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Abstract

Adolescent Idiopathic Scoliosis (AlIS) is the most common type of spine deformity affecting 2-
3% of the population worldwide. The etiology of this disease is still poorly understood. Several
GWAS studies have identified single nucleotide polymorphisms (SNPs) located near the gene
LBX1 that is significantly correlated with AIS risk. LBX1 is a transcription factor with roles in
myocyte precursor migration, cardiac neural crest specification, and neuronal fate
determination in the neural tube. Here, we further investigated the role of LBX1 in the
developing spinal cord of mouse embryos using a CRISPR-generated mouse model expressing
a truncated version of LBX1 (Lbx1%). Homozygous mice died at birth, likely due to cardiac
abnormalities. To further study the neural tube phenotype, we used RNA-sequencing to
identify 410 genes differentially expressed between the neural tubes of E12.5 wildtype and
Lbx1%% embryos. Genes with increased expression in the deletion line were involved in
neurogenesis and those with broad roles in embryonic development. Many of these genes
have also been associated with scoliotic phenotypes. In comparison, genes with decreased
expression were primarily involved in skeletal development. Subsequent skeletal and
immunohistochemistry analysis further confirmed these results. This study aids in

understanding the significance of links between Lbx1 function and AIS susceptibility.
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Introduction

Adolescent Idiopathic Scoliosis (AlS) is a 3-dimensional deformity of the spine and trunk and
affects millions of people. It is characterized by a lateral curvature of the spine with a Cobb
angle greater than 10° and does not result from either injury or vertebral malformation
(Weinstein et al., 2008). This coincides with a rotational deformity of the vertebral column,
even though the vertebrae and associated paraspinal musculature appear normal. AIS
emerges between 11 and 18 years old in healthy children with no previous structural
problems of the spine (Fadzan and Bettany-Saltikov, 2017). Scoliosis is often debilitating, with
patients developing difficulties with movement and breathing. However, the etiology of this
disease remains poorly understood. Various theories involve a genetic, neuromuscular, or
biomechanical disorder. AIS has notably be considered as an abnormal growth of the skeleton
(Yim et al., 2012), a ciliary defect (Grimes et al., 2016), and more recently as an alteration of

the proprioceptive system (Assaiante et al., 2012; Blecher et al., 2017).

Due to the inheritability of the disease, genome-wide gene association studies (GWAS) have
been performed. These studies have identified genes associated with AIS that function in
processes such as cell adhesion and axon guidance (Fadzan and Bettany-Saltikov, 2017). These
studies have notably identified three single nucleotide polymorphism (SNP) regions on
chromosome 10g24.31 located within non-coding sequences downstream of the Ladybird
homeobox 1 (LBX1) gene, an evolutionally conserved transcription factor (Grauers et al.,
2015; Liu et al., 2017; Londono et al., 2014; Takahashi et al., 2011). One such SNP is r1190870,
located in a region that physically interacts with the Lbx1 promoter region. In vitro reporter
studies predicted that the risk SNP (T) increases transcriptional activity (Guo et al., 2016).
Thus, it has been suggested that the risk SNP confers AIS susceptibility through increased
expression of Lbx1. Moreover, the ubiquitous overexpression of human LBX1 induced body
curvature in zebrafish embryos (Guo et al., 2016). This previous research has led to LBX1 as a

top candidate to functionally study concerning understanding AlS disease etiology.

LBX1 is essential for normal embryonic development and is required for the correct migration
of muscle precursor cells and acquisition of the dorsal identity of forelimb muscle,

specification of cardiac neural crest, and neuronal identity determination in the dorsal horn
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of the developing neural tube (Kruger et al., 2002; Martin and Harland, 2006; Masselink et al.,
2017; Schafer et al., 2003). In addition, in the spinal cord, LBX1 is essential for the specification
of GABAergic interneurons and the development of appropriate somatosensory pathways,
leading to the correct distribution of sensory and motor information paraskeletal muscle

(Cheng et al., 2005; Sieber et al., 2007).

The LBX1 protein is characterized by an engrailed homology domain (EH1) and a homeobox
DNA-binding domain (Martin and Harland, 2006; Mizuhara et al., 2005). The EH domain binds
transducing-like enhancer of split (Gro/TLE) proteins in mammals. Studies in mice revealed
TLE genes are expressed from E7-8 in the neural tube, and expression continues throughout
development in the CNS, axial skeleton, musculature, and neural crest-derived tissues (Dehni
etal., 1995; Koop et al., 1996). In vitro studies have shown that LBX1 binds with Gro/TLE factor
(Grg1) via the LBX1 EH1 domain to repress transcription. Loss of the EH1 domain prevents
this protein-protein interaction and relieves repression (Mizuhara et al., 2005). Groucho-
related genes (Grg) are expressed in the ventral region of the E10.5 neural tube (Muhr et al.,
2001). In addition to TLE proteins, SKI family transcriptional co-repressor 1 (SKOR1), also
known as Co-repressor to LBX1 (Corl1), binds to LBX1 but independently of the EH1 domain.
SKOR1 is co-expressed in dorsal interneurons (dl4 and dI5) and late born dILA and dILB
interneurons with LBX1 (Mizuhara et al.,, 2005). Together, this suggests two different
mechanisms through which LBX1 represses gene expression, one of which is dependent upon

the EH1 domain.

Our study aims to extend our knowledge on Lbx1 by using a novel mouse model generated
by CRISPR-CAS9 gene editing: Lbx1%. This is predicted to create a truncated version of the
LBX1 protein, lacking the EH1 domain to alter expression of Lbx1 target genes. First, RNA-
sequencing analysis was performed on E12.5 neural tubes for WT and Lbx1? littermates,
followed by gene ontology analysis. Subsequently, phenotyping of the E18.5 embryo was

undertaken to examine the downstream consequences of Lbx1% on embryonic development.
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Materials & Methods

Animal information

To study Lbx1 function, we generated an Lbx1 edited line named Lbx12 using the CRISPR-Cas9
gene-editing system. This mouse line was developed at the Australian Biomedical Resources
facility (Sydney, Australia) and had a deletion of 7 bp (AAGCCGC) in the coding sequence of
Lbx1, inducing a stop codon, resulting in the deletion of the N-terminus portion of the LBX1
protein (Fig. S1; Fig. 1A). Mice were housed under standard conditions in individually
ventilated cages. Heterozygous Lbx12 (Lbx1%*) mice were mated, the presence of a copulation
plug was assessed at the commencement of the light cycle, and its appearance was
considered as 0.5 days post-coitus (dpc). Females were then euthanized by cervical
dislocation at embryonic development E12.5, E15.5, and E18.5 depending on the experiment.
Embryos were then dissected, and tissue harvested and was stored either fresh frozen or, if
used for future RNA extraction, in RNAlater (ThermoFisher). All animal procedures were

performed with the approval of the University of Otago Animal Ethics Committee.

Genotyping

Mice ear notches or embryo tail tips were genotyped by PCR using Kapa2G Robust HotStart
PCR Kit (Kapa Biosystems, KK5517) and Lbx1 primers (Table S1). Excess of primers and dNTPs
were then removed using ExoSAP-IT PCR Cleanup Reagents (ThermoFisher). Samples (3 ng)
were finally sequenced on a 3730xlI DNA Analyser (ThermoFisher) by the Genetic Analysis
Services of the Otago University. Sequences were viewed using the 4Peaks application v1.7.1.
Mice and embryos were subsequently considered as control (WT), heterozygote (Lbx1%*), or

homozygotes (Lbx1%/2).

Whole Mount Skeletal Staining

Skeletal staining of E18.5 embryos was performed as previously described (Catela et al., 2009;
Rigueur and Lyons, 2014). In brief, embryos had their skin removed, eviscerated, and fixed in
95% ethanol (EtOH) overnight (O/N). Embryos were then placed in acetone overnight to
permeabilize cells and dissolve fat and subsequently transferred to alcian blue for cartilage
staining O/N (0.03% alcian blue, 80% EtOH, 20% glacial acetic acid). Samples were then twice
washed with 70% EtOH and finally in 95% EtOH O/N. Embryos were then cleared for 1.5 h in
1% KOH and left for 4 h in alizarin red for bone staining (0.005% alizarin red, 1% KOH). Clearing
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of the embryos was completed in KOH 1%/Glycerol 50% O/N and embryos were finally stored
in glycerol. Digital images were obtained using a Nikon camera and a macro lens, and higher
magnification images were performed using Leica microscope M80 studio and a MC170 HD

camera. Final measurements were done using ImageJ (v1.52k).

Histological analysis

For paraffin embedding and histology, E15.5 embryos were fixed overnight in 4% PFA. The
skin was removed from E18.5 embryos, and the forelimb and head were removed before
fixation in formalin for 3 days. The embryos were then washed in 70% EtOH before
embedding in paraffin and sliced at 5 um. Tissue morphology of E15.5 and E18.5 embryos
were observed using hematoxylin and eosin (H&E) staining; embryos were sectioned at S5um
thickness. After deparaffinization and rehydration, slides were stained with hematoxylin for

4 min followed by eosin for 30 s.

For Masson trichrome (MT3) staining, after deparaffinization and rehydration, sections were
stained in celestine blue (5 min), followed by hematoxylin (4 min), 0.5% acid fuchsin (5 min),
1% phosphomolybdic acid (4 min), 2% methyl blue (3.5 min) and finally, 1% acetic acid (2 min).

These three dyes selectively stain muscle (red), collagen (blue), and nuclei (black).

Cresyl violet and Nissl stains were used to identify the neuronal structure in the neural tube.
Cresyl violet stains the Nissl substance in the cytoplasm of neurons, a granular purple-blue
while the background stays unstained. Briefly, after deparaffinization and rehydration, slides
were stained in cresyl violet for 20 min, followed by 0.25% glacial acetic acid. At the end of
the staining steps, slides were mounted in DPX and visualized with an Olympus BX61
Montaging Light Microscope. WT and Lbx1% embryos were then compared at the same level

across the rostrocaudal axis.

The EHistology Atlas was used as a resource for embryos analysis
(http://www.emouseatlas.org/emap/eHistology/) (Richardson et al., 2014). ImagelJ with Cell
Counter plugin was used to assess the number of neurons (stained with cresyl violet) in the

dorsal part of the neural tube in controls and Lbx1%4 embryos. For each individual, the
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number of cells was assessed in a specific size area on 4 different slides separated by 5um of
thickness, and the average was taken to avoid any bias. Results were compared by genotype

(n =4-6 per group).

Immunofluorescence

For Immunofluorescence, E15.5 embryos were fixed 3 hours in 4% paraformaldehyde (PFA),
followed by 2 washes in phosphate-buffered saline (PBS, 1X). Embryos were then transferred,
subsequently, in sucrose 15%:PBS and sucrose 30%:PBS at 4°C until the embryo sank. Samples
were then placed in a 1:1 mixture of OCT and sucrose 30% for 30 min and embedded in OCT.

Cryosections of 15 um were used for experiments.

For immunofluorescence, slides were fixed in 4% PFA for 30 min and then incubated with a
guinea pig anti-Lbx1 (gift from Pr. Carmen Birchmeier and Dr. Thomas Miiller) diluted at
1/20,000, O/N at 4°C. Slides were then incubated with a Goat anti-Guinea pig IgG (Alexa fluor
568, Abcam, #ab175714), mounted with fluoroshield mounting medium with DAPI (Abcam,
#ab104139), and visualized with a Nikon A1+ inverted confocal laser scanning microscope and

a Nikon DSiR2 color 16 MP camera.

Immunohistochemistry

Primary antibodies used were as follows: Peripherin (1 in 600; Abcam #ab246502 ), Pax3 (1 in
10; DSHB #Pax3-s),NF-H (1 in 100; DSHB #R797.s), WT1 (1 in 300; Abcam #ab89901) and ISL-
1/2 (1 in 5; DSHB #39.4). Secondary antibodies used were: goat anti-mouse horse radish
peroxidase (HRP) (1 in 600; Abcam #ab97023), goat anti-rabbit HRP (1 in 1000; #ab6721).

Slides were deparaffinized and rehydrated through a xylene/ethanol series. Antigen retrieval
was performed with a sodium citrate buffer 30 min microwave (medium-power) and allowed
to cool for 20 min before washing with PBSx (PBS plus 0.025% TritonX-100), followed by
blocking for 1 h (blocking buffer PBS, 0.1% Triton X100, 10% Goat serum, 0.1% BSA). The
primary antibody was diluted in the blocking buffer and incubated overnight at 4°C. Following
washing with PBSx, slides were incubated with secondary antibody for 2 h at room

temperature before DAB reaction using the DAB detection kit (Abcam #ab64238). Slides were
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counterstained with hematoxylin to stain nuclei. IHC experiments were repeated on at least

3 biological replicates to confirm the expression patterns were reproducible.

RNA Sequencing analysis

Total RNA of E12.5 neural tube tissue was extracted using the Ambion Purelink RNA mini kit
according to the manufacturer’s instructions (ThermoFisher). Invitrogen Purelink DNase
(ThermoFisher) was used to remove any remaining genomic DNA. RNA concentration and
quality were checked on a nanodrop (average concentration obtained 700 ng/ul, ratio
260/280 > 2, ratio 260/230 > 1.9). The RIN number was then assessed with a Bioanalyzer (RIN
obtained >9.2). Control or Lbx1%/2 neural tubes from the same litter were pooled together
and were considered as one replicate. The library preparation and RNA-sequencing were
performed on an Illumina HiSeq platform generating 150 bp paired-end reads (NEBNext Ultra

RNA Library prep kit for lllumina). Two replicates per group were analyzed.

Initial analysis was performed by using Galaxy (https://usegalaxy.org.au). The bioinformatic
pipeline is shown in Figure S2. Quality control of the reads (around 44 million reads per
replicate, fastq files) was assessed with FastQC (v. 0.72). Sequence data were then trimmed
and filtered using FastQ quality trimmer (v. 1.0.0) and Filter FastQ (v. 1.1.1), respectively. The
pre-processed reads (fastqg files) were then mapped to the mouse reference genome mm9
(UCSC) using Tophat (v. 2.1.1) producing bam files (mapping statistics in Table S2). The
alignment of the reads was then checked on UCSC using BamCoverage (v. 3.1.2.0.0) to create
bigwig files. Finally, featureCounts (v. 1.6.0.1) was used to assign reads to genes, and the

results were combined using Generate count matrix (v. 1.0).

Differential expression analysis was performed on RStudio using EdgeR (v. 3.4.3; (Robinson et
al., 2010)). Differentially expressed genes (DEGs) were considered significant when the False
Discovery Rate (FDR) adjusted p-value was <0.05. The heatmap was generated using

heatmap.2{gplots} (Warnes et al., 2009).

Gene ontology (GO) was assessed using gProfiler using default settings (Raudvere et al.,
2019). Raw and processed data have been deposited in the NCBI gene expression omnibus

(GEQ) accession number GSE132271.
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Measurement of gene expression

Total RNA was extracted from neural tube, heart, and limb samples using Direct-zol RNA
MiniPrep Plus (Zymo Research) according to the manufacturer’s instructions, and
concentrations were assessed on nanodrop. A total of 1 ug of RNA was reverse transcribed
using iScript reverse transcription supermix (Bio-Rad). Real-time PCR was performed as
triplicates on 2 ng of cDNA using SYBR Green master mix (ThermoFisher) on a ViiA 7 real-time
PCR System (ThermoFisher). The list and sequences of the primers used are presented in
Table S1. The abundance of mRNA was measured using the comparative Ct method and

normalized against Gapdh and Actinb reference genes.

Statistical analysis

All data are presented as the mean + SEM. Analysis was performed using Prism 7 software.
Comparisons between WT (control) and Lbx1A were determined using a non-parametric
Mann-Whitney test. Statistical significances of the fold changes were ascertained using a
student’s t-test. Correlation analysis was analyzed using Pearson correlation coefficients.

Statistically significant results are labelled as: * p<0.05, ** p<0.01, *** p<0.001.

Results

CRISPR-Cas9 Lbx1% generation

To further investigate the role of LBX1, we generated a CRISPR-Cas9 mouse line, named Lbx1%,
with a deletion of 7 bp (AAGCCGC) in the coding sequence of the Lbx1 gene creating an early
stop codon (Fig. 1A and Fig. S1). This deletion is predicted to produce a transcript with two
protein products — 30 amino acid (aa) and a truncated 170 aa protein LBX1 protein without
the EH domain at its N-terminus and leaving the DNA binding domain intact (Fig. 1A). Despite
the absence of the EH domain, the truncated LBX1A is still predicted to bind DNA but would
not recruit Groucho/TLE protein partners. This CRISPR-Cas9 mouse model allows us to study
downstream processes affected by the absence of LBX1 protein-protein interactions. Lbx1A

is still predicted to bind some co-repressors such as CORL1 (Mizuhara et al., 2005).

Heterozygous Lbx1% (Lbx1%/*) did not present any obvious phenotype and were viable.

However, homozygous Lbx1 (Lbx1%/%) died at birth. This has also been observed with previous
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Lbx1 knockout mice models (Brohmann et al., 2000; Hernandez-Miranda et al., 2018;
Pagliardini et al., 2008). Therefore, for the rest of the experiments, only WT and homozygous

Lbx12 are considered.

Lbx1 mRNA was first assessed in E15.5 embryos by RT-gPCR in three tissues known to require
LBX1 function: the neural tube, the heart, and the forelimb. Lbx142 exhibits a significant
increase in Lbx1 mRNA expression in all three tissues compared to WT embryos (Fig. 1B). This
increase in Lbx1 transcript levels has been observed in another Lbx1 knockout model,
suggesting a feedback loop with LBX1 controlling its own expression levels (Schafer et al.,

2003).

To study the localization of LBX1 protein in the developing neural tube, immunofluorescence
was performed on E12.5 and E15.5 cryosections, with a polyclonal antibody raised against the
full-length protein. In WT embryos, LBX1 is strongly detected in the dorsal part of the neural
tube (as previously described (Muller et al., 2002) (Fig. 1D). Furthermore, LBX1 expression in
the neural tube is nuclear, co-localizing with the DAPI (Fig. 1D). In Lbx1%/2 E15.5 embryos, the
staining for LBX1 protein is considerably weaker in the neural tube but still detectable and
appears more widely distributed (Fig. 1E). This indicates that a protein is being produced in

the Lbx1%2 embryo.
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Figure 1. Impact of the CRISPR-cas9 deletion on Lbx1 expression

Figure 1. Impact of the CRISPR-cas9 deletion on Lbx1 expression. (A) Comparison between
Lbx1 coding DNA sequence of a WT embryo (control) and an Lbx1%2 mutant. The gene edit
resulted in a 7 bp deletion and is predicted to produce a truncated LBX1 protein without the
N-terminal part of the protein (in bold). Predicted NLS is shown in red, NES is shown in blue.
(B) Lbx1 mRNA expression in WT and Lbx1%2 E15.5 embryos in the neural tube, heart, and
limb (n=6-9 per group). (C) Immunofluorescence of LBX1 protein (in red) and nuclei labeling
with DAPI (in blue) in WT and Lbx142 E15.5 neural tubes. V: ventral, D: dorsal.

Lbx1%/2 mutation is embryonic lethal

To assess the impact of the LBX1® truncation, we performed H&E and Trichrome (MT3)
staining on E15.5 and E18.5 embryos (Fig. 2). H&E staining was used to assess the general
morphology of tissue, whereas MT3 was used to selectively demonstrate muscle, collagen
fibers, fibrin, erythrocytes, and nuclei. We examined more closely the morphology of the
neural tube, the heart, and the forelimb, which is sensitive to the loss of LBX1 function
(Brohmann et al., 2000; Muller et al., 2002; Schafer et al., 2003). Histology on E15.5 and E18.5
embryos showed that the overall morphology of the spinal cord seems to be similar between

control and Lbx1%/2 (Fig. 2A and 2D; 2G and 2J). The grey matter is well defined in both

11
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genotypes and the subarachnoid spaces are consistent. At this age, Lbx1%2 embryos appear
to have abnormalities in the heart development with thickened left ventricular walls and an
enlargement of the atria with abnormalities of the semilunar valves (Fig. 2B and 2D; 2H and
2K). Analysis of E15.5 and E18.5 forelimbs showed that in WT embryos, muscle groups are
well defined with clear borders between muscle groups; in Lbx1%/2 forelimb sections, distinct
muscle groups were present at E18.5 (Fig. 2C and 2E; 21 and 2L). This suggests that the N-

terminal portion of LBX1 is dispensable for myoblast migration into the developing limb.

Earlier RT-gPCR analysis found Lbx1 mRNA was overexpressed in the Lbx14/2 heart and limb
tissues at E15.5, a timepoint when Lbx1 expression is expected to have reduced as it is several
days since the completion of neural crest/myoblast migration and differentiation into
respective structures. Heart tissue isolated from both WT and Lbx1%2 embryos also showed
significant increases in MyoD (7-fold, P=0.004), Fh/2 (2-fold; P=0.0007), and Pax3 (3-fold;
P=0.01) mRNA expression (Fig. S3). Despite the overall gross normal appearance of muscle
groups in the Lbx1%% limb, MyoD mRNA expression was significantly decreased ~2-fold
(P=0.03; Fig. S3), with no change to Pax3 expression, or Map2k1 (Fig. S3; P=0.88, P=0.15). This

suggests that Lbx1A negatively impacts downstream processes in these tissues.

12
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Neural tube

Figure 2. Lbx1%/2 interferes with embryonic development. Comparison of different tissue
morphology of E15.5 and E18.5 embryos. H&E staining was performed on E15.5 WT (+/+) (A-
B) and Lbx1%/2 embryos (D-E). Forelimbs were stained with Masson trichrome, in WT (C) and
Lbx1%/2 (F). Neural tube morphology at E15.5 of controls (A) and Lbx142 (D) looks similar.
Hearts of Lbx1%/2 (E) have thicker ventricular walls and abnormalities of the semilunar valves
(arrowheads) compared to controls E15.5 embryos (B). Forelimbs of E15.5 (Cand F) and E18.5
(F and L) for both WT (C and F) and Lbx1% (I and L) contain well-defined muscular groups.
Abbreviations: rv: right ventricle, Iv: left ventricle.
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RNA Sequencing analysis

To better understand the early deficit of Lbx1 expression in the developing spinal cord, we
performed an RNA-Sequencing (RNA-seq) analysis on E12.5 neural tubes (plus somite/neural
crest) of Lbx1%2 and WT littermates. At this age, Lbx1 expression is easily detectible (data not
shown) (Hernandez-Miranda et al., 2018). Two replicates per group were analyzed following
the bioinformatic pipeline presented in Fig. S1. Following sequencing, the reads were mapped
to the genome (UCSC_mm9) using Tophat, and differential expression analysis was
performed using EdgeR. We found 410 genes were differentially expressed between WT and
Lbx1% embryos (adjusted p-value < 0.05), with 180 transcripts with higher expression and

230 transcripts with decreased expression in Lbx1%2 neural tubes (Fig. 3A and 3B) (Table S3).

To confirm the results obtained, RT-qPCR analysis was performed on 13 genes found to be
differentially expressed by EdgeR analysis on RNA collected from independent E12.5 neural
tubes (n=9-12). All genes showed a very similar change in expression to that of the RNA-seq
data (Fig. 3C). The results obtained with both methods are highly correlated, as shown on the
scatter plot of the log fold change (Pearson’s correlation = 0.90, adjusted p-value < 0.0001

(Fig. 3D)). These results validated those obtained by the bioinformatic analysis.

The gene with the largest increase in expression in Lbx1% samples was Lbx1 (1.87 logFC,
adjusted P = 1.38x108). The gene with the largest reduction in mRNA levels was Wilms tumor
1 (Wt1) (-2.1 logFC; adjusted P (Padj) = 1.68x10°%°), a key component of interneurons involved
in locomotor circuitry (Haque et al., 2018; Schnerwitzki et al., 2018). In terms of the top
significantly DEGs (Padj 1.13x10“%® - 8.56x10%), we mostly find genes involved in
neurogenesis such as Lbx1, UNC homeobox (Uncx, 0.79), which regulates the proliferation
and survival of neurons, and Calpain 6 (Capn6, -0.83) that had been implicated in
neurodegenerative processes such as Alzheimer’s, as well as skeletal muscle and heart
development (Sammeta et al., 2010; Tonami et al., 2013) (Higuchi et al., 2005). We also found
differential expression of genes involved in bone formation such as T-box 15 (Tbx15, -1.00), a
gene that determines the number of mesenchymal precursor cells and chondrocytes in
vertebral development, ALX homeobox 4 (Alx4, -1.16) known for its involvement in osteoblast
regulation, and osteoglycin (Ogn, -1.10) required for osteoblastogenesis (Chen et al., 2017;

Singh et al., 2005; Yagnik et al., 2012).
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Figure 3. RNA sequencing analysis of E12.5 neural tubes.

Figure 3. RNA-sequencing analysis of E12.5 neural tubes. (A) Volcano plot of the RNA-seq
results between WT and Lbx1%2 E12.5 neural tubes with colour dots (blue and red) indicating
genes with an adjusted p-value <0.05 and in red the differentially expressed genes with a log>
fold change <-1 or >1 (list of genes in Table S3). (B) Heatmap of the 410 genes differentially
expressed with individual hierarchical clustering of controls and Lbx1%/2. The genes with the
highest expression are shown in dark blue and the low expression in pale blue. (C) Bar plot
presenting Log, fold change = SEM between RNA-seq results (in blue) and RT-gPCR ones (in
red, n=9-12 per group). One sample t and Wilcoxon test P <0.05 (*), P <0.001 (**), P <0.0001
(***). (D) Scatter plot of the log, fold change in both analyses with a Pearson’s correlation =
0.90, P < 0.0001. The solid lane on this plot represents the linear regression of this correlation.
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Gene Ontology analysis of differentially expressed genes
To further characterize the differentially expressed genes (DEGs), gene ontology analysis of
biological processes was performed on the 410 genes differentially expressed in Lbx1%/4 E12.5

neural tubes compared to the controls, using gProfiler (Raudvere et al., 2019).

Regarding the genes with increased expression, the top biological processes (BP) by
significance were all associated with aspects of neurogenesis and neuronal development
(Padj = 6.7x107!8) (Fig. 4A,; File S2). The top cell component terms were linked to the axon and
the synapse (Padj = 5.3x10°® and 2.7x10®°). Pathway analysis revealed enrichment for Notch
signaling pathway (Padj = 4.6x10-3) and axon guidance (Padj = 1.31x10-2) (Fig. 4A; File S2).
Thirty-two genes were associated with abnormal nervous system physiology in humans (Padj

=1.97x10%; Fig. 4A, File S2).

Genes with decreased expression were significantly associated with the extracellular matrix
(ECM); Padj = 8.77x10-?!), skeletal development (Padj = 1.42x10'¢) and circulatory system
development (Padj = 1.27x107!3; Fig. 4B). Significant human phenotypes associated with these
genes included abnormalities of mouth morphology, heart defects such as mitral valve
prolapse (Padj = 0.0006), and skeletal issues (eg aplasia/hypoplasia affecting bones of the
axial skeleton (Padj = 0.001) (Fig. 4B; File S2).

Additionally, within the differentially expressed genes in our mouse line, we found 21 genes
that have previously been linked to scoliotic phenotypes (Table S5), such as Notch1 (0.38,
adjusted P < 0.001) and Gpr26 (1.19, adjusted P < 0.05). Loss of NOTCH1 function induces
contiguous vertebral segmentation, short stature, and scoliosis (Loomes et al., 2007). GPR26
mutation results in altered cartilage biology and spinal column development producing a
scoliosis phenotype (Karner et al., 2015; Xu et al., 2015). Several DEGs are also associated
with syndromic congenital scoliosis: DII3, Meox1, Myot, Salll, Lfng (Takeda et al., 2018)
(Bulman et al., 2000) and Horizontal gaze palsy and progressive scoliosis (HGPPS): Robo3 (Jen
et al., 2004; Volk et al., 2011) (Table S5). Many of these genes are also part of the Notch

signaling pathway.
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Figure 4. Gene ontology of differentially expressed genes.

Figure 4. Gene ontology of differentially expressed genes. Manhattan plots separate the
analysis into different categories: Gene ontology terms (GO) biological processes (BP),
molecular functions (MP), cell component (CC), KEGG, REAC, miRNA targets, and Human
phenotypes (HP). Adjusted p-values (Bonferroni correction) shown on the Y-axis by using
gProfiler. (A) Profiling of genes with increased expression in Lbx1%2 compared to WT. (B)
Enrichment of gene ontology terms associated with downregulated genes in Lbx1%2 neural
tubes Abbreviations: MGAT (alpha-1,6-mannosylglycoprotein 6-beta-N-
acetylglucosaminyltransferase), ECM (extracellular matrix).

Impaired neurogenesis in the Lbx12 neural tube

These results show that an alteration of LBX1 function in the Lbx1%2 E12.5 neural tube
impacted embryonic and cellular biological processes, particularly neurogenesis and skeletal
development. As these two processes have previously been linked to AIS (Blecher et al., 2017;

Yim et al., 2012) we examined these aspects of the phenotype further.
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To study the impact of Lbx1% deletion on neurogenesis, the general aspect of the neural tube
was assessed by Nissl staining on E15.5 and E18.5 embryos and the number of neurons
(stained purple-blue) in the dorsal part of the neural tube was counted. No significant
differences were observed between Lbx1%4 and WT E15.5 dorsal horn neuron number (Fig.
5A and 5C). However, by E18.5, there was a significant decrease in Lbx1%/2 dorsal horn

neuronal number compared to WT (-41.3 + 3.45, p < 0.0001 (n=4-5); Fig. 5B-C)

To precisely study the different neuronal subpopulations in the Lbx1%/2 neural tube, gPCR and
IHC were used. The neural tube is defined by neuronal layers (dI1 for the most dorsal layer to
dl6 and V1, V2 for the ventral layers) (Fig. 5C). We used markers of the different neuronal
layers to examine any changes in neuronal development of the neural tube. Lhx2/9 is known
to label the most dorsal interneurons population: dl1, while populations dl1-dI3 expresses
Brn3a, Pax3 dl1 - dl6, Lbx1 dl4 - dI6, Pax2 dl4 and dI6 - V2, and Lmx1b dI5 interneurons(Gross
et al., 2002).

First, changes to mRNA expression levels were assessed by gPCR using E12.5 and E15.5 neural
tubes from WT and Lbx1%2 embryos. In E12.5 Lbx1%2 embryos, we observed a general
increase fold change of expression of the neuronal markers, with a significance for Lhx2 (P =
0.03), Lhx9 (P < 0.0001), Brn3a (P < 0.0001) and Pax3 (P = 0.002) compared to the WT (Fig.
5D). Conversely, at E15.5, we observed decreased mRNA expression different markers, with

a significant decrease for both Lhx9 (P = 0.024) and Pax2 (P = 0.006) (Fig. 5D).

Genes were arranged using the knowledge matrix of Delile et al., (2019), which defines genes
known to contribute to each cell type (not all DEGs are in this matrix) (Delile et al., 2019) Fig.
S4. Thus, DEGs are broadly expressed in multiple cell types, suggesting that Lbx/® results in

more general disruption of neurogenesis, not limited to the dorsal horn.

An essential function of interneurons is to coordinate incoming afferent signals and mediate
their course peripherally. Peripherally projecting neurons can be stained for peripherin, a type
Il intermediate filament protein found in the distal regions of extending axons that mark
neurons that project towards peripheral structures (Leonard et al., 1988; Troy et al., 1992)

(Fig. 6A). In WT mice, we observed long axons extending through midline from the dorsal side
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of the spinal cord, where they make connections to their respective interneurons ((Lu et al.,
2015); Fig. 6A asterisks). In comparison, Lbx1%2 had darker stained shortened axons present
through the midline region of the spinal cord (Fig. 6A, asterisks) with premature termination
of axons. Peripherin actively stained the motoneuron population within the ventral horn, with
obvious peripherally extending axons in the WT (6Ci, arrows). In the Lbx142 section, there
was a smaller motoneuron population and a distinct lack of these peripherally extending
neurons expressing peripherin (Fig. 6Ai). Medial motor axons, projecting towards the ventral
root and midline, were absent in the Lbx1%/4 spinal cord (Fig. 6Ai, arrows). In WT embryos,
axons project from the dorsal root into the dorsal horn (Fig. 6Aii’ arrows); this is absent in the
Lbx1%2 dorsal horn. Overall, peripherin staining indicates a problem with axon

outgrowth/extension for neurons with type Ill intermediate protein in the Lbx1%2 mouse.

Sections from E15.5 embryos were also stained with ISL1/2 and PAX2/5 (Fig. 6B & C). Islet 1/2
(ISL1/2) is required for motor neuron development and is expressed in the ventral horn within
motoneurons as well as the dI3 population (Fig.6B; (Gross et al., 2002; Pfaff et al., 1996)). We
did not detect any difference in the number of ISL1/2 positive neurons (data not shown).
However, they often migrated in a more random direction in the Lbx1%2 spinal cord than WT

sections (Fig. 6B’), suggesting a defect in axon guidance.

Staining for PAX2/3 protein in WT embryos was found towards the middle of the developing
spinal cord, where dl4 and dI6 inhibitory interneurons express it (Fig. 6B, (Gross et al., 2002;
Muller et al., 2002)). On the other hand, PAX2/5 protein expression was not detectable in

E15.5 Lbx1%” embryo sections (Fig. 6B). This suggests a loss of dI5 and d|4 interneurons.
These results highlight changes to neurogenesis in Lbx1%/2 embryos and agree with the RNA-

seq data, showing a modification of gene expression involved in both neuronal identity and

connectivity and the phenotypic consequences of altered gene expression (Table S4).
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Figure 5. Neural tube neurogenesis in Lbx1%/2 embryos. (A, B) Niss| staining was performed
on E15.5 and E18.5 embryos to assess the number of neurons in Lbx1** and Lbx1%4 E15.5
neural tubes (A) and Lbx1** and Lbx1%2 E18.5 neural tubes (B). The number of neurons was
assessed within the dorsal horn. No significant differences in neuron numbers were found at
E15.5, whereas at E18.5, neuron numbers were significantly decreased in Lbx1%2 embryos.
(C) The known pattern of expression of the different neuronal subpopulations according to
the literature (Gross et al., 2002). (D) RT-gPCR analysis in E12.5 and E15.5 neural tubes. The
expression of the neuronal subpopulation markers is globally increased at E12.5 and
decreased at E15.5 in the mutant compared to the WT. The data shown are mean + SEM. One
sample t and Wilcoxon test P < 0.05 (*), P < 0.001 (**), P < 0.0001 (***).
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Figure 6. Later development of the spinal cord in WT and Lbx1%/2 embryos. E15.5 sections
shown are from the thoracic region. A. Peripherin staining of WT (+/+) and Lbx1%/2 sections.
Asterisks show axons through a central region of the spinal cord. Higher magnification image
of the ventral horn (Ai). Arrows indicate axons projecting from the Peripherin positive motor
neurons towards the midline and the ventral root. Higher magnification image of the dorsal
horn of both WT and Lbx1%/2 sections (Aii), arrows indicate axons projecting from the dorsal
root into the dorsal horn of the spinal cord. B. IHC for ISL1/2 protein, which marks dl4, dI6
and ventral motoneurons. B’ is a higher magnification image of the region shown in B (dashed
box). Asterisks indicate some abnormally migrating ISL1/2 neurons compared to the WT
(arrow). C. PAX2/3/5 antibody detected expression within in the dl4 neurons, but not in the
Lbx1%2 embryo.
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Skeletal malformation in Lbx1%/2 mice

Gene ontology analysis showed that in Lbx1% neural tubes, 44.2% of the genes with
decreased expression were linked to skeletal development (Fig. 7). To evaluate the impact on
the developing skeleton, we performed whole-mount skeletal staining on E18.5 embryos with
Alcian Blue to stain cartilage and alizarin red to stain for bones (Fig. 7). Lbx1%2 embryos
revealed hypoplasia of the skeleton with the overall length of the spine, measured from the
first cervical vertebra to the end of the tail, was significantly smaller compared to WT
littermates (Fig. 7A and 7E, 6.5% mean reduction in length; P = 0.04). Closer examination of
the skull did not reveal any significant changes in the size, measured from either the nose to
the end of the parietal bone (measure 1) or the end of the interparietal bone (measure 2)
(Fig. 7B and 7F). At E18.5, the general size of the vertebrae was measured horizontally
(measure 1) and vertically (measure 2) on the first lumbar vertebra (L1) and showed a
significant reduction in size for Lbx1%2 when compared to WT littermates (Fig. 7C and 7G,
11.7% (measure 1; P= 0.05) and 6.4% (measure 2; P= 0.03)). The length of the hindlimb was
also measured, from the head to the end of the tibia (with the cartilage stained in blue,
measure 1 and without the cartilage stained in red, measure 2). It showed a significant
reduction in Lbx1%4 embryos compared to WT for measure 1 (Fig. 7D and 7H; reduction of
10% (measure 1; P= 0.03) and 8.9 (measure 2; P = 0.11). These results are in agreement with
the RNA-sequencing results and suggest that incorrect LBX1 function can change typical

skeletal development.
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Figure 7. Skeletal anomalies in Lbx1%/2 embryos. (A) Comparison between whole-mount
skeletal staining of WT (+/+) and Lbx1%2 embryos (A/A) at E18.5. Cartilage is stained in blue
and bones in red. (B) Lateral view of the skull with p: parietal and ip: interparietal bone. (C)
Ventral view of the vertebrae and (D) lateral view of hindlimbs. (E) Bar plot representing the
size difference of the spine between E18.5 WT and Lbx1%2 embryos. (F) Head length analysis
between the nose to the end of the parietal bone (1-Control and 1-Lbx1%/2) or the end of the
interparietal bone (2-Control and 2-Lbx1%/4), no difference was observed. (G) Vertebrae
analysis measured horizontally (1-Control and 1-Lbx1%) and vertically (2-Control and 2-
Lbx1%/%) on the first lumbar vertebra (L1) showed significant hypoplasia in Lbx1%/4 compared
to the controls. (H) The length of the hindlimb was finally measured, from the head of the
tibia to its end (with the cartilage stained in blue: 1-Control and 1-Lbx1%/2 or without the
cartilage: 2-Control and 2-Lbx1%’2) and showed a significant diminution in Lbx1%2 embryos
compared to WT. n=5 per genotype, mean with SEM is shown. The result of the Mann-
Whitney two-tailed P-value is also shown when significant (* P < 0.05).
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Discussion

The present study aimed to investigate the role of LBX1 during embryonic development, to
understand its association with AIS. The data presented in this study further supports the
essential role of LBX1 in the developing spinal cord and that disruption to LBX1 functions
alters the expression of a wide range of genes and biological processes that can be correlated

with scoliotic phenotypes.

The truncated version of LBX1 lacks the EH1 domain needed for interaction with GRO/TLE
factors (Dehni et al., 1995; Koop et al., 1996), although it may still bind to some co-repressors
such as CORL1 (Mizuhara et al., 2005). Immunofluorescence showed that the LBX1A protein
was still expressed and present in the nucleus. We also attempted a Western blot with
embryo tissue, using both commercial antibodies and the antibody used herein IF.
Unfortunately, none successfully produced a single on the blot for WT or truncated LBX1,
indicating that these antibodies do not work well in a Western. RNA-seq analysis identified
410 differentially expressed genes in the deletion line compared to the control at E12.5. Gene
ontology analysis revealed the biological processes altered in these mice included nervous
system development (such as neurogenesis, synapse organization, and axon guidance) and

ECM composition (File S2, Fig. 4).

The gene ontology analysis of the decreased gene expression found several downregulated
biological processes in Lbx1%tissues, including general tissue development, extracellular and
cellular development, and embryonic skeletal system development along with ossification,
bone morphogenesis, chondrocyte differentiation, and cartilage development. A more
thorough analysis of the skeletal development showed that the general skeleton of Lbx1%2
embryos is significantly smaller than the WT, including a decrease in the length of the spine,
vertebrae, and the limb (Fig. 7). The alteration of the size of the limb could be explained by a
reduction in prenatal movements, where appropriate nervous system development
contributing to prenatal movements stimulates growth. Previously, immobilization due to
reduced mechanical stimulation during prenatal development has been observed to result in
short limbs (Nowlan et al., 2010; Pollard et al., 2017; Rodriguez et al., 1988; Rot-Nikcevic et
al.,, 2006), a feature which is reversed following neuromuscular stimulation, resulting in

increased in length in chick embryos (Heywood et al., 2005).
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Lbx1-expressing cells migrate from the NC into the developing heart between E9-
E10.5(Schafer et al., 2003). Although aberrant migration patterns were observed for Lbx1*
cells in the neural tube, a similar effect is likely occurring in the myogenic precursors of the
heart. Lbx1 has been proposed to be involved in the expression of downstream genes
involved in guidance cue interpretation and the maintenance of migratory potential in cells
(Brohmann et al., 2000; Schmitteckert et al., 2011). Previous studies have identified Lbx1
expression in myogenic precursors and the myocardium of the developing heart. Severe
defects in heart looping typically result in early embryonic lethality making it hard to
detect/study the consequences later in development (Schafer et al., 2003). The current
study's findings align with previous Lbx1 KO studies, where mice with normal inflow/outflow
and heart looping display ventricular hyperplasia/hypertrophy resulting in thickened
ventricles(Schafer et al., 2003). The hyperplastic/hypertrophic ventricles are attributable to

decreased Fhl2 expression following altered Lbx1 expression (Fig. SX).

This is different from skeletal muscle, where PAX3 is needed for Lbx1 expression in migrating
myoblasts (Mennerich et al., 1998). In chicks, increased Ibx1 expression leads to increases
myoD synthesis (Mennerich and Braun, 2001). MyoD is often used to mark terminal skeletal
muscle differentiation. While in Xenopus, overexpression of /bx1 lead to a lack of
differentiated muscle, subsequent gain-of-function experiments co-injecting myoD, and Ibx1
MRNA transcripts restored myocyte numbers through the repressive actions of /bx1 on myoD
(Martin and Harland, 2006). Here, we found that an increase of Lbx1 expression in the Lbx14/2
had no apparent effect on the migration of myogenic cells, although it did lead to a decrease

in myoD mRNA expression (Fig. S3).

Of the differentially expressed genes, there are multiple transcription factors. These included:
Hox genes family who have multifaceted roles in neuronal specification and connectivity
(Philippidou and Dasen, 2013), Irx4, which contributes to neural patterning (Gomez-Skarmeta
and Modolell, 2002; Rodriguez-Seguel et al., 2009), Lhx4, which specifies the trajectory of
motor axons in the neural tube (Sharma et al., 1998), Prdm8 and Prdm10 genes essential for
the dorsoventral patterning (Zannino and Sagerstrom, 2015) and WTI1 necessary for the

development of the locomotor circuitry (Haque et al., 2018). As we observed differences in
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total neuron markers and the altered/ectopic expression of neuronal population markers, we
wanted to determine if there were any consequences on the trajectory of axons peripherally.
Therefore, we chose to look at peripherin, often used to mark peripherally extending neurons,
and observed a lack of long-range peripherally coursing axons in the Lbx1%2 mouse. This
suggests a deficit in the number of interneurons forming successful long-range connections
and signaling appropriately through the spinal cord. While peripherin is not the only
intermediate filament found in these axons, the small stature of the E18.5 embryos and the
embryonic lethality suggests that neuronal connectivity and stimulation are not occurring

during the prenatal period.

AlIS is sometimes referred to as an asynchronous neuro-osseous growth, meaning
disproportional growth occurs between the nervous and skeletal systems (Lam et al., 2011;
Lao et al., 2011; Porter, 2001). The asynchronous neuro-osseous growth theory is based on
findings also described as functional tethering of the spinal cord, whereby during periods of
rapid growth, the spinal cord is unable to grow in length as rapidly as the vertebrae and
therefore creates an axis around which the spine twists and bends to compensate (Chu et al.,
2008; Porter, 2001). The alteration of the spine and vertebrae length suggests that LBX1
dysfunction can interfere with the correct development of the vertebral column; moreover,
abnormal skeletal growth patterns are a hallmark of AIS (Yim et al., 2012). Short spinal cord

and vertebral canal have been linked to scoliosis (Porter, 2001).

Altogether, our study increases our understanding Lbx1s function in embryonic development
and provides a model for studying loss/gain of function, following the deletion of the EH1
domain. Our findings also indicate that the correlation between Lbx1 and AIS maybe due to
Lbx1’s role in the correct development of the neuronal circuitry and that many other genes

linked to scoliotic phenotypes also form part of the same genetic network.
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