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Abstract
The neural crest (NC) is a population of multipotent stem cell-like progenitors that arise at the
neural plate border in vertebrates and migrate extensively before giving rise to diverse derivatives.
A number of components of the neural crest gene regulatory network (NC-GRN) are used
reiteratively to control multiple steps in the development of these cells. It is therefore important to
understand the mechanisms that control the distinct function of reiteratively used factors in
different cellular contexts, and an important strategy for doing so is to identify and characterize
the regulatory factors they interact with. Here we report that the LIM adaptor protein, LMO4, is a
Slug/Snail interacting protein that is essential for NC development. LMO4 is expressed in NC
forming regions of the embryo, as well as in the central nervous system and the cranial placodes.
LMO4 is necessary for normal NC development as morpholino-mediated knockdown of this
factor leads to loss of NC precursor formation at the neural plate border. Misexpression of LMO4
leads to ectopic expression of some neural crest markers, but a reduction in the expression of
others. LMO4 binds directly to Slug and Snail, but not to other components of the NC-GRN and
can modulate Slug-mediated neural crest induction, suggesting a mechanistic link between these
factors. Together these findings implicate LMO4 as a critical component of the NC-GRN and shed
new light on the control of Snail family repressors.
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Introduction
Neural crest cells are multipotent cells unique to vertebrates that give rise to a diverse array
of derivative cell types including elements of the craniofacial skeleton, melanocytes, and
neurons and glia of the peripheral nervous system (Le Douarin and Kalcheim, 1999; Hall,
1999; Heeg-Truesdell and LaBonne, 2004). Neural crest precursors first appear at the edges
of the neural plate via an inductive event that requires integration of information from
multiple signaling pathways including bone morphogenic protein (BMP), Wnt, fibroblast
growth factor (FGF) and Notch (Heeg-Truesdell and LaBonne, 2004; Knecht and Bronner-
Fraser, 2002; LaBonne and Bronner-Fraser, 1998). These upstream signals induce the
expression of components of the neural crest gene regulatory network (NC-GRN) at the
neural plate border, including Slug, Snail, FoxD3 and Sox8/9 (Betancur et al., 2010;
Gammill and Bronner-Fraser, 2003; Heeg-Truesdell and LaBonne, 2004; Sauka-Spengler
and Bronner-Fraser, 2008). Together these transcription factors function to specify and
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maintain the precursor population, and promote the migration and further development of
the neural crest cell population. However, the unique roles of individual components of this
gene regulatory network remain poorly understood. Interestingly, many members of the NC-
GRN, including Slug/Snail, play multiple temporally distinct roles during neural crest
development (Taylor and LaBonne, 2007). The mechanisms underlying the regulation of
their function that allow such reiterative usage have yet to be elucidated.

Snail family transcription factors make essential contributions to numerous steps of
vertebrate development, including mesoderm formation (Alberga et al., 1991; Nieto et al.,
1994), and neural crest development (del Barrio and Nieto, 2002; LaBonne and Bronner-
Fraser, 2000; Taylor and LaBonne, 2007), and their misregulation is closely associated with
metastasis in cancer (Fujita et al., 2003; Hajra et al., 2002; Vernon and LaBonne, 2006).
Snail was first characterized in Drosophila where it is required for the proper formation of
mesoderm and repression of neuroectodermal genes such as single-minded and rhomboid
(Alberga et al., 1991; Hemavathy et al., 1997). Fly embryos homozygous null for Snail
exhibit defects in the invagination of the presumptive mesoderm and retraction of the germ
band (Grau et al., 1984; Hemavathy et al., 2000a; Nusslein-Volhard et al., 1984). Snail also
regulates the behavior of the mesoderm; for example it has been shown to be required for
pulsed contractions and apical actinomysin meshwork assembly (Martin et al., 2009).
During mesoderm invagination in Drosophila, pulsed actinomyosin meshwork contractions
and a ratchet-like stabilization of cell shape by Twist have been proposed to drive apical
constrictions (Martin et al., 2010).

In vertebrates, Snail family proteins include Snail (Snail1), Slug (Snail2), and Smuc
(Snail3), and their role in mesoderm development has been conserved (Hemavathy et al.,
2000a; Nieto, 2002; Sefton et al., 1998). Like Drosophila Snail, these proteins possess four
to five c-terminal C2H2 zinc fingers which mediate binding to target promoters, and which
may also play protein–protein interaction roles (Nieto, 2002). Slug and Snail appear to have
highly overlapping functions, but are distinguished by the presence of a conserved 29-amino
acid motif in the former that has been termed the “Slug domain” which is of unknown
function (Cano et al., 2000; Grimes et al., 1996; Hemavathy et al., 2000a; Sefton et al.,
1998). Vertebrate Snail family proteins also possess an N-terminal SNAG domain that is
absent in Drosophila Snail. This domain is thought to mediate transcriptional repression via
recruitment of co-repressor complexes (Grimes et al., 1996; Heeg-Truesdell and LaBonne,
2004; Hemavathy et al., 2000b; Peinado et al., 2004). Drosophila Snail has multiple binding
sites for the co-repressor CtBP that confer this function (Hemavathy et al., 2000a; Nibu et
al., 1998). Studies in human tumor cells suggest that the SNAG domain, while necessary,
may not be sufficient for transcriptional repression (Grimes et al., 1996; Hemavathy et al.,
2000b; Nakayama et al., 1998). The most widely studied Snail target in tumor cells is E-
cadherin. The E-cadherin promoter contains three tandem Ebox consensus sequences and its
down-regulation via these sites is thought to be a central event in tumor progression (Batlle
et al., 2000; Cano et al., 2000; Llorens et al., 1998; Perl et al., 1998).

In Xenopus, Slug and Snail expression at the lateral edges of the newly induced neural plate
is among the earliest known responses to neural crest inducing signals (Essex et al., 1993;
Mayor et al., 1995; Spokony et al., 2002). Slug/Snail function is essential at these early
stages for establishing neural crest precursors, and if their activity is blocked the expression
of neural plate markers extends into neural crest forming regions. Later in neural crest
development, Slug/Snail function is essential for neural crest precursor cells to delaminate
from the neural epithelium and gain migratory ability (LaBonne and Bronner-Fraser, 2000).
While Snail protein regulation is widely studied in human tumor cells, much less is known
about the regulation of these important factors in the neural crest, including the proteins that
interact with Slug/Snail to modulate their function. We have previously shown that the F-
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box protein Ppa binds the N-terminus of Slug and Snail and targets these proteins to the
ubiquitin–proteasome system (UPS) for degradation (Vernon and LaBonne, 2006). UPS-
mediated control of the threshold level of Slug/Snail in neural crest cells is an important
determinant of whether they will impart stem cell properties or mediate morphological/
behavior changes in these cells.

Another way in which the functional output of DNA binding transcription factors can be
modulated is via regulation of the macromolecular regulatory complexes that they assemble.
Adaptor proteins are frequently involved in formation of large multi-protein complexes that
influence transcription, and one such factor that has been found to bind to Slug/Snail in
neural crest cells is Ajuba LIM (Langer et al., 2008). Ajuba LIM can interact with Snail in
the nucleus via its LIM domains and enhance SNAG-mediated repression, in part by
recruiting HDAC proteins (Hou et al., 2008; Langer et al., 2008). LIM domains contain two
tandem repeated zinc fingers that appear to function primarily in protein–protein
interactions. They are found in a wide variety of proteins present in the nucleus or
cytoplasm, or that shuttle between these two cellular compartments (Bach, 2000).

Here we report that the LIM domain Only (LMO) protein LMO4 is an essential regulator of
neural crest development. LMO family proteins possess two closely spaced LIM domains
for protein–protein interactions, but lack DNA-binding or catalytic domains (Bach, 2000;
Grutz et al., 1998), and are a family distinct from the Ajuba LIM factors. LMO proteins
(LMO1-4) have been implicated in both positive and negative control of transcription
depending upon their binding partners and cellular context (Bach, 2000; Grutz et al., 1998;
Kudryavtseva et al., 2003; Lu et al., 2006; Novotny-Diermayr et al., 2005; Sum et al., 2002;
Wang et al., 2004; Wang et al., 2007). Here we show that LMO4 is expressed in both
premigratory and migratory neural crest cells in Xenopus, and that morpholino-mediated
depletion of LMO4 leads to profound defects in neural crest formation. We provide
evidence that one way LMO4 regulates neural crest development is through binding to Slug/
Snail proteins, and that its function here is distinct from that of Ajuba LIM. Together our
findings shed new light on the regulation of neural crest precursor formation, as well as on
the control of Snail-family transcriptional repressors.

Materials and methods
DNA constructs

A partial LMO4 cDNA was isolated in an in situ based expression screen of a stage 13–17
Xenopus cDNA library. A full-length clone was obtained from the NiBB (accession number
NP-001087890). The encoded protein is 98% identical, 99% similar to human LMO4. This
is in contrast to a gene previously reported as Xenopus LMO4 (accession number
NP-001079179; de la Calle-Mustienes et al., 2003) which encodes a protein that is 79%
identical and 87% similar to human LMO4. Truncated forms of LMO4, Slug, and Snail were
amplified using low cycle- number PCR and a high fidelity Tgo polymerase (Roche, Dallas,
TX, USA) and products were inserted into pCS2-MycC pCS23xFlagC, pCS23xFlagN or
pCS2-HA vector as indicated. A full length Human Ajuba cDNA was obtained from Open
Biosystems (Image clone 4837383). Morpholino resistant LMO4 was generated by quick-
change mutagenesis to introduce four point mutations that did not alter the amino acid
sequence but abrogated morpholino hybridization (ATGGTAAACCCCGGA).

Embryo manipulations
Pigmented and albino embryos were obtained using standard methods and staged according
to Nieuwkoop and Faber (1994). mRNA for injection was in vitro transcribed using
Message Machine (Ambion, Rockville, MD, USA). LMO4 translation blocking morpholino
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(5′CCTCTTACCTCAGTTACAATTTATA 3′) was obtained from Gene Tools, LLC
(Philomath, OR, USA) and injected in a single animal blastomere at the 8-cell stage. β-
galactosidase mRNA was co-injected as a lineage tracer and visualized using the Red Gal
substrate (Roche, Dallas, TX, USA). Animal pole explants were isolated from stages 8–9
embryos and cultured in 1× MMR containing 50-μg/ml gentamycin until sibling embryos
reached the noted stage. For in situ hybridization, embryos were fixed for 1X MEMFA, and
stored dehydrated in 100% methanol. In situ hybridization was carried out using digoxigenin
or fluorescene-labeled probes (Roche) as previously described (Bellmeyer et al., 2003).
Alkaline phosphatase detection was carried out using BMPurple (Roche, Dallas, TX, USA)
substrate. Results shown are representative of at least three independent experiments.

Immunoprecipitation, western blot analysis
For immunoprecipitations, embryos were collected at stage 10.5 unless otherwise noted and
lysed in 1XPBS +1% NP40 containing protease inhibitors, (aprotinin, leupeptin and PMSF).
Cleared embryo lysates were incubated with α-Flag (Sigma Aldrich, St. Louis, MO, USA)
diluted with RIPA buffer for 2 h on ice, followed by a 2-hour incubation with protein A
Sepharose beads (Sigma Aldrich, St. Louis, MO, USA). After washing, proteins were
resolved by SDS-PAGE and immunoblotting was performed using α-Flag (1:3000) (Sigma
Aldrich), α-Myc (1:3000) (Santa Cruz Biotechnology) or α-HA (1:2000), gift of R. Lamb
(Northwestern University, Evanston, IL, USA) antibodies as indicated. Labeled proteins
were detected using HRP-conjugated secondary antibodies and enhanced
chemiluminescence (Fisher, Pittsburg, PA, USA). All results shown are representative of at
least three independent experiments.

Proliferation and cell death assays
For phosphohistone H3 detection, injected embryos were fixed in formaldehyde at stage
13/14 and processed for β-gal activity. α-phosphohistone H3 antibody (Upstate
Biotechnology) was used at a concentration of 5 μg/ml; α-rabbit IgG conjugated with
alkaline phosphatase (Boehringer Mannheim) was used at a dilution of 1:1000 and was
detected with BM purple. TUNEL staining was carried out as previously described
(Bellmeyer et al., 2003). Briefly, fixed embryos were rehydrated in PBT and washed in TdT
buffer (Gibco) for 30 min. End labeling was carried out at RT overnight in TdT buffer
containing 0.5 μM digoxygenin-dUTP (Boehringer Mannheim) and 150 U/ml TdT (Gibco).
Embryos were washed at 65 °C in PBS/1 mM EDTA, and detection of the digoxygenin
epitope was carried out as for in situs. At neural plate stages only approximately 50% of
control or MO-injected embryos show any endogenous TUNEL staining, therefore Dnmt3b1
was used to induce death as a positive control for TUNEL staining.

GST pulldown assay
Slug-GST protein was expressed in BL21 E. coli, sonicated, purified with Glutathione
agarose (Sigma Aldrich, St. Louis, MO, USA). SDS-PAGE and protein induction verified
by coomassie staining LMO4 was transcribed and translated in vitro using the TNT quick-
coupled transcription/translation system (Promega Madison, WI, USA) in the presence of
[35S] methionine. 8% of reaction mixture was kept as input and the remaining protein
incubated with glutathione-beads-bound GST fusion proteins for 2 h at 4 °C in 1%NP40/
PBS in a 500 μl reaction volume. Pull downs were washed 3 times with RIPA, bound
proteins released by boiling in SDS sample buffer, resolved by SDS-PAGE, and detected
using autoradiography.
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Results
LMO4 is expressed in the neural crest

LMO4 was identified in an expression profile screen in Xenopus designed to uncover novel
components of the Neural Crest Gene Regulatory Network (NC-GRN, data not shown).
LMO4 is a small (19 kDa) adaptor protein comprised of two tandem LIM domains
connected by a small linker region, and short N and C terminal ends (Grutz et al., 1998;
Kenny et al., 1998) (Fig. 1A). To better characterize a potential role for LMO4 in regulating
neural crest development, the expression of this factor was examined using whole mount in
situ hybridization. LMO4 is expressed maternally, and at early cleavage stages LMO4
transcripts are detected throughout the animal hemisphere of the embryo (Fig. 1B I–III).
Expression in the animal pole ectoderm continues through the onset of gastrulation (Fig. 1B
IV and not shown). By neural plate stages (stage 13/14) LMO4 expression becomes
restricted to neural crest and placode forming regions of the ectoderm, including in the
transverse neural folds, and portions of the neural plate (Fig. 1B V, VI). By stage 17,
however, ectodermal LMO4 expression is primarily restricted to neural crest forming
regions, and expression is also observed in the paraxial mesoderm at these stages (Fig. 1B
IX, X). Expression of LMO4 in neural crest cells is maintained as these cells start to migrate
(Fig. 1B XI, XII). At stage 24 expression is also noted in the otic vesicle and in the tail bud
(Fig. 1B XIII). At stage 28 when LMO4 expression is seen in the neural crest that has
populated the branchial arches, expression in the tail bud and otic vesicle is still observed
(Fig. 1B XIV). Overall, the expression of LMO4 suggests potential functions for this
adaptor protein in the neural crest, in other ectodermally derived cell types including the
cranial placodes, and in the paraxial mesoderm.

LMO4 is required for neural crest development
The expression of LMO4 in neural crest forming regions of the early embryo is consistent
with a role for this adaptor protein in the development of these cells. To determine if LMO4
is required for the formation of neural crest precursor cells, or the subsequent development
of these cells, a translation blocking morpholino-targeting LMO4 was generated. Effective
“knock down” of a c-terminally epitope tagged LMO4 by this morpholino was verified by
western blot (Fig. 2F). Embryos were then injected with this morpholino, together with β-
galactosidase as a lineage tracer, into one cell at the 8-cell stage to target neural crest and to
avoid effects on the mesoderm, where LMO4 is also expressed. Embryos were cultured to
early neurula stages when the expression of a number of components of the NC-GRN was
examined by in situ hybridization (Fig. 2A).

The expression of several NC-GRN factors, including Twist, Sox10 and FoxD3, was
completely abolished in LMO4 depleted embryos. The effects of LMO4 depletion on other
essential regulators of neural crest development, including Slug, Snail, Sox9 and Sox8 were
comparatively less severe, although their expression was still significantly reduced (Fig. 2A;
Slug: 75%, n=364; Snail: 61%, n=109; Sox8: 85%, n=59; Twist: 77%, n=39; Sox10: 83%,
n=426; FoxD3: 70%, n=279; Sox9: 71%, n=176, not shown). Interestingly, the factors
affected more severely by LMO4 depletion were those that have a somewhat later onset of
expression, suggesting that LMO4 may play a greater role in the maintenance of neural crest
precursor cells than in their initial specification. Importantly, the effects of LMO4 depletion
on neural crest formation can be rescued by a mutated form of LMO4 (LMO4M1) that
cannot be targeted by the morpholino, demonstrating the specificity of the observed
phenotype (Figs. 2B, F). Co-injection of LMO4 M1 mRNA resulted in enhanced rather than
inhibited, Slug expression (Fig. 2B; LMO4M1 injected: 66% enhanced, n=65; LMO4 MO:
67% inhibited, n=42; co-injected: 87% rescued, n=78). Together, these results indicate that
LMO4 is required for the establishment of the neural crest precursor pool at the neural plate
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border. We also examined the effects of LMO4 depletion on other ectodermally derived cell
types. Morpholino injected embryos exhibited a loss of epidermal keratin (EpK) expression
(Fig. 2C). By contrast, expression of both the neural plate border maker, Pax3, and of Opl,
which is expressed primarily in placodal regions, was modestly but consistently expanded
following LMO4 depletion, whereas expression of Sox3, which is expressed throughout the
neural plate, was largely unchanged. (Fig. 2C; Epk: 80%, n=69; Sox3: 83% n=181; Opl:
73%, n=35; Pax3: 74% n=84).

Morpholino injections were carried out at the 8-cell stage to target the ectoderm and avoid
depleting LMO4 in the mesoderm. Nevertheless, we examined the expression of
mesodermal markers in LMO4 depleted embryos in order to rule out the possibility that loss
of neural crest gene expression was an indirect consequence of defects in mesoderm
formation. We found that expression of both MyoD and alpha-actin was unchanged in
LMO4 MO injected embryos (Fig. 2D and data not shown; MyoD: 95% n=80; actin: 86%
n=50). We next examined whether the requirement for LMO4 during neural crest induction
could be demonstrated under conditions where mesoderm is not present. We have previously
demonstrated that neural crest can be induced in animal pole ectoderm (“animal caps”) by a
combination of Slug and Wnt expression (LaBonne and Bronner-Fraser, 1998).
Accordingly, embryos were injected at the 2-cell stage with mRNAs encoding both Slug and
Wnt8, in the presence or absence of LMO4 MO. Animal caps were isolated at stage 9 and
cultured to stage 17 when they were examined by in situ hybridization. We found that co-
injection of the LMO4 morpholino inhibited Wnt/Slug-mediated neural crest induction (Fig.
2E). Together these results demonstrate that ectodermally expressed LMO4 is required for
neural crest induction.

Misexpression of LMO4 interferes with neural crest development
Having established that LMO4 is required for neural crest formation, we next wanted to
better understand its possible function in these cells. Toward this end, we examined the
consequences of ectopic LMO4 expression for the development of the neural crest and other
ectodermally derived cell types. mRNA encoding LMO4 was injected into one cell at the 2-
cell stage. β-galactosidase was co-injected as a lineage tracer, and injected embryos were
allowed to develop to neurula stages for analysis by in situ hybridization. LMO4
misexpression led to striking increases in Slug and Snail expression (Fig. 3A; Slug: 76%,
n=370; Snail: 71%, n=197). Ectopic expression of these markers was noted not only
adjacent to endogenous neural crest forming regions, but also in the neural plate and in large
expanses of the non-neural ectoderm (presumptive epidermis). These are regions of the
ectoderm that are generally refractory to ectopic expression of neural crest markers, even in
response to neural crest inducing factors such as Wnts or noggin. This suggests a novel or
direct mechanism for LMO4 dependent expression of these factors. To determine if LMO4
was capable of directly activating Slug expression in “naïve” ectoderm, animal caps were
isolated from LMO4 injected embryos and cultured to neurula stages where they were
examined by in situ hybridization using a probe for Slug. β-galactosidase mRNA was used
as negative control and Wnt8/Noggin co-injection as a positive control. As previously
described (LaBonne and Bronner-Fraser, 1998), the combination of Wnt8 and noggin
induced strong expression of Slug throughout the animal cap. By contrast, LMO4 injected
caps failed to express Slug, indicating that it must cooperate with other factors not present in
animal caps in order to induce expression of this marker (Figs. 3Ba–c).

To further investigate the functional consequences of LMO4 misexpression we examined its
effects on the expression of a number of other key components of the NC-GRN. Strikingly,
in contrast to what was observed for Slug and Snail, the expression of FoxD3, Sox8/9/10
and Twist was all inhibited by LMO4 misexpression (Fig. 3C; FoxD3: 78%, n=286; Sox8:
90%, n=43; Sox9: 92% n=38; Sox10: 88%, n=430; Twist: 81%, n=32). This was a
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surprising and intriguing finding as experimental manipulations that affect the formation of
the neural crest generally have similar consequences for most markers of this cell type, and
it suggests that LMO4 may play multiple mechanistically distinct roles in the formation of
the neural crest.

We next examined the effects of LMO4 misexpression on the formation of other
ectodermally-derived cell types. We found that the expression domains of the neural plate
marker Sox3 and the neural plate border/placodal marker Opl were significantly expanded in
LMO4 injected embryos. By contrast, the expression of Epidermal Keratin, a marker of
presumptive epidermis, was significantly reduced, as was the placodal marker Six1 (Fig.
3D). Given the divergent effects on the expression of definitive neural crest markers and
placodal makers, we also examined the effects of LMO4 misexpression on factors that
broadly define the neural plate border region at early neurula stages (Sauka-Spengler and
Bronner, 2010; Sauka-Spengler and Bronner-Fraser, 2008; Taylor and LaBonne, 2007).
Expression of Pax3 and Msx1 was significantly inhibited following LMO4 misexpression,
suggesting that inappropriate expression of this LIM adaptor protein is incompatible with
normal formation of the neural plate border and its derivative cell types (Fig. 3D and data
not shown; Sox3: 60% expanded, n=81; Opl: 49% expanded, n=35; Six1: 79% reduced,
n=19; Epidermal Keratin: 95% reduced, n=40; Msx1: 60% reduced, n=40; Pax3: 74%
reduced, n=23).

As the expression of a number of neural plate border and neural crest markers was lost or
diminished following LMO4 depletion and/or LMO4 misexpression, we next examined
whether their loss could be attributed to an increase in the number of apoptotic cells,
although the continued presence of numerous β-galactosidase expressing cells on the
injected sides of these embryos suggested that this was unlikely. Embryos injected either
with LMO4 MO, or mRNA encoding LMO4, were allowed to develop to mid neurula stages
(stages 15–17) when the extent of apoptosis was assessed using whole-mount TUNEL
staining. DNMT3B1, which potently induces cell death, was used as a positive control for
apoptosis as healthy neurula stage embryos display very few apoptotic nuclei. Importantly,
no significant difference in the numbers of TUNEL-positive nuclei was observed on the
LMO4-depleted or LMO4 injected side of these embryos when compared with the control
sides of the same embryos (Fig. 3E; DNMT3B1 injected: 100% increased, n=7, LMO4 MO
injected: 100% no effect, n=42, LMO4 injected: 100% no effect, n=52). This suggests that
the loss of gene expression reflects an alteration in cell specification as opposed to the death
of specific populations of cells. In an analogous set of experiments, we asked if the increase
seen in the expression of some genes such as Slug, Snail, Sox3 and Opl could reflect
enhanced proliferation of certain populations of cells. To determine this we examined the
numbers of cells immunoreactive for the mitotic marker phospho-histone H3 on the LMO4-
depleted or LMO4 injected side of embryos. Again, no apparent difference was noted in the
number of mitotic cells when compared to the control side of the embryos, indicating that
the observed phenotypes are not mediated by altered levels of cell cycle progression (Fig.
3F; LMO4 MO injected: 100% no effect, n=49; LMO4 injected: 100% no effect, n=40).

LMO4 specifically interacts with Slug and Snail
Together, the above experiments demonstrate that LMO4 is essential for neural crest
precursor formation, and that the expression of this factor has dramatic and complex
consequences for the patterning of the early embryonic ectoderm. In order to further
understand the mechanisms underlying the function of this LIM domain containing adaptor
protein, we first examined whether it could physically interact with components of the NC-
GRN and thus have a potential role in modulating their function. To this end, embryos were
co-injected at the 2-cell stage with mRNA encoding a flag-tagged LMO4 protein plus myc-
tagged forms of the neural crest regulatory proteins Slug, Snail, Sox10, FoxD3 or Twist.
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Embryos were cultured to late blastula stages when LMO4 was immunoprecipitated using
α-flag antibodies and interacting factors were detected by western blot analysis using α-myc
antibodies. LMO4 displayed robust interactions with both Slug and Snail, but failed to
interact with other NC-GRN components in this assay (Fig. 4A), suggesting that it may
serve as a specific adaptor for Slug/Snail family proteins in regulating neural crest
formation. In order to determine if the interaction between LMO4 and Slug/Snail is direct,
we generated Slug protein in bacteria as a GST fusion and LMO4 protein in reticulocyte
lysates. The ability of LMO4 to interact with Slug was then investigated using GST-pull
down assays. LMO4 bound strongly to GST-Slug but not to equivalent amounts of GST
alone, indicating that the interaction between these two factors is direct (Fig. 4B). Together
these findings suggest that the requirement for LMO4 in neural crest formation is based at
least in part on its ability to directly bind Slug/Snail proteins and serve as a scaffold for the
further recruitment of co-regulatory factors.

Interaction between LMO4 and Slug requires both LIM domains and the Slug N-terminus
To better understand the functional consequences of LMO4’s interaction with Slug/Snail
family factors, we investigated which domains of each factor were required for this
interaction. A panel of LMO4 deletions was constructed in which only one LIM domain was
present (LIMN or LIMC) or in which the N-and C-terminal extensions were deleted
(LMO4DNC). In addition, mutant forms of Slug and Snail were generated in which the
SNAG domain, or entire N-terminus of the proteins had been deleted (Fig. 5A). Co-
immunoprecipitation assays were carried out using full length LMO4 and the three LMO4
deletion mutants to determine which proteins retained their ability to bind full length Slug
and Snail. We found that deletion of the N- and C-terminal linker regions had no effect on
LMO4 binding to either Slug or Snail. By contrast, deletion of either LIM domain severely
diminished this interaction, indicating that both LIM domains play required roles in
mediating this interaction (Fig. 5B).

The ability of the Slug/Snail deletion mutants to interact with LMO4 was similarly
interrogated. Full length LMO4 was co-expressed with either full length Slug/Snail, or
forms of these proteins in which either their SNAG domain, or their entire N-terminus had
been deleted, and interactions were assessed using co-immunoprecipitation assays. A Snail
protein in which the SNAG domain was absent was no longer able to interact with LMO4,
indicating that this repressor domain is essential to that interaction (Fig. 5C, right panel).
Interestingly, deletion of the Slug SNAG domain diminished but did not fully abrogate that
interaction. Only when the entire N-terminus of Slug was absent was the interaction with
LMO4 lost (Fig. 5C, left panel). Together these findings suggest that there may be sequence
differences in the residue used by Slug and Snail to recruit LMO4, and raise the possibility
that there might be previously unrecognized functional differences between these two
closely related transcriptional repressors.

Another LIM domain containing protein, Ajuba LIM, has previously been shown to interact
with Snail via its LIM domains, in a manner dependent on Snail’s SNAG domain, and is
proposed to play a central role in SNAG-mediated HDAC recruitment (Langer et al., 2008).
We therefore asked if the N-terminus of either Slug or Snail was sufficient to recruit LMO4,
Ajuba, or HDAC1. Surprisingly, co-immunoprecipitation assays indicated that the SNAG
domain containing N-termini of Slug or Snail is not sufficient for binding LMO4, Ajuba, or
HDAC1 (Fig. 5D). Thus, while the SNAG domain may play an important role in recruiting
the transcriptional repression machinery to Snail (and to a lesser extent Slug), there must
also be residues in the c-terminus of the proteins that are essential to this role.
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Slug and Snail display differences in their abilities to recruit Ajuba and HDAC
It had previously been proposed that Ajuba and HDAC are recruited to Snail family proteins
via the SNAG domain. Our finding that neither the Slug nor Snail N-terminus is sufficient to
recruit these factors provides the first evidence that sequences outside the Nterminus are also
required. Given our finding that Slug and Snail exhibit differences in the degree to which the
SNAG domain is required to recruit LMO4, we asked if they also behaved differently with
respect to their recruitment of Ajuba or HDAC. To test this we utilized full length Slug or
Snail, the zinc finger regions of these factors alone, or forms of the proteins in which their
SNAG domains had been deleted. Co-immunoprecipitation assays were used to determine
the ability of these proteins to bind Ajuba or HDAC1. As we had found for LMO4 (Fig. 5C),
and consistent with previously published findings (Langer et al., 2008), we found that
deletion of the Snail SNAG domain led to loss of Ajuba recruitment (Fig. 6A). In marked
contrast to these findings, a mutant Slug protein missing the SNAG domain retained its
ability to interact with Ajuba. Moreover, we found that the C-terminal zinc finger domain of
Slug was sufficient for Ajuba recruitment (Fig. 6A). When we examined the ability of Slug
and Snail mutants to interact with HDAC1 we found analogous results (Fig. 6B)—the zinc
finger domain of Slug, but not Snail, was sufficient for HDAC1 binding. The findings
indicate that there are differences in how Slug and Snail assemble transcriptional co-
regulatory complexes that may have important functional consequences. These results also
indicate that although they are both LIM domain containing adaptor proteins, Ajuba and
LMO4 display differences in how they interface with Snail family proteins.

LMO4 can interact with Ajuba but not HDAC1
Because LMO4 and Ajuba are both LIM domain containing adaptor proteins that can
interact with Snail family transcriptional repressors and potentially modulate their function,
we asked if these two factors could themselves interact. LMO4 was co-expressed with either
Slug (as a positive control) or with Ajuba. Co-immunoprecipitation assays demonstrated
strong binding between LMO4 and Ajuba (Fig. 7A). We further asked if LMO4, like Ajuba,
could interact with HDAC1. Although both Slug and Ajuba strongly interact with HDAC1
when co-expressed in early embryos, interaction between LMO4 and HDAC1 was at best
very weak (Fig. 7B) and could not be detected in some experiments. This data indicate that
LMO4 and Ajuba are functionally distinct adaptor proteins, with Ajuba but not LMO4
capable of mediating interaction between Slug/Snail proteins and HDAC1, thus facilitating
transcriptional repression. Since LMO4 and Ajuba can interact, but only Ajuba interacts
with HDAC1, we next examined the consequences of LMO4 co-expression on the ability of
Ajuba to recruit HDAC1. For these experiments we utilized an HA tagged form of LMO4,
myc-tagged Ajuba, and flag-tagged HDAC1 in three way co-immunoprecipitation assays.
Co-expression of LMO4 was found to interfere with the interaction between Ajuba and
HDAC1, suggesting a possible competition for Ajuba binding by HDAC1 and LMO4 (Fig.
7B).

LMO4 is essential for Slug/Snail-mediated neural crest induction
Together the above findings indicate that LMO4 is an essential regulator of neural crest
development. They further demonstrate that LMO4, while functionally distinct from the
distantly related LIM adaptor protein Ajuba, can also interact with and potentially modulate
the function of Slug/Snail family proteins. We therefore hypothesized that the requirement
for LMO4 in the establishment of the neural crest precursor pool might stem from its ability
to interact with Slug and Snail and contribute to their function. If this hypothesis is correct,
then we might expect that loss of LMO4 would have more severe consequences for Slug/
Snail-mediated induction of neural crest markers than for neural crest induction by other
components of the NC-GRN. To test this hypothesis we compared the effects of LMO4
depletion on Slug vs. Sox10-mediated induction of Sox10. Overexpression of Slug, Snail or
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Sox10 strongly induces ectopic expression of this marker (Fig. 7C; Slug injected: 83%
expanded n=36; Snail injected: 71% expanded, n=84; Sox10 injected: 80% expanded,
n=91). Conversely, LMO4-depleted embryos display a severe loss of Sox10 expression (Fig.
7C LMO4 MO: 85% reduced, n=100). When co-injected with LMO4 MO, neither Slug nor
Snail can induce ectopic Sox10 expression (LMO4 MO+Slug: 89% reduced, n=55; LMO4
MO+Snail: 89% reduced, n=90). By contrast, Sox10 induces strong expression of Sox10
even in LMO4 depleted embryos (LMO4 MO+Sox10: 87% increased, n=46). These
findings demonstrate that LMO4 depletion impacts Slug/Snail function to a far greater
extent than it does Sox10 function. Together these data support a model in which the
requirement for LMO4 in the neural crest is a least partially linked to the ability of this
adaptor protein to modulate Slug/Snail function.

Discussion
A gene regulatory network underlying the formation, migration and differentiation of neural
crest cells has begun to be delineated (Betancur et al., 2010; LaBonne and Bronner-Fraser,
1999; Sauka-Spengler and Bronner-Fraser, 2008). A central challenge to understanding
complex developmental processes such as neural crest development on a systems-wide level
is to understand how the function of each protein in the network is controlled, often by post-
translational modification and/or by interacting factors. In this study we report on a novel
component of the NC-GRN, the LIM adaptor protein LMO4. We show that LMO4 is
expressed in neural crest forming regions, and that both depletion of LMO4 and LMO4
misexpression, causes defects in the formation of neural crest precursors and in the
patterning of the early embryonic ectoderm more broadly. As LMO proteins lack DNA
binding domains, we asked if this adaptor protein could interact with previously identified
components of the NC-GRN. We demonstrate that LMO4 strongly and directly interacts
with Slug/Snail family proteins and is required for their function.

LMO4 is a member of the LMO protein family, a group of four nuclear LIM Only factors
(designated LMO1-4) that consist almost entirely of LIM domains (Kenny et al., 1998; Yu
et al., 2008). LMO4 consist of two-tandem LIM domains connected by a small linker region
and short N-terminal (22 residues) and C-terminal (25 residues) ends. LMO proteins localize
to the nucleus and can bind with high affinity to the widely expressed nuclear LIM interactor
(NLI, also known as CLIM or LIM domain binding protein LDB1) (Kenny et al., 1998;
Mizunuma et al., 2003). Other characterized LMO-interacting proteins include Deaf-1,
GET-1, HEN-1, BMP7, and SMAD proteins, and LMO factors have been found to
participate in both transcriptional activation and repression (Bach, 2000; Grutz et al., 1998;
Kudryavtseva et al., 2003; Lu et al., 2006; Novotny-Diermayr et al., 2005; Sum et al., 2002;
Wang et al., 2004; Wang et al., 2007). Within the highly homologous LMO family, LMO4
is the most divergent and is the least well studied factor. It has been reported to be expressed
in the thymus, brain, skin, pituitary gland, nervous system as well as the neural crest (Bach,
2000; Lane et al., 2002; McCollum et al., 2007; Setogawa et al., 2006; Sum et al., 2005).
Interestingly, LMO4 is also highly expressed in breast cancer cells and at locations of active
mesenchymal–epithelial interactions (Lu et al., 2006). Recently it has been shown that
LMO4 can act as a co-activator for neurogenin 2 in the developing mouse cortex (Asprer et
al., 2011). A role for a Xenopus LMO4-related protein in mesoderm patterning has
previously been reported (de la Calle-Mustienes et al., 2003). However there is considerable
sequence divergence between that protein (currently annotated as Xenopus laevis LMO4
gene 2) and Xenopus laevis LMO4 gene 1, which we report here. Importantly, LMO4 gene
1 is most closely related to human LMO4 (98% identical, 99% similar) and is therefore
likely to be the true LMO4 orthologue in Xenopus. Moreover, the reported expression
pattern for the LMO4 gene 2 differs significantly from the expression of LMO4 (LMO4
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gene 1) we report here, with no expression in neural crest forming regions until fairly late
stages (stage 19) (de la Calle-Mustienes et al., 2003).

Our finding that LMO4 specifically interacts with Slug and Snail, but not with other
components of the NC-GRN, provides a potential mechanism for its requirement during the
formation of neural crest precursor cells. Slug/Snail factors play a central role in the
regulation of neural crest development. These closely related zinc finger transcriptional
repressors are among the first factors expressed in response to neural crest inducing signals,
and their function is required for the formation of the neural crest precursor cell population
(Essex et al., 1993; LaBonne and Bronner-Fraser, 2000; Mayor et al., 1995). Snail family
proteins also play a second, temporally distinct, role in the EMT/onset of migration of neural
crest cells (Batlle et al., 2000; Cano et al., 2000; Hemavathy et al., 2000a; LaBonne and
Bronner-Fraser, 2000). EMT is a highly conserved cellular process that is critical for
numerous stages of embryonic development as well as for the metastasis of epithelially
derived cancer (Peinado et al., 2007; Tucker, 2004; Yang and Weinberg, 2008). Snail
proteins are among the core regulatory factors that control both developmental and
pathological EMTs (Alves et al., 2009; Cano et al., 2000; Hemavathy et al., 2000a; Tucker,
2004). Invasive tumor cells frequently express high levels of Slug and/or Snail, and this is
considered a marker for aggressive disease and poor prognosis (Alves et al., 2009; Shioiri et
al., 2006; Uchikado et al., 2011). The mechanisms underlying transcriptional repression and
EMT regulation by Snail family proteins are an important topic of investigation.
Interestingly, their ability to regulate the stem cell like characteristics in neural crest cells, in
addition to EMT, may be mirrored by an ability to promote the formation of cancer stem
cells (Dumont et al., 2008; Polyak and Weinberg, 2009; Yu et al., 2007).

Because Snail factors can regulate both the acquisition of stem cell like properties (cell fate
decisions) and the onset of EMT (cell behavior/morphology), their function must be subject
to strict cell context dependent controls. All vertebrate Snail family members possess an
NH2-terminal SNAG repression domain that appears to have been acquired at the base of the
vertebrates (Hemavathy et al., 2000a). Transcriptional repression by vertebrate Snail family
proteins has been reported to require the SNAG domain, which contributes to recruitment of
HDAC1 other proteins to assemble a repressor complex (Cano et al., 2000; Comijn et al.,
2001; Peinado et al., 2007). The SNAG domain of Snail has been shown to recruit the
adaptor protein Ajuba, and it has been suggested that Ajuba functions as an obligate co-
repressor for Snail-mediated repression (Ayyanathan et al., 2007; Langer et al., 2008). The
Ajuba protein in turn can recruit Prmt5 (protein arginine methyltransferase 5) (Hou et al.,
2008). It has been suggested that 14-3-3 proteins may bridge and stabilize Snail–Ajuba
complexes and possibly also mediate connections with histone tails, thereby anchoring the
complex to chromatin (Hou et al., 2010). It remains unclear, however, how this complex
might assemble and be maintained on Snail target genes, what alternative regulatory
complexes might also assemble, and whether any of those might carry out distinct functions.

While also a LIM domain containing adaptor protein, Ajuba is structurally and functionally
distinct from LMO4 (Kanungo et al., 2000; Langer et al., 2008). Here we show that unlike
Ajuba, LMO4 does not bind HDAC1 and therefore does not also function to bridge Slug/
Snail recruitment of this component of the transcriptional repression machinery. Indeed, co-
expression of LMO4 leads to loss of the interaction between Ajuba and HDAC, suggesting it
could play an inhibitory roll in this context. Not surprisingly for an adaptor protein where
stoichiometry is expected to play a central role, the amount of LMO4 present is critical for
proper neural crest formation, with both LMO4 depletion and LMO4 misexpression causing
the inhibition of some neural crest markers. The loss of function phenotype is of course the
most critical, as it demonstrates the absolute requirement for LMO4 for the formation of
neural crest precursor cells. Of interest is the observation that later expressed components of
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the NC-GRN are somewhat more sensitive to LMO4 depletion than are some of the earliest
components, suggesting that LMO4 might act in concert with one or more of the earliest
expressed factors to regulate the expression of downstream genes in the network. This is
consistent with the finding that LMO4 directly interacts with Slug and Snail and is required
for their function.

Another intriguing finding from this study is that LMO4 induced dramatic expression of
Slug and Snail in the neural plate and non-neural ectoderm, while inhibiting the expression
of other components of the NC-GRN. This finding suggests that LMO4 misexpression might
first play a role in patterning events critical for Slug and Snail expression. Once these
proteins are expressed, LMO4 can then physically interact with them in order to modulate
their function, leading the observed inhibitory effects on other components of the NC-GRN.
It will be important to elucidate the upstream interaction partners for LMO4 that contribute
to its ability to dramatically upregulate the expression of Slug and Snail. Additionally, it will
be essential to determine which proteins LMO4 recruits to Slug/Snail-dependent
transcriptional regulatory complexes on target promoters, and to better understand the
provocative difference between Slug and Snail brought to light by this study. Most centrally,
however, our findings identify LMO4 as an essential new component of the NC-GRN, and
shed novel mechanistic light on the regulation of Snail family transcriptional repressors,
which play essential roles in both neural crest development and tumor progression.
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Fig. 1.
LMO4 is expressed in the neural crest. Schematic diagram showing LMO4 protein domains.
(B) Whole mount in situ hybridization examining LMO4 expression in early Xenopus
embryos. LMO4 expression in neural crest forming regions is apparent by stage 14, and is
maintained in premigratory and migratory neural crest cells. LMO4 expression is also seen
in the neural plate, placodal regions, and paraxial mesoderm at neurula stages (stages 14–
19). At stage 24 LMO4 is expressed in the otic vesicle and tailbud in addition to migrating
neural crest cells. At stage 28 LMO4 expression is seen in post-migratory neural crest cells
in the branchial arches as well as in the tailbud, otic vesicle and somites.

Ochoa et al. Page 16

Dev Biol. Author manuscript; available in PMC 2013 August 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
LMO4 is required for neural crest formation. (A) Whole mount in situ hybridization of
embryos co-injected in one animal micromere at the eight-cell stage with LMO4 morpholino
and β-gal as a lineage tracer. Embryos were examined at mid-neurula stage (St17) with
neural crest markers Slug, Snail, Sox8, Twist, Sox10, FoxD3. * indicates side of injection
which is also denoted by red gal staining. (B) Effects of LMO4 depletion can be rescued
with a morpholino resistant form of LMO4 (LMO4 M1). Whole mount in situ hybridization
injected probed for neural crest marker Slug. (C) Whole mount in situ of stage 13 LMO4
depleted embryos probed for neural plate marker Sox3, epidermal marker Epk, and neural
plate border markers Opl, and Pax3. (D) In situs of LMO4 MO injected embryos probed for
mesoderm marker MyoD. Normal expression of mesodermal markers indicates that effects
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of LMO4 depletion on the neural crest are not a consequence of mesodermal defects. (E)
Animal cap assay demonstrating that mesoderm independent induction of neural crest by
Wnt/Slug is blocked by LMO4 depletion. (F) Western blot analysis validating the
knockdown of LMO4 immunoblotting with antibodies against the tagged protein. Actin is
used as a loading control. (G) Western blot of in vitro translated (IVT) LMO4 proteins
demonstrating that the mutant form is resistant to translation blocking morpholino.
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Fig. 3.
Excess LMO4 interferes with neural crest formation. (A) Whole mount in situ hybridization
of embryos injected in one cell at two-cell stage with LMO4 and β-gal lineage tracer.
Embryos were examined at mid-neurula stage (St. 17) with neural crest markers Slug and
Snail, which display significant ectopic expression. B) Animal cap assay demonstrating that,
in contrast to Wnt/noggin, LMO4 cannot induce Slug expression in isolated ectoderm. (C)
Whole mount in situ hybridization of embryos injected in one cell at two-cell stage with
mRNA encoding LMO4 and β-gal. Embryos were examined at mid-neurula stage (St. 17)
with neural crest markers FoxD3, Sox8, Sox9, Sox10 and Twist expression of which, in
contrast to Slug and Snail, were all inhibited by LMO4 misexpression. (D) In situ
hybridization of stage 13 embryos injected with LMO4 and β-gal probed for neural plate
marker Sox3, placodal markers Opl and Six1, epidermal marker Epk, and neural plate
border markers Msx1 (St. 13). The expression of Slug and Snail is massively expanded
while expression of other markers is inhibited. (E) TUNEL staining of stage 15 embryos
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injected with LMO4 MO, mRNA encoding LMO4, or apoptosis inducing factor DNMT3B1
(as a positive control). No significant changes in cell death were noted following either
LMO4 up or down regulation. (F) phospho Histone H3 staining of stage 15 embryos injected
with LMO4 MO or LMO4 mRNA. No significant changes in cell proliferation were noted
following either LMO4 up or down regulation. * indicates injected side of embryo which is
also marked by red gal staining.
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Fig. 4.
LMO4 forms a complex with Slug and Snail. (A) Co-immunoprecipitation (IP) assay
probing the ability of LMO4 to interact with neural crest regulatory factors. Embryos were
injected with mRNA encoding flag-tagged LMO4 and indicated myc-tagged neural crest
transcription factors. Whole embryo lysates were prepared at stage 10.5,
immunoprecipitated with α-flag antibodies, resolved by SDS page and subjected to western
analysis using α-myc antibody. LMO4 interacts strongly with Slug and Snail but not Sox10,
FoxD3 or Twist. (B) GST pull-down assay demonstrating that in vitro translated LMO4
protein directly interacts with GST-Slug, but not with GST alone.
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Fig. 5.
The LIM domains of LMO4 and the N-terminus of Slug are necessary for interaction. (A)
Schematic of showing deletion mutants of LMO4, Slug, or Snail used in this study. (B) Co-
immunoprecipitation (IP) assay probing the LMO4 domains required for interaction with
Slug and Snail. Embryos were injected with mRNA encoding flag-tagged LMO4 constructs
and myc-tagged Slug or Snail. α-flag IP followed by α-myc western shows that both LIM
domains are required for robust interaction with Slug and Snail. (C) Co-
immunoprecipitation assay using flag-tagged LMO4 and myc-tagged forms of either Slug
(left panel) or Snail (right panel). Deletion of the Snag domain has a greater effect on the
ability of Snail to interact with LMO4. (D) Co-immunoprecipitation assays comparing the
ability of the full length or N-terminus of Slug (left panel) or Snail (right panel) to interact
with LMO4, HDAC or Ajuba. Both Slug and Snail interact comparably with all three co-
regulatory factors, but the Snag domain containing N-terminus is not sufficient for this
interaction. Lower molecular weight bands on Snail immunoblot are common Snail
degradation products.
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Fig. 6.
Slug and Snail utilize different domains to recruit Ajuba and HDAC. (A–B) Co-
immunoprecipitation (IP) assay comparing the protein domains of (myc-tagged) Slug and
Snail required for interaction with flag-tagged HDAC1 (A) or Ajuba (B). Deletion of the
SNAG domain of Snail but not Slug, leads to loss of interaction with both HDAC1 and
Ajuba. Conversely, the zinc finger domain of Slug, but not Snail, is sufficient for both
interactions. These findings reveal novel differences in how Slug and Snail interaction with
transcriptional co-regulatory factors.
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Fig. 7.
Functional roles for LMO4 in neural crest induction. (A) Co-IP assay demonstrating
interaction between two LIM domain containing adaptor proteins, LMO4 and Ajuba. (B)
Co-IP assay demonstrating that HDAC interacts strongly with Ajuba but not LMO4,
indicating that the functions of these two adaptor proteins can be distinguished. Co-
expression of LMO4 abrogates the interaction between Ajuba and HDAC, most likely by
competing for Ajuba binding. (C) LMO4 is necessary for Slug/Snail-mediated, but not
Sox10-mediated, neural crest induction. Whole mount in situ hybridization of embryos co-
injected in one cell at the eight-cell stage with LMO4 morpholino and β-gal lineage tracer
alone or in the presence of mRNA encoding Slug, Snail or Sox10. Embryos were examined
at mid-neurula stages for expression of neural crest marker Sox10. Whereas all three NC
regulatory factors can induce ectopic Sox10 expression, only Sox10 can do so in LMO4
depleted cells. These findings point to a more direct the role for LMO4 in the function of
Slug and Snail.
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