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Null Mutation of the Lmo4 Gene or a Combined Null Mutation of the
Lmol/Lmo3 Genes Causes Perinatal Lethality, and Lmo4
Controls Neural Tube Development in Mice
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The LIM-only family of proteins comprises four members; two of these (LMO1 and LMO2) are involved in
human T-cell leukemia via chromosomal translocations, and LMO2 is a master regulator of hematopoiesis. We
have carried out gene targeting of the other members of the LIM-only family, viz., genes Lmol, Lmo3 and Lmo4,
to investigate their role in mouse development. None of these genes has an obligatory role in lymphopoiesis.
In addition, while null mutations of Lmol or Lmo3 have no discernible phenotype, null mutation of Lmo4 alone
causes perinatal lethality due to a severe neural tube defect which occurs in the form of anencephaly or
exencephaly. Since the Lmol and Lmo3 gene sequences are highly related and have partly overlapping
expression domains, we assessed the effect of compound Lmo1/Lmo3 null mutations. Although no anatomical
defects were apparent in compound null pups, these animals also die within 24 h of birth, suggesting that a
compensation between the related Lmol and 3 proteins can occur during embryogenesis to negate the
individual loss of these genes. Our results complete the gene targeting of the LIM-only family in mice and
suggest that all four members of this family are important in regulators of distinct developmental pathways.

The family of genes encoding LIM-only proteins (the family
of LMO genes) comprises four members. The founding mem-
ber, LMOI, was identified as a transcription unit near the
breakpoint of the chromosomal translocation t(11;14)(pl5;
ql1) in human T-cell acute leukemia (2, 4, 24). The gene was
subsequently used to identify two other LIM-only genes, sub-
sequently called LMO2 and LMO3 (3, 10), of which LMO2 was
also found near a human T-cell acute leukemia chromosomal
translocation, also involving chromosome 11p—in this case
t(11;14)(p13;q11) (3, 33). Both of the chromosomal transloca-
tions involve the T-cell receptor gene TCRS or TCRa on chro-
mosome 14ql1. In addition, the LMO2 gene is activated in
human T-cell acute leukemias via a variant chromosomal
translocation, t(7;11)(q35;p13), which breaks at a point near
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LMO?2 on 11p13 and within the T-cell receptor B TCRB chain
gene (35). The final member of this family to be identified was
LMO4 (14, 22, 32), which is the most distantly related member
of the family. The genes do not exist in tandem, indicating that
gene duplication occurred early in the evolution of the family
(10, 41). While the LMOI and LMO2 genes encode proteins
that are not closely related (Fig. 1), they are both found on the
short arm of human chromosome 11. Conversely, LMO! and
LMO3 genes occur on different chromosomes in humans and
mice and encode highly related proteins, especially within the
LIM domains (Fig. 1). While LMOI and LMO?2 were discov-
ered because they are activated in distinct human T-cell leu-
kemias by chromosomal translocations, no such association is
known for LMO3 or LMO4.

Analysis of the derived protein sequences from cDNA
clones showed that the LMOI mRNA encoded a potential zinc
finger protein (24) and that LMO proteins comprise two LIM
domains (4, 31), which are zinc-binding domains initially found
in three proteins called Lin11, Isl-1, and Mecl (11, 20, 50). An
alignment of the LMO proteins of humans and mice is shown
in Fig. 1. A LIM domain comprises two zinc finger-like struc-
tures related to the GATA DNA-binding domain (28), al-
though there is no evidence of direct, sequence-specific DNA
binding by LIM domains. Rather, a protein-protein interaction
function has been predicted (31) and demonstrated for the
LMO proteins (42, 43, 47, 48). The interaction of the LMO2
protein with the basic helix-loop-helix protein TAL1/SCL, with
GATA-1, and with LDB1 in a bipartite DNA-binding complex
(27, 43, 47, 48) in erythroid cells indicates a role for LMO?2 in
controlling expression of target genes, by positive or negative
regulation (44, 49). Similarly, the T-cell acute-leukemia-asso-
ciated complex, which has a bipartite DNA-binding function by
interaction of Lmo2 with Tall (13), presumably controls target
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FIG. 1. Alignment of LIM-only family protein sequences. Proteins of the LIM-only protein family are expressed from four genes—LMOI,
LMO2, LMO3, and LMO4—in humans and mice. The derived protein sequences (LMO = human; Lmo = mouse) are shown in single-letter code
and are aligned to the human LMO1 sequence (stars represent identities). The proteins are broken into the two LIM domains (LIM1 and LIM2),
and the Cys, His, and Asp residues involved in zinc binding are underlined. There is a remarkable conservation in amino acid sequence in each
family member between species. Conservation between the different proteins is lower, except between LMO1 and LMO3.

genes in a specific manner dictated by the two DNA-binding
arms of the protein complex.

The normal role of Lmo2 in development has been estab-
lished by gene targeting in mice. These studies showed that
Lmo2 is a key regulator of hematopoiesis, being necessary both
for primitive, yolk sac erythropoiesis in embryos and in defin-
itive hematopoiesis in adults (49, 54). Furthermore, Lmo2 has
a controlling function in vascular formation during embryogen-
esis, as the null mutation of the gene results in failure of the
process of endothelial remodeling (angiogenesis) (53). In this
way, Lmo2 has features of a master regulator of cell fate, which
is a feature thought to be crucial for its role in tumorigenesis
following chromosomal translocations (30). Little is known
about the function of the other members of the LIM-only
family. Lmol, Lmo3, and Lmo4 are expressed in the develop-
ing mouse brain (5, 6, 10, 14, 17, 22, 32, 37, 46, 51) and there
is some overlap in the profiles of expression. The related genes
Lmol and Lmo3 have a different timing of expression in em-
bryonic brain, with Lmol being early and Lmo3 being rela-
tively late (5, 10). Neither gene has distinctive expression in
hematopoietic tissue. Lmo4, on the other hand, has prolonged
expression in brain and is expressed during hematopoiesis (22).

Since Lmo?2 has a distinctive role in development, we have
studied possible roles of the other members of the LIM-only
family by creating null mutations in mice using homologous
recombination. Null mutation of Lmo4 results in embryonic
lethality, and this mutation can give rise to exencephaly in
homozygous null mice. In the case of Lmol and Lmo3, null
mutation of either gene alone permits production of viable
mice, but perinatal death occurs in pups with compound null
mutations in both genes. The cause of death could not be
identified, but a neural defect seems likely, as expression of
these genes is largely restricted to the brain in mouse embryos.

MATERIALS AND METHODS

Targeting constructs. Lmol and Lmo3 genomic \ clones were isolated from a
129 library in A2001 (49). Gene targeting into exon 2 of Lmol was facilitated by
the addition of BamHI adapters to the unique Scal site and cloning the 1.1-kb
pMCl-neopA cassette (55) modified as a BarmHI fragment or cloning a 5.1-kb
B-galactosidase reporter comprising an encephalomyocarditis virus (EMC) in-
ternal ribosome entry site (IRES) linked to the lacZ gene plus the simian virus

40 polyadenylation site followed by the MCl-neopA sequence (clone p1056).
This fragment was cloned as a BammHI fragment into the engineered BamHI site
of exon 2. The targeting vector comprised a 5.4-kb EcoRI fragment cloned in
pBSpt. Targeted clones were detected using a 3’ external probe comprising a
1.5-kb EcoRI-Xbal fragment, which was also used to monitor the transmission of
the targeted allele in mice. The Lmo3 targeting strategy employed the introduc-
tion of a BamHI site into Lmo3 exon 2 and cloning either pMC1-neopA or the
pl056 lacZ reporter. The targeting vector comprised a 6.6-kb BamHI-Xhol
fragment cloned in pBSpt. Targeted clones were detected using a 5" external
probe comprising a 1-kb BamHI fragment which was also used to monitor the
transmission of the targeted allele in mice. The nomenclature of targeted alleles
is summarized in Table 1.

The restriction map of the mouse Lmo4 gene was determined from 129
genomic \ clones (41). A 9.8-kb Xhol Lmo4 genomic DNA fragment containing
exon 1b to exon 4 was isolated from the A phage genomic clone and subcloned
into pBluescript. The neomycin resistance gene (neo) was cloned as a 1.1-kb
BamHI neo fragment from pMC1-neopA (55) into the blunted Eagl site of Lmo4
exon 2, producing a truncated gene which encodes only the first 15 amino acids
of Lmo4. The herpes simplex viral thymidine kinase (k) gene was inserted as a
1.8-kb blunted Xbal fragment from plasmid MCl-tk (38). The Lmo4-GFP
knockin clone was made by cloning the hygromycin resistance gene as a 1.7-kb
blunted Clal-Bglll fragment from pPGK-hyg (1, 21) containing hyg into the
filled-in AfIII site of pEGFP-N1 (Clontech) to create pEGFP-hyg. A 2.7-kb
blunted BamHI-EcoRV fragment from pEGFP-hyg was inserted into the
blunted Eagl site of Lmo4 exon 2. The herpes simplex virus tk gene was inserted
to allow for negative selection.

TABLE 1. Nomenclature of targeted alleles”

Allele Selectable Gene targeting
nomenclature marker strategy
Lmol~ Neomycin neo insertion
Lmol# Neomycin IRES-lacZ insertion
Lmo3~ Neomycin neo insertion
Lmo3* Neomycin IRES-lacZ insertion
Lmo4~ Neomycin neo insertion
Lmo4-GFP Hygromycin GFP knockin

“ The various Lmo gene targeted alleles used in the study comprise either (i)
gene inactivation by insertion of a gene encoding a selectable marker (either
neomycin [neo] or hygromycin [Ayg] genes) to create the Lmo ™~ allele, (ii) inac-
tivation using insertion of an IRES-lacZ cassette including a neo gene to create
the LmoZ allele, or (iii) knockin of the GFP gene in frame with the Lmo4 coding
sequence (together with the hyg selectable marker) to create the Lmo4-GFP
allele. Compound LmolI and Lmo3 genotypes comprising combinations of alleles
are designated +/— (a wild-type and a neo insertion allele), Z/+ (IRES-lacZ
insertion and a wild-type allele), and Z/Z (both alleles have IRES-lacZ inser-
tions).
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FIG. 2. Targeted disruption of the Lmol and Lmo3 genes. (A) Restriction maps of wild-type Lmol, neo replacement targeting vector, and lacZ
knockin targeting vector. The MC1-neo-pA cassette or an IRES-lacZ reporter was inserted at the Scal site of Lmol exon 2. (B) Restriction maps
of wild-type Lmo3, neo replacement targeting vector, and the lacZ knockin targeting vector. The MC1-neo-pA cassette or an IRES-lacZ reporter
cassette was inserted into a BamHI site mutagenized into the Lmo3 exon 2. (C and D) Detection of targeted Lmol (C) or Lmo3 (D) loci was
carried out by filter hybridization using the indicated probes. The Lmol targeted allele was detected as a 7.6-kb BamHI fragment, and the Lmo3
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Lmo3*'7) and (Lmol?*; Lmo3~'~) mice. The litter of nine pups at PO included two pups with the compound null genotype (Lmol%*; Lmo3~'")

(pups 8 and 9).

Gene targeting in ES cells and generation of mutant mice. Embryonic stem
(ES) cell lines used were E14 for Lmol and Lmo3 or CCB for Lmo4 targeting.
Cells were grown on neomycin- or hygromycin-resistant feeders in the presence
of leukemia inhibitory factor as described previously (49). DNA transfection was
carried out by electroporation, and clones were selected by resistance to G418
(400 pg/ml) or hygromycin (300 pg/ml). Targeted clones were confirmed by filter
hybridization and injected in donor blastocysts for generation of chimeric mice.
Male chimeras were bred with C57BL/6 females, and germ line transmission was
assessed by filter hybridization of tail biopsy specimen DNA. Filter hybridization
(36) was carried out as described previously (23). Restriction enzyme-digested
DNA was fractionated on 0.8 or 1% agarose and transferred to nylon membranes
following denaturation. The filters were hybridized with randomly 3?P-labeled
DNA probes (9), and specific signal was detected by autoradiography.

Analysis of mice. Anesthetized animals were transcardially perfused with 4%
paraformaldehyde (PFA) in phosphate-buffered saline. Brains were removed,
postfixed for 15 min in 4% PFA on ice, and equilibrated overnight at 4°C in
phosphate-buffered saline-30% sucrose. Sections (40 wm thick) were cut on a
sliding microtome and incubated free-floating in X-Gal (5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside) at 37°C (19). After X-Gal staining, sections were
mounted on slides, counterstained with neutral red, and coverslipped with De-
PeX. RNA analysis was carried out by filter hybridization using glyoxal-treated
RNA (39). Total cellular RNA (10 pg per lane) was fractionated on 1.4%
agarose and transferred to nylon membranes which were hybridized with ran-
domly 3?P-labeled DNA probes (9), and specific signal was detected by autora-
diography. Flow cytometry was carried out using antibodies detecting specific
hematopoietic lineage markers (purchased from Pharmingen). Mice were
screened for populations expressing Sca-1, Mac-1, Gr-1, B220, Thy-1, CD3, CD4,
CD8, CD44, and Ter119.

RESULTS

Effect of targeted mutation of the Lmol or Lmo3 gene. Two
kinds of gene targeting constructs were made with Lmol and
Lmo3 genes, namely, insertion into exons 2 of neo or lacZ

genes, in which the latter was expressed from an EMC-IRES
(Fig. 2A and B). Targeted ES cells were generated from the
four constructs, and these were injected into blastocysts to
make chimeras and germ line carriers of the null alleles (Fig.
2C and D). Identical results were obtained with neo- or lacZ-
targeted (herein shown as Z) ES cells in each case. No effect on
viability, longevity, or fertility could be observed in either
Lmol or Lmo3 homozygous null mice, and offspring of het-
erozygous pairs were produced with the expected Mendelian
ratios (Table 2 shows genotype data of pups at weaning from
Lmol and Lmo3 neomycin targeting). Histology of major tis-
sues such as lung, heart, kidney, thymus, spleen, bone marrow,
and pancreas did not reveal any noticeable differences between
wild-type, heterozygous, or homozygous mice (J. Anderson
and T. H. Rabbitts, data not shown). The expression of Lmol

TABLE 2. Genotypes of litters from interbreedings of Lmol
and Lmo3 mutant mice®

No. (%) of pups with genotype

No.
Parents of pups g type Heterozygous Homozygous
(total) (+/4) (+/-) (-/-)
Lmol™~ X Lmol*/~ 57 19 (33) 26 (46) 12 (21)
Lmo3™~ X Lmo3*/~ 50 15 (30) 25 (50) 10 (20)

“ Genotypes of mice from various interbreeding regimens for Lmol and Lmo3
mutant mice were determined by filter hybridization of tail biopsy specimen
DNA. The numbers shown exemplify the genotypes of pups from about postnatal
day 28 (P28) from a cross between Lmol*'~ heterozygous mice or between
Lmo3™'~ heterozygous mice.
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FIG. 3. Macroscopic [-galactosidase expression in brains from
Lmo3 mutant mice. (Lmol*'~; Lmo3*") mice were interbred with
(Lmol*'~; Lmo3%/%) mice, and offspring were sacrificed at E19. The
brains were dissected and whole mount stained with X-Gal to reveal
B-galactosidase expression. Simultaneously, the genotypes of the mice
were established using filter hybridization. The whole mount photo-
graphs show comparisons of the indicated genotypes of Lmo3 het-
erozygous (A) and homozygous (B) mouse brains. Abbreviations: ob,
olfactory bulb; cc, cerebral cortex; th, thalamus; mb, midbrain; bs,
brain stem; sc, spinal cord.

and Lmo3 has been found mainly in brain of the developing
mouse embryos (10, 17); Lmol expression is highest at early
stages, and little expression is seen by in situ hybridization of
RNA by about embryonic day 19 (E19) (10). Lmo3 on the
other hand, is expressed to a much lower extent at early em-
bryonic stages and is quite widely expressed in the brain and
spinal cord by E19 (10, 17). Examination of brains from
Lmol '~ or Lmo3~'~ mice did not reveal any differences from
brains of wild-type mice (S. Hunt and T. H. Rabbitts, data not
shown). The expression of B-galactosidase was in this respect a
useful marker of Lmo-expressing cells, giving a guide both to
overall architecture and to specific structural features. Lmo3 is
the more widely expressed of the two genes just before birth, as
illustrated in Fig. 3, which shows the distribution of B-galacto-
sidase expressed from the Lmo3-lacZ allele in either heterozy-
gous (Lmo3*'%) or homozygous (Lmo3%%) states combined
with a heterozygous Lmol*'~ background. Expression is evi-
dent in cerebral cortex, hippocampus, cerebellum, and brain
stem, in keeping with the in situ-hybridization data. No differ-
ences appear to occur between mice heterozygous for Lmo3
and those homozygous for Lmo3. We conclude that there is no
detectable phenotypic change resulting from null mutation of
either Lmol or Lmo3.

Postnatal death in Lmo1/Lmo3 compound null mutant mice.
The derived protein sequences of Lmol and Lmo3 show ex-
tremely high homology (Fig. 1), and considering their overlap-
ping patterns of expression in the developing mouse brain (10,
17), it seemed possible that complementation of Lmol-Lmo3
protein activity could explain the viability of the null mutant
mice. Interbreeding was undertaken to generate mice with the
various possible compound genotypes (Table 3). The most
striking observation was that no mice with a compound null
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phenotype were found in any weaned litters; this included
crosses with both neo replacement and lacZ knockins; i.e.,
no mice with any of the following genotypes survived to wean-
ing: (Lmol™'~; Lmo3™'7), (Lmol~'~; Lmo3%%), (Lmol“%;
Lmo3~'7), or (Lmol“%; Lmo3%%). Heterozygous Lmol or
Lmo3 mice with the reciprocal null mutation were viable.
Thus, the compound (Lmol; Lmo3) null mutation was lethal.

We further analyzed the lethality by examining newborn
pups from (Lmol%%; Lmo3*'~) mice crossed with (Lmol*™;
Lmo3~'7) mice and found that immediately following birth,
compound null mice (Lmol%%; Lmo3~'~) were alive but died
shortly thereafter. Genotyping data from a typical postnatal
day 0 (P0) litter of such a cross is shown in Fig. 2, using either
Lmol (Fig. 2C) or Lmo3 (Fig. 2D) probes. This litter had nine
pups, and two of these (pups 8 and 9) had the compound
genotype. These pups died within a few hours of birth. Typi-
cally, compound genotype pups were able to feed as judged by
milk in their stomachs but did not thrive and we observed that
these mice die usually within 24 h of birth. For instance, a
group of litters comprising 36 mice analyzed at PO showed
eight (Lmol%%; Lmo3~'") pups but the same litters analyzed
48 h later had no surviving (Lmol%%; Lmo3~'") pups (Table
3). In separate analyses, one (Lmol*%; Lmo3~'") pup sur-
vived for 18 days (until P18), but its growth was very stunted.

The compound Lmol/Lmo3 null mutation affects viability
within the first few hours after birth but the cause of death is
currently obscure. Histological analysis of major organs includ-
ing heart, lung, kidney, spleen, thymus, and pancreas showed
no obvious difference between compound null mice and con-
trols, and flow cytometric analysis of lineage marker distribu-
tion of hematopoietic cells showed no variance for normal
patterns (data not shown). As the major expression of Lmol
and Lmo3 is in developing brain and spinal cord, the anatomy
of these structures was examined, but no gross morphological
change was observed. The lacZ knockin provided a simple
reporter for Lmol or Lmo3 expression, and brains taken at PO
from mutant mice were sectioned and subjected to histochem-
ical analysis. All the main structures could be observed in
compound Lmol/Lmo3 null brains. Sections of brains from PO
mice were studied after X-Gal staining, and representatives are
shown in Fig. 4 from a (Lmol~'~; Lmo3%%) null compound.
These studies did not reveal any specific differences between

TABLE 3. Genotypes of litters resulting from (Lmo1%%; Lmo3*/")
X (Lmo1#*; Lmo3~/") interbreeding”

No. of pups No. (%) of pups
Age (totarl’) ’ Genotype of pups Witl(l g?:notgpg
PO 36 Lmol“%; Lmo3~'~ 8(22)
Lmol%%; Lmo3*'~ 12 (33)
Lmol“*; Lmo3™"~ 12 (33)
Lmol?*; Lmo3 "'~ 4(11)
P2 28 Lmol“%; Lmo3*'~ 12 (43)
Lmol#*; Lmo3™'"~ 12 (43)
Lmol“*; Lmo3 "'~ 4(14)
Lmol%%; Lmo3™'~ 0 (0)

“ Genotypes of mice from the indicated interbreeding regimen were deter-
mined by filter hybridization of tail biopsy specimen DNA. The numbers shown
exemplify the genotypes of pups from a cross of compound-genotype mice
[(Lmo17%; Lmo3™'~) X (Lmol#'*; Lmo3~'7)]. Note that a similar outcome of
P0-P2 compound homozygous pups was obtained when either lacZ knockin or
neo replacement was used for either Lmol or Lmo3 mutant mice.
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FIG. 4. Histological comparison of brain morphology in compound null Lmol or Lmo3 mutant mice. Sections of various brain regions from
(Lmol™'~; Lmo3%'*) (designated compound null) or (Lmol*'~; Lmo3%'*) (designated control) mice are compared. Brains were removed from
mice transcardially perfused with 4% PFA at P0, and sections were made on a sliding microtome. These were stained free-floating with X-Gal,
mounted, and counterstained with neutral red. Regions of brain illustrated in sections shown are abbreviated as follows: hp, hippocampus; s,

subiculum; ec, entorhinal cortex; oc, olfactory cortex; gp, globus pallidus; am, amygdala; CA1, CA3 of hippocampus.
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FIG. 5. Targeted disruption of the Lmo4 gene. (A) Restriction maps of the Lmo4 gene and the BamHI linearized targeting vector plm4-neo-tk,
together with the predicted structure of the targeted Lmo4 locus following a homologous recombination event. The black boxes represent coding
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(B) Restriction maps of the Lmo4 gene and the BamHI-linearized targeting vector plm4GFP-hyg-tk and the predicted structure of the targeted
Lmo4 locus following a homologous recombination event are shown. The expected lengths of the restriction fragments diagnostic for homologous
recombination are indicated by double-headed arrows. Abbreviations for restriction sites: B, BamHI; S, Sacl; X, Xhol; E, Eagl. (C) Genotype
analysis of mice at PO derived from an Lmo4"/~ X Lmo4*'~ intercross. Representative DNA samples from each genotype—i.e., wild-type (wt),
heterozygous Lmo4"'~, and homozygous Lmo4 null '~ mice—were digested with Sacl, and filter hybridization with the 3’ probe was performed.
Wild-type and targeted alleles are 3.8 and 5 kb, respectively. BamHI digestion of the same samples yields fragments of 6.6 (wild-type allele) and
7.9 (targeted allele) kb when hybridized with the 5’ probe which confirms the genotypes. (D) The ES cell line D8 (Lmo4*/~) was subjected to a
second round of gene targeting with the linearized vector plm4GFP-hyg-tk. DNA samples from representative ES cell clones of each genotype—
Lmo4™'~ neo (i.e., the original Lmo4™'~ clone with neo inserted into exon 2), Lmo4"'~ GFP-hyg (i.e., clone with the original neo mutant allele
“re-targeted” by plm4GFP-hyg-tk), and Lmo4 /~—were digested with BamHI and hybridized with the 5’ probe. This yields fragments of 6.6
(wild-type allele) and 7.9 (neo targeted allele) kb in Lmo4™'~ neo cells, fragments of 6.6 and 9.3 kb (GFP-hyg targeted allele) in Lmo4™'~ GFP-hyg
cells, and fragments of 7.9 and 9.3 kb in Lmo4 '~ cells. Hybridizing SacI-digested DNA with a neo probe showed only the 5-kb band in Lmo4*/~
neo and Lmo4~'~ ES cell clones, while rehybridizing the BamHI-digested DNA with the hyg probe yielded only the 7.9-kb GFP-hyg targeted band.
Control DNA from the wild-type (wt) ES cell line is also shown. Wild-type, neo targeted, and GFP-hyg targeted alleles are indicated by bands of
6.6, 7.9, and 9.3 kb, respectively.

null and control brains or any defects to which the cause of
death of the compound genotype mice could be attributed.

Targeted mutation of the Lmo4 genme. While Lmol and
Lmo3 are highly conserved, Lmo4 is the least conserved of the
LIM-only (LMO) family (Fig. 1). Lmo4 has a broad expression
pattern (6, 14, 22, 45, 46, 51), unlike Lmol and Lmo3. The
Lmo4 gene was inactivated by homologous recombination in
mouse ES cells. Two targeting vectors were used, one to insert
the neomycin (neo) resistance gene in Lmo4 exon 2 (Fig. 5A)
and the other to create an in-frame fusion of the amino-ter-
minal end of Lmo4 (at exon2) with green fluorescent protein

(GFP) (Fig. 5B). Two independent clones were derived (D1
and D8) with a single Lmo4 allele disrupted by the neo gene.
Chimeric mice were obtained from both clones, and germ line
transmission was obtained. Representative genotyping of mice
at PO is shown in Fig. 5C, which illustrates that both heterozy-
gous (+/—) and homozygous (—/—) null pups were obtained.
Similar results were obtained with both Lmo4 targeted clones.
Clone D8 was used for a second targeting event using the GFP
vector, and this generated cells in which homologous recom-
bination occurred either in the wild-type Lmo4 allele to give
—/— ES cells (Lmo4~'~, comprising one allele mutated with



VoL. 24, 2004

TABLE 4. Genotypes of litters from intercrosses of
Lmo4 heterozygous mice®

No. (%) of pups with genotype
No. of

Age pups Wild type Heterozygous Homozygous
(+/+) (+/-) (=)
E9.5 28 9(32) 13 (46) 6(22)
E10.5 16 3(19) 11 (69) 2(12)
E155 19 5(26) 11 (58) 3(16)
El16.5 13 3(33) 9 (69) 1(7)
E17.5 22 5(23) 14 (64) 3(13)
E18.5 10 4 (40) 4 (40) 2(20)
P28 151 40 (26) 111 (74) 0(0)

“ Heterozygous Lmo4 null mutant mice (neo insertion) were bred, and the
genotypes of embryos or pups were determined by filter hybridization of yolk sac
or tail DNA from the indicated number of progeny at embryonic stages E9.5 to
E10.5 and E15.5 to E18.5 and at P28.

neo and the other by GFP insertion) or in the neo-targeted
allele to give GFP knockin heterozygous cells (Lmo4 "'~ GFP-
hyg) (Fig. 5D).

Neonatal lethality in Lmo4 homozygotes. Heterozygous
germ line carrier mice were obtained from both neo and GFP
knockin ES cells and did not display any overt phenotype. The
effect of obtaining null mutant offspring was studied. When
genotypes were analyzed at weaning, we found no evidence of
homozygous mouse survival, whereas heterozygous survivors
occurred at the expected frequency (Table 4). Overall, the
lethality of Lmo4 null mice is 100% at P28. In addition, ho-
mozygous mice could be detected throughout embryogenesis,
and identical data were obtained from both targeted ES cell
derivatives. As the Lmo4 null mutation appeared to be lethal
to embryos, offspring from Lmo4™/~ heterozygous crosses
were genotyped at progressive time points to establish when
lethality was occurring (Table 4). Embryos analyzed at day
E9.5 of gestation showed a Mendelian distribution of
Lmo4*'*, Lmo4*'~, and Lmo4~'~ embryos. At embryonic
stages E15.5 to E18.5, although Lmo4 '~ embryos were found,
they were present at a frequency (~12%) lower than the ex-
pected Mendelian ratio (Table 4). Therefore, about 50% of
Lmo4~'~ embryos died after embryonic stage E9.5, and the
remaining 50% were born dead.

Failure of neural tube closure in Lmo4 null mutant em-
bryos. When Lmo4 ™/~ pups survive to birth, they are born
dead. These pups were smaller than their littermates, and
about 30% have a physically distinctive phenotype, namely, the
cranium is completely absent and the brain is heavily mal-
formed (Fig. 6A), which is reminiscent of the condition of
anencephaly, a severe cranial neural tube developmental de-
fect leading to absence of the cranium and exposure and mal-
formation of the brain (7). Spina bifida is another form of
neural tube defect (7) but was not found in these mice (Fig. 6B,
dorsal view). The facial appearance of Lmo4~'~ pups was also
different from that of their littermates in that the nasal part was
more broad and protruded (Fig. 6A) and the skin was almost
white in color, possibly due to depigmentation of the skin (Fig.
6A). All internal organs were present and grossly normal. Not
all dead-born Lmo4~'~ pups had anencephaly, and some had
an appearance indistinguishable from that of their +/— litter-
mates. Therefore, the penetrance of this anencephalic pheno-
type is incomplete.
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Between E15.5 and E18.5, Lmo4 ™/~ embryos were found at
a lower frequency than the expected Mendelian distribution
(Table 4). About half of the Lmo4~'~ embryos exhibited the
cranial neural tube defect exencephaly, in which there is a
defect in the cranium and the brain is exposed (Fig. 6B). This
is consistent with the findings in the Lmo4~'~ dead-born pups.
The developmental consequences of the failure of neural tube
closure were studied with histological analysis of Lmo4 '~ and
Lmo4™'~ littermates. The normal architecture of the cerebral
cortex was lost in Lmo4~'~ embryos (compare Fig. 6E and F,
showing a section of an Lmo4*'~ embryo) with the brain
showing widespread necrosis, and thus it is not possible, for
instance, to distinguish areas within the cortex. The anenceph-
aly condition seen in the dead-born pups might be due to the
fact that the friable brains were worn off during the process of
labor. Moreover, like the dead-born pups, the exencephalic
embryos also had very white skin and abnormal facial appear-
ances compared to that of their littermates (Fig. 6B). This
indicates that Lmo4 is required for the proper development of
the neural tube.

The penetrance of this neural tube defect in Lmo4~'~ em-
bryos is only about 40 to 50%. Since the Lmo4 gene in the
homozygous null animals is interrupted by inserting a neo gene
in its exon 2, which encodes the first LIM domain, it could be
possible that an alternative splicing variant of the Lmo4 tran-
script consisting of the 5’ untranslated region and exons 3, 4,
and 5 is formed (41). This splicing variant, if formed and
translated, would contain the second LIM domain of the pro-
tein, which might be sufficient for a degree of function. RNA
filter hybridization (Fig. 7) was used to check if the nonexen-
cephalic Lmo4~'~ embryos have such a splicing variant of
Lmo4. Total RNA was isolated from wild-type, Lmo4™/~, ex-
encephalic Lmo4~/~, or nonexencephalic Lnmo4~'~ whole em-
bryos and assayed by filter hybridization using a probe contain-
ing Lmo4 cDNA sequences 3’ to the neo insertion site. By
contrast to the wild-type and Lmo4"/~ embryos, both
Lmo4~'~ embryos had no detectable Lmo4 transcript, suggest-
ing that no alternative Lmo4 splicing variant occurs in the
nonexencephalic Lmo4~'~ embryo (Fig. 5).

The mouse neural tube forms during E8 to E10 of gestation
(15). The neural folds, comprised of neuroectoderm (the fu-
ture brain and spinal cord tissue), the neural crest, and under-
lying mesenchyme, fuse to form the neural tube, and if this fails
to fuse, it results in exencephaly. The neural tubes were there-
fore examined in day E9.5 and E10.5 embryos derived from
Lmo4™'~ crosses. Eight Lmo4~'~ embryos were found among
44 embryos examined (Table 4). In three of these Lmo4 '~
embryos, the cranial neural tubes failed to close, whereas those
of all Lmo4*'~ and wild-type embryos had completed closure
(Fig. 5). There was no other significant difference between the
Lmo4~'~ embryos and the Lmo4™'~ or wild-type embryos
between E9.5 and E10.5. The percentage of Lmo4 '~ embryos
at E9.5 and E10.5 that failed to have neural tube closure (38%)
was very similar to that of embryos at late stages of gestation
which exhibited exencephaly (44%). This suggests that the loss
of Lmo4~'~ embryos during development does not preferen-
tially involve the exencephalic ones.

Intact hematopoiesis in Lnmo4 mutant mice. Various internal
organs were taken from E18.5 Lmo4~'~ and wild-type embryos
for histological analyses. Microscopic examination of tissue
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FIG. 6. Neural tube closure defect in Lmo4 homozygous null mutant mice. Timed matings between heterozygous Lmo4 mice were terminated
at PO (A), E18.5 (B), or E9.5 (C and D), and pups were genotyped by filter hybridization using the 3’ probe. (A to D) Whole-mount photographs
are shown. (A) Lateral view of a homozygous Lmo4~'~ dead-born pup, compared to a heterozygous Lmo4™'~ live-born littermate. The Lmo4 ™/~
pup exhibits anencephaly in which the cranium and the brain are absent. The facial features are also markedly abnormal compared to those of the
Lmo4*'~ pup. (B) Lateral and dorsal views comparing an E18.5 homozygous Lmo4 ™/~ embryo with a heterozygous Lmo4*/™ littermate. The
Lmo4~'~ embryo exhibits exencephaly in which the cranium is absent and the is brain exposed. The nasal part of the Lmo4~’~ embryo is broader,
and the ears are located at a much lower position. (C and D) Posterior views of an E9.5 Lmo4~'~ embryo show that the cranial neural tube remains
open at the position of the anterior neuropore (arrowhead). The same views taken from a wild-type littermate reveal that the cranial neural tube
has closed by E9.5. (E and F) Histology of dorsal telecephalon of homozygous or heterozygous Lmo4 embryos at E18.5. Coronal section through
the head, showing complete loss of brain structure, necrosis, and loss of tissue (skin and mesenchyme) overlying the dorsal part of the brain in an
Lmo4 homozygous embryo (E) compared with a heterozygous littermate (F). The brain stem in Lmo4 homozygous embryos was intact and apparently
normal. Abbreviations: e, epidermis; cg, cortical grey matter; bg, basal ganglia. The sections were stained with neutral red. Scale bar: 100 pwm.

sections of skin, heart, lung, liver, spleen, thymus, and kidney
of the Lmo4~'~ embryos showed no abnormalities. As mouse
spleen at embryonic stage E18.5 is still a major hematopoietic
organ and Lmo4~'~ mice die at birth, examination of spleen at
E18.5 was used to determine if hematopoiesis in Lmo4 /'~
embryos is grossly intact. Cells at different stages of maturation
were seen for both erythroid and myeloid lineages. Lympho-

cytes and megakaryocytes were also present. Therefore, no
obvious hematopoietic anomaly was found in Lmo4 /= em-
bryos. Histological sections of the thymus were also examined,
and no marked difference in cellularity was observed between
the thymus of Lmo4~/~ embryos and that of the wild-type
mice, and the cortex-medulla demarcation and the general
architecture of the Lmo4 ™'~ thymus were well preserved. Flu-
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FIG. 7. Filter hybridization of RNA from Lmo4 mutant embryos.
Total RNA was extracted from E12.5 embryos with normal and mutant
phenotypes, fractionated on a 1.4% agarose gel, transferred to a nylon
membrane, and hybridized to a probe containing Lmo4 cDNA se-
quences 3’ to the neo insertion site in exon 2 (see Fig. 5). RNA loading
was monitored by reprobing the filter with a mouse B-actin cDNA.
RNA of representatives from wild-type (wt), Lmo4™'~, and Lmo4 ™/~
exencephalic or nonexencephalic embryos.

orescence-activated cell sorter analysis of the lymphocytes
from E18.5 Lmo4~'~ embryos did not reveal any abnormali-
ties. To ensure that normal T- and B-cell development could
occur in adult mice, we examined ES-cell-derived lymphopoi-
esis in Ragl null mice, which lack the ability to develop mature
lymphocytes (25). Injecting Lmo4~/Lmo4 '~ null ES cells into
Ragl null blastocysts and using GFP as a marker of Lmo4
expression resulted in adult mice with a normal lymphocyte
differentiation pattern derived from ES cells, indicating that
lymphopoiesis is not altered by the Lmo4 null mutation (W.
Swat and F. W. Alt, data not shown).

DISCUSSION

The family of genes encoding LIM-only proteins comprises
four members (Lmol, Lmo2, Lmo3, and Lmo4). No other
candidate LMO/Lmo genes have appeared in hybridization
searches (unpublished data), and there is no evidence of fur-
ther LMO/Lmo genes in the human genome sequence; thus,
with the experiments described in this work, inactivation of all
members of this gene family has now been achieved (Table 5).

Lmo4 is necessary for neural tube development. Most Lmo4
null mice died in utero, and about one-third exhibited a severe
neural tube defect in the form of exencephaly. The cause of
death for the nonexencephalic Lmo4~/~ embryos, however,
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remains obscure. In situ-hybridization studies have revealed
that Lmo4 is highly expressed in neural crest cells of the neural
fold (16, 22), which is consistent with a neural tube defect in
the Lmo4 null embryos. Additional roles in neuritogenesis (46)
and in sensory neurons (6) are possible, and these may impinge
on the phenotype of the Lmo4 null mutation. A variety of cell
types are descendants of neural crest cells, such as the mela-
nocytes and neuroendocrine cells (56). The facial phenotype
may also indicate a problem in neural crest cells, which are
known to contribute to facial bone and cartilage. The exence-
phalic Lmo4~'~ animals have very pale skin, and this might
also be due to defects in melanocytes in the skin causing
depigmentation, although further experiments are required to
clarify this point. It is of interest that the penetrance of the
exencephaly phenotype is incomplete. This may be attributable
to the mixed genetic backgrounds (129/Sv X C57BL/6) of the
mice generated in this experiment. Moreover, the mechanisms
leading to neural tube defect are complex, and the genes in-
volved are heterogeneous, as exemplified by the various ge-
netic mutant mice that manifest the same neural tube defect
(15). Further, there may be a number of modifier genes con-
tributing to development of the overt phenotype (26). There
may be alternative compensatory pathways to ensure proper
neural tube closure. It is also interesting that penetrance of
exencephaly in a number of genetic mouse mutants, including
p53 mice, is also incomplete (8, 18, 34, 40)

Complementary and noncomplementary functions of Lmol,
Lmo3, and Lmo4 genes in central nervous system development.
The expression of Lmol and Lmo3 is highly restricted and is
largely found in the developing nervous system and, in the case
of Lmo3, persists in adult brain and spinal cord (5, 10, 12, 17).
Lmo4 has more-widespread expression (6, 14, 22, 32, 46). The
consequence of creating a null mutation in the Lmo4 gene is
more profound than that of creating a null mutation in either
Lmol or Lmo3, as a high incidence of neural tube closure
failure is found in Lmo4 null mice. While the Lmol-Lmo3
compound null mice die soon after birth, no obvious cause of
death could be determined. As Lmo3 expression seems re-
stricted to neural tissue, at least through embryogenesis, the
defect must presumably occur in neural tissue itself. The com-
plementary profiles of Lmol and Lmo3 gene expression and
the overlapping timing of expression suggest that Lmo3 fulfills
the role of Lmol in Lmol null mice, which facilitates the
viability of these animals. The high sequence similarity in the
derived Lmol and Lmo3 proteins, especially in the LIM do-
mains (Fig. 1), makes such a molecular complementation seem
possible. In compound Lmol-Lmo3 null mice, loss of both

TABLE 5. Summary of effects of null mutation of the Lmo family genes

Targeted Effect of n.ull_rputation Tissue affected Other defects
gene(s) on viability
Lmol None None detectable
Lmo2 Death at E9.5 Failure of primitive erythropoiesis Failure of adult hematopoiesis, failure of angiogenesis
(assessed in chimeras)
Lmo3 None None detectable

Lmol + Lmo3  Immediate postnatal death
abnormalities

Lmo4 Perinatal death

Unspecified central nervous system

Neural tube closure defect
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genes results in a lethal phenotype, and therefore complemen-
tarity is restricted to the two related genes.

The LIM-only proteins are developmental regulators. A
normal role for each member of the LIM-only family in devel-
opment is now established (Table 5). Lmo2 is an essential
regulator of primitive and definitive hematopoiesis as well as
angiogenesis (52-54). The Lmo2 role in hematopoiesis appears
unique among the LIM-only proteins, as null mutation of the
other three members does not visibly affect the differentiation
and distribution of cell types in the hematopoietic compart-
ment, although a role in the function of individual cell types
cannot be ruled out. Rather, the Lmol, Lmo3, and Lmo4
genes are implicated in the control of neural development. In
each case, the absence of the gene results in perinatal lethality,
with a discernible phenotype in the case of Lmo4 null muta-
tions, i.e., exencephaly or an inferred neural defect in the case
of Lmol plus Lmo3 mutations.

These developmental regulators can be involved in cancer
pathogenesis. Two of the members, LMOI and LMO2, are
involved in distinct T-cell leukemias by association with chro-
mosomal translocation breakpoints (29) but neither LM O3 nor
LMO4 has been found at chromosomal translocation break-
points. However, LMO4 was first recognized as an auto-anti-
gen in breast tumors (32), where it is overexpressed and has a
function in differentiation of mammary epithelium (45, 51).
The subversion of developmental regulators after chromo-
somal translocations have occurred in somatic cells has been
highlighted as the principle consequence of such abnormal
chromosomes in acute leukemias and sarcomas, and the aber-
rant use of these and other transcription factors in cancer is
likely to be a common feature.
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