural folds of mutant embryos did not fuse (H, arrowheads). I: Incidence of NTDs in the four mutant genotypes resulting from the cross between
Sall2�/�Sall4�/gt mice and Sall2�/� mice. J–Y: Transverse serial sections of controls (J, L, N, P, R, T, V, X) and Sall2�/�Sall4�/gt embryos (K, M, O, Q, S, U,
W, Y) stained with H&E demonstrated a failure in elevation and central fusion of the neural folds in the mutants. Arrowheads point to the tips of the neural folds,
and arrows (P, Q) point to the optic vesicle. For a detailed explanation see the text. Scale bars � 100 �m.

1460 Böhm et al
AJP November 2008, Vol. 173, No. 5



It has previously been shown that SALL1 and SALL4
are located in distinct nuclear dots representing hetero-
chromatic structures.36,37 We therefore investigated
whether SALL1, SALL2, and SALL4 co-localize in the
nucleus. By triple-transfecting COS-7 cells with fusion
proteins SALL1-GFP, SALL2-Flu, and SALL4-FLAG we
found that SALL2 and SALL4 preferentially co-localize
at the nuclear margins, whereas SALL1 is more cen-
trally located. However, all proteins co-localize in dot-
like structures in the nucleus, favoring the idea that
they may operate as redundant transcription factors
(Figure 5, G–J).

Discussion

Previous data suggested a dispensable role for Sall2 in
embryogenesis because no human disease is associ-
ated with mutations in the SALL2 gene and because
Sall2�/� mice do not present any phenotypic abnormal-
ities.15 In contrast, here we present evidence that Sall2
may have a role in neurulation as we found NTDs in
Sall2-deficient mice. Our Sall2-null mutant embryos pre-
sented this phenotypic abnormality only on a 129SV/J
background, but not on a mixed 129SV/J-C57BL/6 back-
ground, the background of the Sall2 mutants described

Figure 4. Increased apoptosis in Sall2�/�Sall4�/gt neural folds. A–D: In situ hybridization for Fgf8 and Msx1 at E9.5 revealed no difference in the pattern of
expression of both genes between control (A, C) and Sall2�/�Sall4�/gt embryos (B, D). E: Analysis of cell proliferation and apoptosis of control and
Sall2�/�Sall4�/gt mutant embryos at 9 to 13 somite stages. For cell proliferation no statistical difference was found between controls and Sall2�/�Sall4�/gt

embryos (n � 6; unpaired t-test, P � 0.9554) (E, top). In contrast, a statistically significant difference was seen in the number of apoptotic cells between control
and Sall2�/�Sall4�/gt embryos (n � 6; unpaired t-test, P � 0.0026) (E, bottom). F, H, and J: Analysis of the neuroepithelium of control embryos stained for
caspase 3 revealed some positive cells, in particular close to the bending of the neural tube (arrowhead in J). G, I, and K: In the equivalent regions of
Sall2�/�Sall4�/gt embryos the number of positive cells was markedly increased. Arrowheads point to the apoptotic cells. ba, branchial arch; fb, forebrain; mhb,
midbrain-hindbrain boundary; fn, frontonasal region; mb, midbrain. Scale bars � 50 �m.

Figure 5. Analysis of Sall1/4 compound mutants. A and B: Gross morphology at E13.5 of a control embryo (A) and a Sall1/4 double heterozygous mutant embryo
presenting exencephaly (B). C–E: At E9.5, some of the Sall1/4 double heterozygous embryos displayed defects in neural tube closure (D). All Sall1�/�Sall4�/gt

embryos obtained showed a severe phenotype at E9.5 (E). F: Incidence of NTDs in the different genotypes resulting from the cross between Sall1�/�Sall4�/gt

mice and Sall1�/� mice. G–J: Intracellular co-localization of SALL1, SALL2, and SALL4. COS-7 cells expressing SALL1-GFP (green), SALL2-Flu (blue), and
SALL4-FLAG (red) showed that SALL2 and SALL4 essentially co-localized at the nuclear periphery, whereas SALL1 showed a more homogenous distribution.
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by Sato and colleagues.15 To confirm this phenomenon
of strain-specific variations in the penetrance of the phe-
notype, we studied Sall2�/� mice on three other back-
grounds, and found that Sall2�/� mice also developed
NTDs on the mixed backgrounds 129SV/J-CD1 and
129SV/J-NZW, but not on a mixed 129SV/J-DBA/2 back-
ground. These data are consistent with the notion that
genetic loci controlling neural tube development are
polymorphic between the mouse strains. Indeed, strain-
specific variations in the penetrance of NTDs displayed
by homozygous null mutants have been frequently re-
ported. One of the factors that may affect these strain-
specific differences in NTDs is the position of neural tube
closure 2, which varies between mouse strains.38,39 The
position of closure 2 is located within the midbrain in the
DBA/2 strain, is located more rostrally, at the midbrain-
forebrain boundary, in the CD1 strain and is located even
more rostrally, in the forebrain, in the NZW strain.38 A
rostral location of closure 2 has been proposed to be a
risk factor for cranial NTDs. Accordingly, in Sp2H mutants,
the frequency of cranial NTDs is reduced after transfer
to the DBA/2 background and is increased after transfer
to the NZW background.38 Consistent with these data, we
found no NTDs in embryos on the mixed 129SV/J-DBA/2
background, but we did observe NTDs in embryos on the
129SV/J-CD1 and 129SV/J-NZW backgrounds. Our data
are thus consistent with the notion that a protective role of
caudal closure 2 may account for the differences in the
penetrance of NTDs seen in our Sall2-deficient mice. As
nothing is known up to now where site 2 closure occurs in
the 129SV and the C57BL/6 strains, it is not possible to
discuss whether or not the absence of NTDs observed in
Sall2�/� mutant mice on the mixed 129SV/C57BL/6 back-
ground may be because of a caudal site 2 closure pro-
tective effect. But one must also consider that we ana-
lyzed mixed genetics backgrounds, thus, the shift in the
position of closure 2 was not as prominent as on a pure
genetic background. So, in addition to the position of
closure 2, other genetic factors must be involved in the
strain-specific differences observed.

The low incidence of NTDs in Sall2�/� embryos, the
similar structure of the SALL proteins, the overlapping
expression patterns of Sall1, Sall2, and Sall4 in the cranial
region, and the overlapping clinical features of patients
with TBS and Okihiro syndrome led us to the hypothesis
of a redundant function of the SALL proteins in neurogen-
esis. We therefore generated Sall2/4 and Sall1/4 com-
pound mutants. Morphological analyses of the embryos
revealed that the higher the SALL dosage, the less pen-
etrant were the NTDs. In addition, we showed that SALL1,
SALL2, and SALL4 co-localize in the nucleus, and previ-
ous GST-pulldown studies have demonstrated that the
SALL proteins form homo- and heterodimers.40 These in
vivo and in vitro results indicate an essential and redun-
dant role of the murine Sall genes in neurulation.

Histological analysis of our Sall2/4 compound mutants
revealed a failure in the elevation of the neural folds in the
forebrain and midbrain. In Sall2�/�Sall4�/gt embryos the
neural folds remain in a semihorizontal position and they
never elevate and fuse. The exencephaly shown by mu-
tant embryos at later stages is probably a direct conse-

quence of the failure in elevation. Taken together, these
results indicate that Sall2/4 have an essential role in the
process of neural fold elevation during neurogenesis.

Neural tube closure is a complex and multistep pro-
cess that involves lifting, bending, and fusion of the neu-
ral folds. Therefore, cell proliferation and cell death must
be tightly regulated during this process. We did not find
increased cell proliferation in Sall2�/�Sall4�/gt embryos,
but we detected an increased number of apoptotic cells.
Little is known about the molecular function of Sall2 and
Sall4. Sall2 has been proposed to act in some cell types
as a regulator of cell growth and survival,11 and Sall4 has
been shown to be a regulator of survival and apoptosis in
human leukemic cells.41 It is thus conceivable that both
genes may have an anti-apoptotic function also during
early neural development. Alternatively, Sall2/4 may con-
trol other unknown function(s) during neurulation, and the
increased number of apoptotic cells may simply be a
consequence of the failure in neural fold elevation.

NTDs are only rarely seen in TBS and Okihiro syn-
drome. In TBS, two families are known to us in which
some affected members have Arnold-Chiari malformation
type 1. In Okihiro syndrome, one patient with a SALL4
deletion was born with a meningomyelocele (J. Kohlhase,
unpublished data). Therefore, NTDs are a rare feature
associated with heterozygous SALL1 or SALL4 mutations
in humans. However, it is conceivable that compound
mutations in SALL1, SALL2, or SALL4 may result in de-
fective neural tube closure also in humans. But such a
severe phenotype would implicate embryonic lethality
and hence escape the clinical diagnosis of TBS or Oki-
hiro syndrome. Mutations in SALL2 have not yet been
correlated with a human disease, and this may be be-
cause of the compensatory character of the other SALL
genes. This assumption is strengthened by the fact that
Sall2�/� mice are phenotypically normal and that Sall2�/�

embryos exhibit a reduced penetrance of the NTDs
(�10%) only in some mouse strains. It is therefore likely
that the heterozygous loss of SALL2 can effectively be
compensated by the related SALL proteins in human.
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