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Abstract

Background: Alternative splicing provides a broad strategy to amplify the

genome. Yet how alternative splicing influences neurodevelopment or indeed

which variants are translated at developmental choice points remains poorly

explored. Here we focused on a gene important for neurodevelopment, the Lim

homeodomain transcription factor, Lhx9. Lhx9 has two noncanonical splice var-

iants, Lhx9a and Lhx9b which compared with the canonical variant Lhx9c have

a truncated homeodomain and an alternative C-terminal sequence, suggesting

that, if translated, these variants could differently impact on cellular function.

Results: We created a unique antibody tool designed to selectively detect non-

canonical Lhx9 variants (Lhx9ab) and used this to examine the protein expres-

sion dynamics in embryos. Lhx9ab variants were translated and dynamically

expressed similarly between mouse and chicken at key developmental choice

points in the spinal cord, limbs and urogenital ridge. Within the spinal cord,

enrichment of Lhx9c vs Lhx9ab expression was observed during key migration

and axonal projection choice points.

Conclusions: These data support the notion that the expression dynamics

between canonical and noncanonical Lhx9 variants could play an important

role in spinal neuron maturation. More broadly, determining the temporal

dynamics of alternative protein variants is a key entry point to understand

how splicing influences developmental processes.
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1 | INTRODUCTION

The nervous system is composed of billions of neurons
that connect in a precise spatial relationship. The ana-
tomical organization that underpins this is assembled
during embryonic development and is instructed by
molecular codes. While good progress has been made on
understanding the genes that underlie this process, sur-
prisingly little is known about how alternative splicing
influences neural development, or in most cases even
which variants of genes are expressed at key developmen-
tal choice points. This is critical since in mammals, an
estimated 95% of genes undergo alternative splicing pro-
viding a broad strategy to amplify the functional
genome.1 Given that different splice variants can result in
proteins with different structures, activities and alterna-
tive functions, this feature could substantially impact the
understanding of the molecular pathways underlying
neural development and other biological processes. To
examine this further, here we focused on a gene family
known to be fundamental for neural and other aspects of
development, Lim homeodomain (LIM-HD) transcription
factors.

LIM-HD transcription factors comprise a large family
of proteins composed of six groups of related paralogues,
Isl1/Isl2, Lhx1/Lhx5, Lhx2/Lhx9, Lhx3/Lhx4, Lhx6/Lhx8
(formerly called Lhx7), and Lmx1a/Lmx1b. These
proteins are characterized by a stereotypical domain
structure from the N-C terminus composed of two zinc
finger-containing LIM domains important for allosteric
interactions with other proteins, a homeodomain that
binds to specific DNA sequences and an additional

sequence C-terminal to the homeodomain (Figure 1A).
Classically LIM-HD transcription factors act in multi-
meric complexes composed of at least two LIM-HD tran-
scription factors, joined together with a linker protein
such as the Ldb family (Ldb1/CLIM2/NLI or Ldb2/
CLIM1) and modulated by other proteins (Figure 1A).
Within the multimeric complex, the homeodomain
region of each LIM-HD transcription factor binds to spe-
cific DNA sequences to elicit transcriptional regulation.2

Within the developing nervous system, LIM-HD tran-
scription factors are expressed in a neural subtype-
specific manner and act in combinatorial codes to elicit
downstream neuron subtype-specific developmental fea-
tures such as neural guidance and positioning. The devel-
oping spinal cord where the precursor zone is divided
along the dorsoventral axis with each respective precur-
sor region giving rise to subpopulations of postmitotic
neurons with specific LIM-HD transcription factor codes
provides a good illustration of this.3 For example, in
developing in spinal motor neurons, the LIM-HD par-
alogues Isl1 and Isl2 are central to motor neuron develop-
ment whereas the paralogues Lhx9 and Lhx2 play a
fundamental role in sculpting neuroanatomical features
of spinal projection neurons (called dorsal interneuron
1 [dI1]).4,5 dI1 neurons are derived from the developing
dorsal spinal cord, and were originally defined by their
selective expression of the LIM-HD transcription factor
paralogues Lhx2 and Lhx9.6,7 During their development
dI1 neurons differentiate into several anatomically dis-
tinct neural populations including dI1 commissural
(dI1c) and dI1 ipsilateral (dI1i) neurons, which project
axon either commissurally or ipsilaterally, respectively

FIGURE 1 LIM-HD transcription factors and spinal dI1 development. (A) Schematic representation of the LIM-HD transcription

factors Lhx2 and Lhx9 on the Robo3 gene target site. In its simplest form, the transcription factors form a multimeric complex with linker

proteins (blue) in order to function. Together this complex leads to transcriptional regulation. The LIM 1 (green) and LIM 2 (orange)

domains and homeodomain (red) of Lhx2 and Lhx9c are indicated. (B) Schematic representation of the development of dI1 neurons,

demonstrating the expression of Lhx2 (green) and Lhx9 (purple), key markers of dI1 neuron identity over developmental time
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(Figure 1B). Interestingly while Lhx2 and Lhx9 are
expressed in dI1 neuron when they are first generated, as
dI1 neurons mature and anatomically diverge Lhx2 and
Lhx9 become differentially expressed in different
populations.4 Knocking out both Lhx2 and Lhx9 in mouse
embryos results in a profound misguidance of the dI1c
axons, a feature which is controlled by Lhx2 and Lhx9s
transcriptional regulation of the axon guidance molecule
Robo3 (Figure 1A,B).4

Given the potency of LIM-HD transcription factors, it
is crucial to regulate their activity. One strategy could be
by controlling the translation of splice variants, which
give rise to structurally different variants of the gene.
LIM-HD transcription factors have a number of tran-
script variants and despite their potential importance in
biological mechanisms, the differential expression and
biological functions of transcription factor splice varia-
tion is poorly explored. Here we focused on the LIM-HD

FIGURE 2 Lhx9 splice variants in mouse. (A) Schematic representation of the structure of Lhx9 pre-mRNA isoforms in mouse. Lhx9c

(NCBI accession number NM_001042577.1), Lhx9a (NM_001025565.2) and Lhx9b (NM_0010714.3) are shown. Introns (black lines), exons

(boxes), LIM 1 domain (green), LIM 2 domain (orange), homeodomain (red), undefined translated regions (black), and untranslated region

(light gray) are indicated. (B) Protein sequence alignments of Lhx9 variants Lhx9c (NCBI accession number NP_001036042.1), Lhx9a

(NP_001020736.1), and Lhx9b (NP_034844.1) in mouse. The LIM1 (green) and LIM2 (orange) domain are zinc finger domains which

interact with proteins and the homeodomain (red) is the DNA binding region. The alternative C-terminal domain of the Lhx9ab proteins is

indicated (gray). Comparing all three variants (*) indicates positions which have a single, fully conserved residue, (:) indicates conservation

between amino acids with similar properties and (.) indicates conservation between amino acids with weakly similar properties. Alignments

were generated with CLUSTAL O (version 1.2.4)
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transcription factor Lhx9 where several transcript vari-
ants have been isolated in mouse including Lhx9a, Lhx9b,
and Lhx9c (Figure 2A).8-10 Compared with the canonical
Lhx9c secondary sequence which has a classical LIM-HD
domain composition, Lhx9a and Lhx9b protein variants
have an alternative C-terminal region that is missing the
third helix of the homeodomain, thought to be critical for
DNA binding and the region C-terminal to the
homeodomain is replaced by an alternative short
sequence (Figure 2B).10,11

Previous studies with noncanonical Lhx9 gene vari-
ants have shown mRNA expression during heart, gonad,
limb, and cortex development suggesting it could have a
broad developmental function.12-16 However, given the
tools available to date together with the knowledge that
canonical and noncanonical Lhx9 variants largely spa-
tially overlap in these regions, it has not been possible to
elucidate the protein distribution in a splice variant selec-
tive manner. Here we generated a unique antibody tool
to monitor the dynamics of the noncanonical Lhx9
isoforms (Lhx9ab) and used it to determine spatial and
temporal dynamics of Lhx9ab protein expression during
mid-gestation mouse and chicken development. We par-
ticularly focused on the spinal cord where Lhx9 plays an
important role.4 We conclude that Lhx9ab is translated
and expressed dynamically in the developing embryo
coincident with major developmental events, suggesting
a fundamental role for noncanonical Lhx9ab variants.

2 | RESULTS

2.1 | Noncanonical Lhx9 variants are
present in a wide range of vertebrates
including both mouse and chicken

In order to investigate canonical vs noncanonical Lhx9
splice variants further, we first examined the presence of
the noncanonical variants among different vertebrate spe-
cies in silico. To do this the Lhx9ab specific sequence at
the C-terminal end of noncanonical variants
“GEQILGHYSQTSRRLKIP” (referred to in this article as
“Lhx9ab alternative C-terminal sequence”) was used
(Figure 2B). BLAST of the Lhx9ab alternative C-terminal
sequence against all species revealed predicted or experi-
mentally identified Lhx9ab sequences for a wide range of
vertebrate species including mammals, birds, fish and rep-
tiles in most cases with 100% identity (Figure 3A). This
included an unidentified chicken cDNA clone
(ChEST96k16), derived from mRNA isolated from chicken
embryo limbs, which contained a sequence that when
translated in silico was highly similar the Lhx9ab alterna-
tive C-terminal sequence, GEQIMGHYSQTSRRLKIP

(Figure 3B). This provided evidence that an mRNA prod-
uct corresponding to mouse Lhx9ab was expressed in
chicken. We confirmed the presence of noncanonical
Lhx9ab transcript experimentally in both mouse and
chicken embryonic tissue using RT-PCR (Figure 3C). Of
note, consistent with a previous report, we did not detect
this alternative end on any other LIM-homeodomain
homologue at the time of analysis.10 This suggested that
this alternative C-terminal domain was specific to the
Lhx9 gene. Taken together this provided evidence that the
noncanonical Lhx9 transcript variants were highly con-
served among a wide range of amniote and anamniote
species implying a fundamental role for this variant
(Figures 2 and 3).

2.2 | Lhx9ab protein is dynamically
expressed in mouse and chicken embryos

The noncanonical splice variants Lhx9a and Lhx9b lack
the third helix of the homeodomain present in the canon-
ical Lhx9 splice variant (Lhx9c), suggesting distinct func-
tions for canonical vs noncanonical variants during
development. To examine Lhx9 splice variants further,
two major developmental model systems were examined,
mouse and chicken embryos. A small number of studies
have shown Lhx9ab mRNA expression in the developing
heart, limbs, gonads, and brain of mouse embryos
whereas to our knowledge no information is available for
chicken embryos. Importantly, the vast majority of stud-
ies of Lhx9 expression and function use tools that will not
distinguish between canonical and noncanonical splice
variants and to date no study has determined the splice
variant protein distributions using variant-specific
tools.4,9,10,12,13,15-19 Therefore, we next sought to deter-
mine the distribution of Lhx9ab variants in developing
embryos with a focus on the developing spinal cord.

First, in situ hybridization was used to determine the
sum expression of Lhx9 transcripts in mouse and chicken
embryos using probes, which have that potential to rec-
ognize all known Lhx9 splice variants, referred to as pan-
Lhx9 (Figures 4 and 5). Since Lhx9 is known to influence
embryo spinal neuron development during mid-
gestational time points, we focused on Lhx9 expression
during this period.4 We found that consistent with previ-
ous reports, Lhx9 was expressed robustly in the spinal
cord, limbs, and urogenital ridge at mid-gestation ages in
mouse and chicken embryos (Figures 4A-H00 and 5A-
F00).9,13,17 Within the spinal cord, consistent with previous
reports, Lhx9 was expressed in the dorsal part of the gray
matter in recently born dI1 neurons at E10.5/HH22
(Figures 4A,B,A',B' and 5A,B,A',B'). By E11.5/HH26,
Lhx9 remained expressed in this region at all levels
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FIGURE 3 Lhx9 isoforms are expressed in different species. (A) A protein BLAST against the Lhx9a alternative C-terminal domain

“GEQILGHYSQTSRRLKIP” was performed. Different species where either verified or predicted proteins similar or identical to mouse Lhx9a

alternative C-terminal domain are shown. (B) A region of the alignment between the chick EST clone cDNA (NCBI accession number

CR407573.1, clone ChEST96k16) and mouse Lhx9a mRNA (NM_001025565.2) is shown. The translated Lhx9 alternative C-terminal domain

is shown (gray) and the mouse Lhx9a stop codon is indicated in bold. (C) Mouse and chicken embryonic cDNA was analyzed for the

presence of Lhx9c and Lhx9ab using PCR with oligonucleotides listed in Table 2. The gel image shows the following: molecular weight

markers (lane 1), mouse Lhx9 canonical (lane 2), mouse Lhx9ab (lane 3), chicken Lhx9 canonical (lane 4) and chicken Lhx9ab (lane 5). The

sizes of the bands in the marker lane are indicated. The gel image is representative of three biological replicates
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FIGURE 4 Lhx9 is expressed in mid-gestation mouse embryos. Brightfield images of brachial and thoracic transverse sections of mouse

embryos at E10.5 (A, A0, A", B, B0, B00), E11.5 (C, C0, C00, D, D0, D00), E12.5 (E, E0, E00, F, F0, F00), and E13.5 (G, G0, G00, H, H0, H00) labeled by in

situ hybridization with a probe against mouse pan-Lhx9. The limb, spinal cord (s.c.), spinal cord dorsal mantel zone (black arrowhead), deep

dorsal horn (black arrow), and urogenital ridge (ugr) are indicated. Higher magnification images are shown for the spinal cord (A0-H0), the
forelimb (A00, C00, E00, G00) and urogenital ridge (B00, D00, F00, H00). Representative images are shown. Three to five individual embryos were

analyzed for each developmental age. Scale bars are 500 μm. The scale bars in A, A0, B, and D represent images in (A, C, E, G), (A0, A", B0,
B00, C0, C00, D0, D00, E0, E00, F0, F00, G0, G00, H0, H00), (B), and (D, F, H) respectively
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FIGURE 5 Lhx9 is expressed in mid-

gestation chicken embryos. Brightfield images

of brachial and thoracic transverse sections of

chicken embryo at HH22 (A, A0, A00, B, B0, B00),
HH26 (C, C0, C00, D, D0, D00) and HH29 (E, E0,
E00, F, F0, F00) labeled by in situ hybridization

with a probe against chicken pan-Lhx9. The

limb, spinal cord (s.c.), spinal cord dorsal

mantel zone (black arrowhead), deep dorsal

horn (black arrow) and urogenital ridge (ugr)

are indicated. Higher magnification images are

shown for the spinal cord (A0-F0), the forelimb

(A00, C00, E00) and urogenital ridge (B00, D00, F00).
Representative images are shown. Three

individual embryos were analyzed for each

developmental age. Scale bars are 500 μm. The

scale bars in A, A0, B, C, and D represent

images in (A), (A0, A00, B0, B00, C0, C00, D0, D00,
E0, E00, F0, and F00), (B), (C, E), and (D, F),

respectively
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examined and expression was also observed in a migrat-
ing stream of dI1 neurons, which at this age begin to set-
tle in the deep dorsal horn (Figures 4C,D,C',D' and 5C,D,
C',D'). At E12.5/HH29, Lhx9 was robustly expressed in
the deep dorsal horn at thoracic but weakly expressed at
brachial levels of both mouse and chicken embryos
(Figures 4E,F,E',F' and 5E,F,E',F'). In mouse E13.5 spinal
cord, Lhx9 was expressed almost exclusively in the deep
dorsal horn (Figure 4G,H,G',H'). Taken together, these
data confirm and extend previous findings that Lhx9 is
expressed in two major phases in dI1 neuron

development, recently born dI1 neurons and neurons
that have settled in the deep dorsal horn in both mouse
and chick embryos (Figures 4 and 5).4,20

While this analysis determined the overall compara-
tive spatiotemporal distribution of Lhx9, it did not deter-
mine whether canonical or noncanonical Lhx9 variants
were expressed (Figures 4 and 5). To this end we gener-
ated an antibody, which exclusively recognized the alter-
native C-terminal sequence shared by Lhx9a and Lhx9b
(referred to here as Lhx9ab; Figure 6A). The specificity of
this Lhx9ab antibody was carefully verified. First Lhx9ab

FIGURE 6 Validation of the specificity

of the newly produced Lhx9ab antibody.

(A) Schematics of the protein domain

structures of Lhx9c (NP_001036042.1),

Lhx9a (NP_001020736.1), and Lhx9b

(NP_034844.1) are indicated. The LIM

1 (green) and LIM 2 (orange) domains and

the homeodomain (HD red) are shown. The

relative position targeted by the anti pan-

Lhx9 and anti Lhx9ab antibodies are

indicated. (B) COS7 cells were transfected

with either GFP-expressing plasmid (CMV-

GFP/pEGFP-N2) and control plasmid

(pMT23) or GFP-expressing plasmid (CMV-

GFP/pEGFP-N2) and Lhx9a expressing or

Lhx9c and GFP expressing plasmid or GFP-

expressing plasmid (CMV-GFP/pEGFP-N2)

and Lhx2 expressing plasmid. Three

technical repeats were performed;

representative images are shown. (C) Higher

magnification image of Lhx9ab labeling of

overexpressed Lhx9a in COS-7 cells shown

in B counter stained with DAPI showing

nuclear localization of the Lhx9a protein.

Representative images are shown. Scale bars

in B and C are 50 μm
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antibody recognized Lhx9a overexpressed in cell culture
whereas it did not recognize overexpressed Lhx9c, Lhx2,
or GFP proteins (Figure 6B). We noted that in this con-
text, the labeling of the overexpressed Lhx9a protein was
nuclear (Figure 6C). The specificity of the antibody was
further tested in Lhx9 knockout and control mouse
embryos. Lhx9ab antibody labeling was detected in the
spinal cord of mouse embryos null for the either the Lhx9
paralogue Lhx2, embryos heterozygote for Lhx2 or Lhx9
or wild-type but was not detected in embryos, which
were null for Lhx9 (Figure 7A). Finally, labeling of the

spinal cord with the newly created Lhx9ab antibody was
detected in an overlapping region to the distribution of a
previously characterized dI1 antibody marker LH2 which
recognizes both Lhx2 and Lhx9 (Figure 7B).6 Together,
this demonstrated that the newly generated Lhx9ab anti-
body was specific for the intended target. The expression
of this Lhx9ab antibody was first compared with a previ-
ously generated Lhx9 antibody that recognized all known
splice variants (referred to as pan-Lhx9; Figure 6A).21 At
the ages and species examined, we observed labeling of
both pan-Lhx9 and Lhx9ab antibodies in a number of

FIGURE 7 Lhx9ab protein expression in mid-gestation embryo tissues. (A) Photomicrographs of transverse sections of E11.5 mouse

embryonic spinal cord immunohistochemically labeled with the Lhx9ab antibody (white) from this study from control litermates (Math1LacZ

or Lhx9+/�;Lhx2+/�;Math1LacZ heterozygote, n = 2), Lhx2 mutant (Lhx9+/�;Lhx2�/�;Math1LacZ, n = 3), Lhx9 mutant (Lhx9�/�;Lhx2+/�;
Math1LacZ; n = 2) and Lhx2:Lhx9 double mutants (Lhx9�/�;Lhx2�/�;Math1LacZ; n = 2) mouse embryos. (B) Serial transverse sections of

E11.5 brachial spinal cord labeled with antibodies against Lhx9ab and LH2 (which labels both Lhx9 and Lhx26) showing total distribution of

the dI1 neuron population at this age (n = 3). (C) Transverse sections of brachial level embryonic mouse and chicken embryos

immunofluorescently labeled with antibodies against pan-Lhx9 (green) and Lhx9ab (red). Representative images are shown. Scale bars are

100 μm in A and B and 500 μm in C
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FIGURE 8 Lhx9 and Lhx9ab expression in limbs and urogenital ridge of mid-gestation mouse embryos. Transverse sections of mouse

embryos labeled with antibodies against pan-Lhx9 (white or green) and Lhx9ab (white or red) at E10.5, E11.5, and E12.5 of developing

forelimb in brachial sections (A) and urogenital ridge and developing gonad in thoracic sections (B). The arrowhead in B points to the

urogenital ridge/developing gonad. By E12.5, variation in the expression of Lhx9ab was observed consistent with gonadal differentiation

therefore two contrasting mouse E12.5s sample are shown separated by a white line. (C) Thoracic sections were also co-labeled with

antibodies against Lhx9ab and GATA4, another known marker of the urogenital ridge. Three to four embryos were analyzed for each

developmental age. Representative images are shown. Scale bar in A, B, and C are 100 μm and applies to all images of same magnification
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regions within the body, notably the spinal cord, urogeni-
tal ridge and developing limbs (Figure 7C). Outside the
nervous system, in mouse/chicken E10.5/HH22 embryos,
pan-Lhx9 and Lhx9ab antibodies were clearly detected in
the developing limbs and in the urogenital ridge
(Figure 8A-C and 9A,B). At E11.5/HH26, although pan-
Lhx9 and Lhx9ab antibodies were both present in the
developing limbs it appeared that Lhx9ab was more
intensely labeled in the distal limb compared with the

pan-Lhx9 labeling suggesting that Lhx9 and Lhx9ab pro-
tein were differentially distributed (Figures 8A and 9A).
At E10.5/HH22 and E11.5/HH26 expression of both
panLhx9 and Lhx9ab were detected in the urogenital
ridge, which was confirmed by expression in the same
region with GATA4, a known marker of the urogenital
ridge (Figures 8B,C and 9B). By E12.5 differences in
expression of Lhx9ab between samples was observed
within the developing gonad (Figure 8B). Within the

FIGURE 9 Lhx9 and Lhx9ab expression in limbs and urogenital ridge of mid-gestation chicken embryo tissues. Transverse sections of

chick embryo labeled with antibodies against pan-Lhx9 (white or green) and Lhx9ab (white or red) at HH22, HH26, and HH29 of developing

forelimb in brachial sections (A) and urogenital ridge and developing gonad in thoracic sections (B). The arrowhead in B points to the

urogenital ridge/developing gonad. Three to four embryos were analyzed for each developmental age. Representative images are shown.

Scale bar in A and B is 100 μm and applies to all images of same magnification
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FIGURE 10 Legend on next page.
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spinal cord at E10.5/HH22 we observed expression of
both pan-Lhx9 and Lhx9ab in newly born dI1 neurons
(Figure 10A,D, Table 1). Strikingly, within the spinal cord
we observed a clear distinction of labeling between
Lhx9ab and pan-Lhx9 in chicken HH26/HH29 and
mouse E11.5/E12.5 where pan-Lhx9 was expressed more
broadly than Lhx9ab (compare regions indicated by
arrows and arrowheads in Figure 10B,C,E,F and summa-
rized in Table 1). At chicken HH26, pan-Lhx9 was
expressed in newly generated dI1 neurons at the dorsal
spinal cord and in dI1 neurons in a migrating stream as
they migrated to the deep dorsal horn (Figure 10E). In
contrast, Lhx9ab was expressed predominantly in the
deep dorsal horn (Figure 10E). This was also observed for
mouse E11.5 embryos, however in that case a dorsoven-
tral difference in the distribution between pan-Lhx9 and
Lhx9ab was observed in about half the embryos exam-
ined suggesting that this could be a time dependent fea-
ture (Figure 10B). By HH29/E12.5 in the spinal cord of
chicken/mouse embryos Lhx9ab expression was exclu-
sively found in the deep dorsal horn whereas pan-Lhx9
was also detected in the dorsal spinal cord in newly gen-
erated dI1 neurons (see arrowhead in Figure 10C,F).

Overall, pan-Lhx9, which labels all Lhx9 variants,
was expressed at all stages of dI1 neuron development
analyzed: in neurons as they delaminate from the

ventricular zone, in migrating neurons and in maturing
neurons as they settle in the deep dorsal horn. In con-
trast, Lhx9ab appeared to be strongly expressed only in
first wave of dI1 neurons generated at E10.5/HH22 and
those settling in the deep dorsal horn (Figure 10 and
Table 1). Taken together, this supported the notion that
Lhx9c (delimited by pan-Lhx9+/Lhx9ab� expression) was
expressed in newly generated dI1 neurons whereas non-
canonical Lhx9ab was expressed in the first wave of
newly generated dI1 neurons and subsequently became
expressed in later development as the neurons started to
mature and settle in the deep dorsal horn.

In the above investigation, the analysis of Lhx9c
expression was based on defining regions that expressed
panLhx9 where Lhx9ab labeling was absent. Conse-
quently, this analysis did not provide information
whether Lhx9c was co-expressed in the deep dorsal horn
together with Lhx9ab or not. Therefore, we next gener-
ated a riboprobe that specifically recognized Lhx9c but
not Lhx9ab transcripts and examined its expression in
mouse and chicken embryonic spinal cord (Figure 10G-
L). We found that at HH22/E10.5 and HH26/E11.5 simi-
lar to the pan-Lhx9 antibody, Lhx9c probe was observed
most strongly in the recently generated dI1 neurons in
the dorsal spinal cord (Figure 10G,H,J,K, Table 1). At
mouse HH29/E12.5 Lhx9c was detected in the deep

FIGURE 10 Lhx9c and Lhx9ab are differentially expressed during development of the spinal cord. Transverse sections of embryonic

mouse and chicken embryos immunofluorescently labeled with pan-Lhx9 (green or white) and Lhx9ab (red or white) antibodies (A-F) or

labeled by in situ hybridization with Lhx9c mRNA probe (G-L) are shown. (A - F) Brachial level spinal cord sections for mouse embryonic

tissue at E10.5 (A), E11.5 (B), E12.5 (C) and chicken embryos at HH22 (D), HH26 (E), and HH29 (F) are shown. (G-L) In situ hybridization

specifically targeting the canonical variant of the Lhx9 gene (Lhx9c) is shown at brachial and thoracic levels of the spinal cord of mouse

embryonic tissue at E10.5 (G), E11.5 (H), E12.5 (I), and chicken embryos at HH22 (J), HH26 (K), and HH29 (L). Arrowheads indicate

position of dorsal mantle zone and horizontal arrows indicate deep dorsal horn, respectively. Three to five embryos were analyzed for each

developmental age; representative images are shown. Scale bar in A and G are 100 μm and apply to all images of the same magnification

TABLE 1 Summary of panLhx9 and Lhx9ab antibody labeling and Lhx9c in situ mRNA expression shown in this study

Marker

Mouse Chicken

E10.5 E11.5 E12.5 HH22 HH26 HH29

Recently born dI1 neurons in the dorsal spinal cord panLhx9 ++ ++ + ++ ++ +

Lhx9ab ++ + � ++ + �
Lhx9c mRNA ++ ++ � ++ ++ +

Deep dorsal horn panLhx9 � ++ +++ � ++ +++

Lhx9ab � ++ +++ � ++ +++

Lhx9c mRNA � + + � + +

Note: A summary of panLhx9 and Lhx9ab immuno labeling (Figures 8-13) and Lhx9c in situ hybridization labeling (Figure 10) is shown. The relative
expression level in the brachial spinal cord in either the dorsal mantel zone or deep dorsal horn is indicated: � (blue, no expression detected), +, ++, or +++

to indicate increasing levels of expression (increasing intensity in red represents the reletive expression from light red (low expression) to dark red (strongest
expression)).
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dorsal horn, most strongly in the thoracic region
(Figure 10I,L). These data were consistent with the
immunohistochemical data, supporting the notion that
the canonical Lhx9 transcripts were expressed in the first
wave of dI1 neurons generated. Taken together, this
implied that both canonical and noncanonical Lhx9
splice variant proteins had a dynamic temporally precise
and partly exclusive and partly overlapping expression
pattern.

2.3 | Noncanonical Lhx9ab is expressed
at key developmental choice points in
developing dI1 neurons

The dynamic spatiotemporal expression pattern of
Lhx9ab protein suggested that it was expressed at key
developmental choice points in the development of dI1
neurons. In order to examine this further we took advan-
tage of a mouse transgenic model, Barhl2GFP, which

FIGURE 11 Lhx9ab is dynamically expressed in maturing dI1 neurons in the E11.5 mouse spinal cord. Photomicrographs of transverse

spinal cord sections of E11.5 Barhl2GFP embryos (n = 4 embryos) immunofluorescently labeled with GFP (green or white) and Lhx9ab (red

or white) shown as single channel images and merged images. Brachial (A) and thoracic (B) levels are shown. Arrowheads indicate the

dorsal mantle zone and horizontal arrows indicate neurons settling in the deep dorsal horn. The outline and midline of the spinal cord are

delineated with yellow dashed lines. Representative images are shown. The scale bar is 100 μm and represents all images
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genetically labels spinal cord dI1 neurons with GFP per-
mitting the anatomical tracing of dI1 neurons.4 dI1 neu-
rons are derived from a common precursor domain and
give rise to anatomically distinct populations including
dI1 commissural (dI1c) and dI1 ipsilateral (dI1i)
projecting neurons.4 Using Barhl2GFP transgenic mouse
embryos, we examined embryonic stages before, during
and after the anatomical divergence of dI1c and dI1i

neurons (E11.5-E13.5) to determine whether Lhx9ab
expression was correlated with these major developmen-
tal choice points. In E11.5 Barhl2GFP embryos, we
observed weak expression of Lhx9ab in ventrally migrat-
ing dI1 neurons (Figure 11). At brachial levels of the spi-
nal cord, which is more developmentally advanced than
thoracic levels, in some embryos we observed a gradual
downregulation of Lhx9ab protein in dorsally located dI1

FIGURE 12 Lhx9ab is dynamically expressed in maturing dI1 neurons in the E12.5 mouse spinal cord. Photomicrographs of transverse

spinal cord sections of E12.5 Barhl2GFP embryos (n = 7 embryos) immunofluorescently labeled with GFP (green or white) and Lhx9ab (red

or white) shown as single channel images and merged images. Brachial (A) and thoracic (B) levels are shown. The position of the arrowhead

indicates dorsal mantle zone, the horizontal arrow indicates neurons settling in the deep dorsal horn and the vertical arrow indicates

neurons dorsal to the ipsilateral (dI1i) and contralateral (dI1c) dorsal spinal interneuron populations. The outline and midline of the spinal

cord are delineated with yellow dashed lines. Representative images are shown. The scale bar is 100 μm and represents all images
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neurons and an increase in Lhx9ab protein in GFP+ dI1
neurons that had reached the deep dorsal horn. This was
consistent with expression of Lhx9ab in dI1c neurons
(Figure 11). By E12.5 a striking and dynamic shift of
Lhx9ab labeling in maturing dI1 neurons was observed
(Figure 12). In thoracic levels of E12.5 Barhl2GFP

embryos, similar to brachial levels at E11.5, strong
Lhx9ab expression was observed in GFP+ dI1 neurons
that had migrated to the deep dorsal horn whereas the

expression was relatively weak in more dorsally located
GFP+ neurons (Figure 12B). In contrast, in the more
developmentally advanced brachial levels of E12.5
Barhl2GFP embryos, Lhx9ab was strongly expressed in a
subset of neurons in a dorsal band of GFP+ neurons in
the lateral deep dorsal horn, consistent with expression
in dI1i neurons with very low levels detected in in medi-
ally located GFP+ dI1c neurons (Figure 12A vertical
arrow). Very low levels were detected in medially located

FIGURE 13 Lhx9ab is dynamically expressed in maturing dI1 neurons in the E13.5 mouse spinal cord. Photomicrographs of transverse

spinal cord sections of E13.5 Barhl2GFP embryos (n = 4 embryos) immunofluorescently labeled with GFP (green or white) and Lhx9ab (red

or white) both as single channel images and merged images. Brachial (A) and thoracic (B) levels are shown. The vertical arrow indicates

neurons dorsal to the ipsilateral (dI1i) and contralateral (dI1c) projecting dorsal spinal interneuron populations. The outline and midline of

the spinal cord are delineated with yellow dashed lines. Representative images are shown. The scale bar is 100 μm and represents all images
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GFP+ dI1c neurons at brachial levels (Figure 12A). Simi-
larly, in E13.5 Barhl2GFP embryos, Lhx9ab protein was
expressed in laterally positioned dI1i neurons whereas it
was barely detectable in the medially positioned dI1c
neurons (Figure 13 vertical arrow). Overall, these data
revealed that within the developing spinal cord, Lhx9ab
protein was expressed in a temporally dynamic manner
consistent with developmental choice points in dI1 neu-
ron anatomical divergence.

3 | DISCUSSION

The aim of this study was to examine the protein distri-
bution of the noncanonical Lhx9 variants using an anti-
body tool designed to selectively detect them. The most
important finding of this study was the demonstration
that noncanonical Lhx9ab variants were translated and
dynamically expressed in developing mouse and chick
embryos at key developmental choice points. These
observations, taken together with the high evolutionary
conservation and the important structural differences
between variants, supports the notion that the expression
of canonical vs noncanonical Lhx9 variants plays a fun-
damental role in development.

3.1 | Lhx9ab in the developing
spinal cord

We have previously shown in the developing mouse spi-
nal cord that Lhx9 and its paralogue Lhx2 act redun-
dantly to regulate dI1 commissural (dI1c) neuron
trajectory. This is achieved by Lhx2 and Lhx9 binding to
palindromic DNA sequences to elicit expression of the
commissural neuron guidance receptor Robo3
(Figure 1A). The results from that study pointed to a
canonical LIM-HD transcriptional function of Lhx9 and
Lhx2 in the regulation of Robo3.4 In the developing spinal
cord, the commissural axon phenotype in Lhx2:Lhx9
mutant embryos was predominantly observed at E10.5
and E11.5 suggesting it involved the first-born dI1 neu-
rons.4 Consistent with this we showed here that Lhx9c
mRNA is expressed in the first wave of dI1 neurons born
at E10.5/HH26 and E11.5/HH26 mouse/chicken
embryos. Interestingly of the recently born dI1 neurons,
in addition to Lhx9c we also noted clear expression of
noncanonical Lhx9ab protein at E10.5/HH22 mouse/
chicken embryos, which suggests a role for Lhx9ab vari-
ants in the first-born dI1 neurons. This expression in
newly generated dI1 neurons was not apparent in later
born neurons. Rather, at later developmental time points,
we noted that as dI1 neurons migrated ventrally they

expressed higher levels of Lhx9ab, which then became
enriched in neurons located laterally in the deep dorsal
horn. As dI1 neurons mature and migrate ventrally they
form two distinct anatomical populations dI1 commis-
sural neurons (dI1c), which project commissurally and
dI1 ipsilateral (dI1i) neurons, which project axon ipsilat-
erally.4 The expression of Lhx9ab in this lateral position
indicates that Lhx9ab variants could play a role in dI1i
development. However, the role of Lhx9ab variants in the
spinal cord or elsewhere remains unknown. In addition
to the spinal cord study described above, defects in
gonad, limb, and proepicardial organ development have
also been observed in Lhx9 and Lhx2:Lhx9 mutant or
Lhx9 knockdown embryos, respectively.4,13,16,22 In these
studies, all Lhx9 transcript variants are affected and
therefore the function of Lhx9ab variants was not
examined.

While not much work has been done specifically on
the mechanism of action of Lhx9c, its classical canonical
secondary structure taken together with the fact that in a
biochemical assay Lhx9c can bind DNA containing a
well-established LIM-HD binding sequence and linker
protein suggest that Lhx9c acts as a classical canonical
LIM-HD transcription factor (Figure 1A).4,8 Compared
with its canonical Lhx9 counterpart, the noncanonical
Lhx9ab variants have three notable features that could
affect their function. The third helix of the homeodomain
and the canonical sequence C-terminal to the
homeodomain are both missing and there is an addition
of a C-terminal sequence that is unique to the Lhx9ab
variants. One hypothesis has suggested that the lack of
the third helix of the Lhx9 homeodomain in the non-
canonical Lhx9ab variants may render them as dominant
negative molecules that suppress LIM-HD transcription
factor signalling.8,10,11 This idea stems from the knowl-
edge that Lim Domain Only (LMO) family members,
which have a LIM-domain but entirely lack the
homeodomain serve a dominant negative function to
LIM-HD transcription factors.23 Supporting this, Lhx9a
was unable to bind to a known LIM-HD transcription
factor DNA sequence in biochemical experiments
in vitro.8 Another study showed that Lhx9a could bind to
the LIM-HD transcription factor Isl1 when both were
over expressed in cultured cells.12 While these lines of
reasoning support a dominant negative function of
Lhx9ab, explicit experimental evidence for this is lacking
and indeed several lines of evidence suggest otherwise. In
a cell culture assay, neural differentiation was increased
when transfected with a canonical Lhx9 expression con-
struct.8 Expression of Lhx9a together with Lhx9c in this
context did not result in decreased neural differentiation,
but indeed instead Lhx9a elicited neural differentiation at
about the same rate as canonical Lhx9.8 This suggested
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that Lhx9a did not have a dominant negative function. It
is interesting to note that unlike LMO proteins Lhx9ab
still retains a significant proportion of the homeodomain,
albeit truncated. Further, the noncanonical Lhx9 variants
also gain a different C-terminal sequence which may
serve a yet to be discovered function. For example, it has
been shown for another LIM-HD transcription factor,
Isl1, the region C-terminal to the homeodomain has an
important function in binding other LIM-domains, in
essence acting as a self-contained linker protein to inter-
act with other LIM-HD transcription factors.24 Thus, the
possibility remains open that the Lhx9ab C-terminal
domain has an important function that may serve a
Lhx9ab specific function which therefore remains yet-to-
be-determined.

Overall, while the evidence supports the notion that
canonical and noncanonical Lhx9 transcription factors
have differential DNA binding properties, no good evi-
dence exists for its function and its role in dI1 neuron
development therefore remains to be determined.

3.2 | mRNA stability/availability and
translation

Using riboprobes and antibodies that recognize all splice
variants we observed differences in mRNA and protein
expression where the protein expression perdures longer.
This could be as a consequence of method sensitivity
levels, endogenous transcript stability or translation regu-
lation. A previous study has suggested, based on mRNA
expression, that Lhx9a expression is expressed in later
development but to a lesser extent in early develop-
ment.10 On the contrary, our study of the protein distri-
bution suggested that within the spinal cord,
noncanonical Lhx9ab variant are expressed biphasically:
First together with Lhx9c in the initial wave of dI1 neu-
rons born at E10.5/HH22, E11.5/HH26, and subsequently
as the neurons mature and settle in the deep dorsal horn.
In other studies, splice variants of Lhx9 have been shown
to be expressed in various species at the transcript
level.12-16 In attempting to discern the protein expression
of the Lhx9a variant in mouse heart development, one
study used an antibody which recognized all known
splice variants of Lhx2 and Lhx9 together with the lack of
detection of canonical Lhx9c mRNA at the stage exam-
ined.12 However, given the framework of the sensitivity
levels for mRNA and protein expression our study sug-
gests that variant-selective antibodies should be used to
make formal conclusions of variant expression. In this
respect, a caveat of our study was that since an Lhx9
canonical specific antibody was not available, the deter-
mination of Lhx9c expression relied on analysis of either

cells that were pan-Lhx9+/Lhx9ab� by immunohisto-
chemistry or Lhx9c mRNA positive by in situ hybridiza-
tion and thus, there may be other regions of Lhx9c
protein expression that were not described here. There-
fore, tools that selectively label transcript variants as
done in this study are fundamental to understanding
pathway molecular mechanisms and differential splice
variant functions.

3.3 | Overall conclusion

Different splice variants have been predicted widely
among mammalian LIM-HD transcription factors. Of the
LIM-HD transcription factors, Lhx9 and Lhx8 (previously
called Lhx7) are currently reported to have splice variants
that result in a truncated homeodomain.25 Of note, the
Lhx9ab alternative spicing of the Lhx9 gene is highly con-
served among a wide range of vertebrates, indicating that
it is an important feature in vertebrate development.
Taken together, the wider implications are that non-
canonical splice variants of Lhx9 are likely to have pro-
found biological functions. More broadly, understanding
how splice variation influences molecular mechanisms is
likely to reveal powerful mechanisms for developmental
regulation. Understanding the temporal expression
dynamics of the variants of gene families such as the
study presented here is a key entry point to understand-
ing what influence respective splice variants have.

4 | EXPERIMENTAL PROCEDURES

4.1 | Bioinformatic analysis

Gene, transcript, and protein sequences were obtained
from the National Center for Biotechnology Information
(NCBI) database.26 Multiple sequence alignments were
generated using CLUSTAL O (version 1.2.4) online tool.27

Exon boundaries in protein alignment data were
obtained from the Ensembl database (release 100) using
mouse genome assembly GRCm38.p6 and chick genome
assembly GRCg6a.28

4.2 | Ethical considerations, animal
embryos, and embryo processing

Mouse experiments were approved by the Animal Review
Board at the Court of Appeal of Northern Norrland
(A34-2019, A65-2014, and A117-2011) and performed in
accordance to institutional guidelines and national laws.
Under Swedish law, the use of chicken embryos at the
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gestational ages described here does not require ethical
permission from the animal experimentation committee.
Barhl2GFP, Math1LacZ, and Math1nGFP mice were
maintained in a mixed genetic background and were gen-
otyped as previously described.4,7,29 Chicken eggs were
supplied by Stellan Hennström, Vännäs, Sweden. Staged
mouse and chicken embryos were obtained and
processed as previously described.30-32 In short, for
immunohistochemistry embryos were fixed for
75 minutes in ice-cold paraformaldehyde (4%), washed
overnight in PBS and equilibrated and cryoprotected in
sucrose (30% w/v in PBS) before embedding and freezing;
for in situ hybridization, embryos were fixed at 4�C over-
night in paraformaldehyde (4%) before washing and
equilibrating in sucrose as above. At least three embryos
for each group were analyzed as indicated in the figure
legends.

4.3 | Reverse transcription PCR for
mouse and chick Lhx9c and Lhx9ab
transcripts

Total RNA was extracted from embryonic mouse and
chicken tissue using the RNeasy Mini Kit (Qiagen,
#74104) and cDNA synthesized (AccuScript High
Fidelity cDNA Synthesis kit, Agilent, #200820)
according to manufacturer's instructions. PCR was per-
formed using GoTaq Hot Start Green Master Mix
(Promega, M512C) with primers designed to amplify
Lhx9c and Lhx9ab cDNA from mouse and chick
sequences (shown in Table 2).

4.4 | Cloning of mouse and chicken
Lhx9c specific probes and Lhx9a and Lhx9c
expression plasmids

To create plasmids to use as templates for generation of
Lhx9c specific riboprobes, first mouse and chicken cDNA
was generated as described above. To isolate mouse and
chicken Lhx9c specific cDNA fragments PCR was per-
formed using GoTaq Hot Start Green Master Mix
(Promega, M512C) and primers designed in this study
(Table 2). The amplified PCR fragments were cloned into
pGEM-T Easy (Promega, A1360). To generate plasmids to
express mouse Lhx9a or mouse Lhx9c with in COS-7
cells, the coding region of Lhx9a or Lhx9c were cloned
into the plasmid pRP(exp) vector which contains a sepa-
rate CMV-GFP expressing mini gene. The plasmids were
constructed with a cloning service from VectorBuilder.
The Lhx9a and Lhx9c expressing plasmids were assigned
the following names: pRP-CAG-Lhx9a:CMV-GFP and
pRP-CAG-Lhx9c:CMV-GFP.

4.5 | In situ hybridization and probes

In situ hybridization was performed as described previ-
ously.30 The following probes were used: mouse pan-
Lhx9 (full length Lhx9 with a Lhx9ab 30 end),17 mouse
Lhx9c (this study), chicken pan-Lhx917 and chicken
Lhx9c (this study). Embryo samples were either wild-type
or carrying transgenes for Math1LacZ, Math1GFP, or
Barhl2GFP.

4.6 | Antibody generation and validation

The antibody against Lhx9ab was raised in rabbit using
the following peptide: EQILGHYSQTSRRLKIPC
(Lhx9ab). The peptide was coupled to Keyhole limpet
hemocyanin (Pierce) according to manufactures instruc-
tions and rabbits were inoculated with the antigen using
standard inoculation procedures by Covance, USA. The
specificity of the newly produced Lhx9ab antibody was
assessed by examining recognition of overexpressed
Lhx9ab protein in COS-7 cells (Figure 6B). In short,
COS-7 cells were cultured and transfected, fixed, and
analyzed as previously described using the following
expression plasmids: Either GFP-expressing plasmid
(CMV-GFP; pEGFP-N2 [Clontech, Mountain View, CA])
and empty vector (pMT23) or GFP-expressing plasmid
(CMV-GFP; pEGFP-N2) and Lhx2-expressing plasmid,21

plasmid expressing both Lhx9a and GFP (pRP-CAG-
Lhx9a:CMV-GFP; this study) or a plasmid expressing
Lhx9c and GFP (pRP-CAG-Lhx9c:CMV-GFP; this study).

TABLE 2 Oligonucleotide primers used in the study

Primer name 50-30 sequence

Mouse Lhx9
canonical
forwarda

CGCACGAGCCAAATTCAGAAGG

Mouse Lhx9
canonical
reversea

CAATACTGTAAACTCATAGCCAAGTGG

Mouse Lhx9ab
forward

GAACAAATCTTGGGGCATTACAGC

Mouse Lhx9ab
reverse 1

CTTTACTTTACAGCTATGGTGCTCG

Chicken Lhx9ab
forward

GAACAAATCATGGGGCATTACAGC

Chicken Lhx9ab
reverse

GAAATGTACACTATATGTGACAGATGG

aMouse Lhx9 canonical primers were also used for to amplify chicken Lhx9

canonical cDNA.
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Transfected cells were labeled by immunohistochemistry
with GFP and Lhx9ab antibodies and counterstained
with DAPI to lable the position of the nucleus. Each con-
dition was performed in triplicate. In order to further
examine the specificity of the Lhx9ab antibody, embryos
from Lhx2+/�; Lhx9+/�; Math1LacZ crosses were immuno-
labeled with the newly produced Lhx9ab antibody as
described below. This showed that while Lhx9ab was
detected in control and Lhx2�/� embryos it was not
detected in the spinal cord of Lhx9 mutant embryos
(Figure 7A). The antibody made in this study was gener-
ated by SIW in the laboratory of Professor Jane Dodd.

4.7 | Fluorescent
immunohistochemistry

Immunohistochemistry was performed on 20 μm
cryosections as described previously30 using the following
primary antibodies: guinea pig α-pan-Lhx9 (1:10 000),21

rabbit α-LH2 (recognizes both Lhx2 and Lhx9, 1:1000),6

α-Lhx9ab (1:10 000, generated in this study), goat
α-GATA4 (1:200, Santa Cruz, catalogue sc-2537), chicken
α-GFP (1:3000, ABCAM, catalogue ab13970 RRID:
AB_300798), chicken α-GFP (1:1000, Aves Labs, cata-
logue GFP-1020 RRID:AB_10000240). Secondary anti-
bodies were as follows: donkey α-rabbit—Cy3 (1:1000;
catalogue 711-165-152, RRID: AB_2307443), donkey
α-guinea pig—FITC (1:500; catalogue 706-095-148, RRID:
AB_2340453), donkey α-goat Cy3 (1:500; catalogue
705-165-003) from Jackson ImmunoResearch Europe
Ltd. and goat α-chicken—FITC (1:1000; catalogue F-
1005, RRID:AB_2313516, Aves Labs, Oregon). DAPI was
used to delineate nuclei. Primary antibodies were incu-
bated overnight at 4�C, secondary antibodies were incu-
bated at room temperature.

4.8 | Microscopy and image processing

Samples were imaged using a Leica DM 6000B, DFC490,
DFC360 FX, and Nikon Eclipse E800 microscopes. Images
were processed for size, pixel density, and orientation
using ImageJ. Merged images were produced by overlying
single channel images in ImageJ. Figures were compiled
in Adobe Creative Suite, 2019 or Affinity software 2020.
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