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Abstract

Adolescent idiopathic scoliosis (AIS) is the most common form of scoliosis, in which spinal curvature develops in adolescence, and 90%
of patients are female. Scoliosis is a debilitating disease that often requires bracing or surgery in severe cases. AIS affects 2%–5.2% of the
population; however, the biological origin of the disease remains poorly understood. In this study, we aimed to determine the function
of a highly conserved genomic region previously linked to AIS using a mouse model generated by CRISPR-CAS9 gene editing to knockout
this area of the genome to understand better its contribution to AIS, which we named AIS_CRM�. We also investigated the upstream
factors that regulate the activity of this enhancer in vivo, whether the spatial expression of the LBX1 protein would change with the loss
of AIS-CRM function, and whether any phenotype would arise after deletion of this region. We found a significant increase in mRNA
expression in the developing neural tube at E10.5, and E12.5, for not only Lbx1 but also other neighboring genes. Adult knockout mice
showed vertebral rotation and proprioceptive deficits, also observed in human AIS patients. In conclusion, our study sheds light on
the elusive biological origins of AIS, by targeting and investigating a highly conserved genomic region linked to AIS in humans. These
findings provide valuable insights into the function of the investigated region and contribute to our understanding of the underlying
causes of this debilitating disease.
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Background
The most common form of idiopathic scoliosis (IS), which spon-
taneously arises in individuals without pre-existing comorbidities
and primarily affects adolescents, is Adolescent Idiopathic Scolio-
sis (AIS) [1]. Adolescent-onset scoliosis initially develops between
10–18 years of age and accounts for 85%–90% of IS cases, affecting
2%–3% of adolescents and 2%–5.2% of the total population [2].
Scoliosis is the most common developmental disorder affecting
the vertebral column [3].

While AIS is equally common in both sexes early in the disease
course, extreme sex bias develops as curve progression increases
[4, 5]. As curves progress beyond 40◦, females are affected at 10:1
relative to males, with 90% of severely progressive curves requir-
ing surgical intervention. Therefore, AIS appears to be driven
by genetic susceptibility to unknown internal and/or extrinsic
factors. Intrinsic factors are hypothesized to include hormonal
fluctuations during puberty, physical disturbances to stable verti-
cal growth in abnormal muscular and ligament tension, changes
in pelvic obliquity and size, particularly in women, and altered
dorsal horn/interneuron transmission. Extrinsic factors include

environmental factors such as exposure to sunlight, altered vita-
min D levels, and nutritional status, which can alter pubertal
onset and progression, to name a few [6–8].

Research on the inheritance patterns of AIS, particularly in
twin studies, has led to the development of genome-wide associ-
ation studies (GWAS) [9–11]. Various genes, including LBX1, have
been linked to AIS. LBX1 is a highly conserved transcription factor
that plays a key role in the development of the spinal cord, heart,
and limb muscles [9, 12–14]. The SNP rs11190870 is the most
commonly associated variant with an increased risk of AIS. It
is located in a highly conserved enhancer element downstream
of Lbx1 [13, 15]. A large percentage of disease-associated SNPs,
which may be linked to DNA regulation, are found in the non-
coding regions of the genome. The onset of diseases in adults
is contributed to by tissue- or development-specific roles [16].
Guo et al. [13] found that the DNA fragment had higher activity
when the risk SNP (T) was present. Their findings suggest that
SNP rs11190870 disrupts the normal function of the enhancer
element, leading to an upregulation of LBX1 transcription and,
therefore, an increased susceptibility to AIS [13].
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Lbx1 was first identified in Drosophila and has since been iden-
tified in metazoan genomes [17]. In mice, Lbx1 mRNA expression
is seen as early as Embryonic day 9.5 (E9.5) in the developing
neural tube, with levels peaking between embryonic days 11.5–
12.5 and decreasing steadily by day E16.5 [17]. Lbx1 is crucial
for cell fate, migration, and post-mitotic determination during
neural tube development. Gross et al. [18] observed that many
early-born ventrally migrating cells are Lbx1-derived neurons [18].
These Lbx1+ cells, derived from dI4-6 (Class B) dorsal interneu-
ron progenitors, are born between E10 and 12.5 [18–20], post-
mitotically expressing Lbx1 and migrating to populate various
regions of the future spinal cord [20]. In mice lacking Lbx1, the
substantia gelatinosa within the dorsal horn fails to form, leading
to changes in the shape of the gray matter [18, 20]. A second Lbx1-
positive lineage, born between E11 and E13, migrates dorsally to
the substantia gelatinosa of the dorsal horn and other superficial
aspects of the dorsal horn [18, 20]. These late-born cells are
called dorsal interneurons late (dIL) A and B (dILA and dILB).
Taken together, LBX1 plays a crucial role in the development of
interneuron populations in the proprioceptive network.

The proprioceptive system is a subconscious sensory system
that allows individuals to perceive and be aware of their
body position in space. This system gathers information on
fixed body positions through specialized receptors in muscles,
tendons, joint capsules, and skin [21]. By contrast, the kinesthetic
system provides information on joint and limb movements. The
proprioceptive system functions through a series of reflex arcs
found in the spinal cord that integrate sensory information and
help produce smooth and coordinated movements [22]. Although
the role of the proprioceptive system in controlling posture is well
understood, recent research has directly implicated proprioceptor
dysfunction in maintaining spinal alignment [23, 24]. In peripu-
bertal mice lacking TrkC neurons connecting proprioceptive
mechanoreceptors to the spinal cord, spinal curvature devel-
opment was observed without skeletal dysplasia or muscular
asymmetry [24].

Studies have shown that patients with adolescent idiopathic
scoliosis (AIS) exhibit proprioceptive deficits, as observed through
functional testing of their peripheral joints, such as the knee and
elbow [25, 26]. However, the exact location and timing of this dys-
function within neuronal circuitry remain unknown. Maintaining
an upright position requires the integration of the somatosensory,
visual, and vestibular systems, with most weighting (∼70%) on
the somatosensory system and the remaining on the vestibular
system and some on visual input; however, weighting may change
as environmental situations change or there is loss of a system
[27]. The reliance on somatosensory input indicates a vital role
in proprioception for maintaining spinal alignment and balance,
and defects in this system have been linked to AIS [8, 28–30].

Vestibular involvement in scoliosis has been reported in a
number of clinical studies, summarized in Hawasli et al. [31],
with impaired perception of rotational displacement observed in
patients. Haumont et al. (2011) observed worse vestibular function
with increased curve progression [32]; however, the findings also
reflect overall sensorimotor integration [31, 33]. This has been fur-
ther confirmed in some animal models, including Lambert et al.‘s
(2009) labyrinthectomy of Xenopus laevis [34]. However, not all
animal models with vestibular deficits exhibit spinal curvatures.
In terrestrial models, the input of limb proprioceptive feedback
is compensated, seemingly contributing to curve correction [35].
The contributions of vestibular pathologies have been explored in
Scheyerer et al.’s [36] review, with the current literature suggesting
a contribution to multifactorial etiology/pathology [36].

The SNP rs11190870 is located in a putative regulatory region,
the adolescent idiopathic scoliosis-associated cis-regulatory
module (AIS-CRM), which is highly conserved between mice and
humans. To better understand the biological cause of AIS, we
generated a mouse model using CRISPR-CAS9 gene editing to
delete this region of the genome. Our goal was to determine
whether the deletion of AIS-CRM affects the expression of nearby
genes, especially Lbx1. We also investigated the factors that
regulate chromatin structure in vivo and whether there were
any changes in the spatial expression of the LBX1 protein or any
phenotypic changes after the deletion of AIS-CRM.

Results
Epigenetic analysis of the AIS_CRM genome
region
The SNP rs1190870 is located within a highly conserved region
near the candidate CRM in human data [14, 37–39]. According to
variant analyses in human populations, the T allele (considered
high risk) is more prevalent than the C allele, with a ratio of
approximately 0.59 (T) to 0.41 (C) in most populations (Table 1).
This region is located about 10 kb away from the transcriptional
start site (TSS) for LBX1, situated at the edge of a highly conserved
genome region (Fig. 1A).

We analyzed the ChromHMM data for the mouse genome
(ENCODE phase 3 data) in the developing neural tube, focusing
on the Lbx1 locus. We found that this region of the genome,
which is rich in histone marks, exhibits a bivalent transcriptional
start site (TSSBiv) state interspersed between regions repressed by
polycomb complex chromatin (PRC2) (Fig. 1B; Indian red). TSSBiv
is frequently associated with tissue-specific transcription factor
genes and is often assigned to areas with PRC2-bound silencers
[40]. We observed similar chromatin landscapes at E11.5 and
E12.5. However, by E15.5, this region shifted to the TSS state (indi-
cating the removal of the repressive mark H3K27me3), suggesting
a loss of repressive marks over time (Fig. 1B). This change could
potentially affect the expression of nearby genes, such as Lbx1.
The region has multiple candidate proximal and distal cCREs,
most located near the Lbx1 gene. CTCF-only cCREs were located at
each end, with high CTCF signals and low H3K4me3 and H3K27ac
candidate sites for chromatin looping or insulators. Although
the mouse genomic region corresponding to the AIS-linked SNP
in humans is not predicted to lie in cCREs (based on currently
available datasets), it lies in a region that shifts from a repressed
to bivalent state, indicating the loss of repressive histone marks
(Fig. 1B).

We used RegulomeDB [41] to annotate SNP-associated regions.
This database employs various public databases and literature
sources to annotate SNP regions. In 123 different tissues, the
region containing rs1190870 was marked as repressed polycomb.
The tissues include “spinal cord”, “embryo”, “brain”, and “gonad”
(for the complete list, see File S1). Chromatin immunoprecipi-
tation data from RegulomeDB revealed that enhancer of zeste
homolog 2 (EZH2), SUZ12, and RNF2 significantly bind to 10 cell
lines derived from a variety of tissues, including embryos (H1 cell
line), the spinal cord (neuronal cells), and blood (B cell) (File S1).
These proteins are part of the PRC2.

EZH2 is responsible for H3K27 trimethylation and functions
with multiple TFs to repress gene expression [42]. To determine
whether EZH2 binds to E12.5 brain and neural tube tissues in
vivo, ChIP-qPCR was utilized because the RegulomeDB data above
were generated with human tissues (Fig. 2B). These tissues were
selected because Lbx1 mRNA is expressed in the neural tube but
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Table 1. Reference SNP report for rs11190870.

SNP rs11190870

Organism Homo sapiens
Position chr10:101219450 (GRCh38.p14)
Alleles T > A/T > C
Variation type Single nucleotide variation
Frequency C = 0.421317 (137 491/326336, ALFA)

C = 0.414077 (109 602/264690, TOPMED)
C = 0.411309 (57 408/139574, GnomAD)

Abbreviations: SNP = single nucleotide polymorph. Data were sourced from (https://www.ncbi.nlm.nih.gov/snp/rs11190870).

Figure 1. ENCODE regulation data showing candidate CREs and chromatin states for mouse and human LBX1 loci. (A) Human LBX1 gene locus (hg38).
The AIS-risk SNP of interest is indicated by the bar (GWAS Catalog track) (rs11190870). The ENCODE registry of candidate cis-regulatory elements
(cCREs) based on histone modification, DNase, and CTCF binding data is shown with the corresponding color key. PhyloP score track based on the
alignment of 100 vertebrate species to indicate the level of conservation between vertebrates. (B) Mouse Lbx1 locus (mm10 assembly). Chromatin state
data (chromHMM 18 state model) for the neural tube (E11.5, E12.5, and E15.5) are displayed, along with the color key. The deleted region in this study
is shown (AIS-CRM� by the dashed box). PhyloP score track is based on the alignment of placental mammals. Alt. Text. Top panel: A drawing of the
human LBX1 gene relative to the location of the SNP of 15 interest, which is ∼10 kbp downstream of the gene body. Below is a multiple sequence 16
alignment showing that the SNP rs1190870 is in a region that is 100% identical in other 17 vertebrates including mice. Bottom panel: Overview of the
chromatin state of the mouse Lbx1 18 gene locus for neural tube cells. The target region is in an area of repressed by polycomb 19 complex at E11.5, a
poised state at E12.5 and an active state at E15.5.

is barely detectable in the developing brain (Fig. 2C, P = 0.005),
suggesting repression in the CNS. The AIS-CRM and Lbx1 TSS
areas were targeted. In the brain, EZH2 was significantly enriched

in both the AIS-CRM region (Fig. 2B, P = 0.0011), and TSS (Fig. 2B,
P = 0.008). However, no significant enrichment was observed in
the neural tube compared to the mock control (Fig. 2B, P = 0.096;
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Figure 2. EZH2 targets the Lbx1 locus for repression. (A) RegulomeDB (2.0) analysis for chr10:102979206-102 979 207 found that this region is in a repressed
chromatin state for most cell types and tissues. (B) ChIP-qPCR for EZH2 (n = 2). (C) The expression of Lbx1 mRNA was higher in the neural tube at E12.5,
compared to that in the developing brain (n = 3-4), two-tailed unpaired t-test. One-way ANOVA with Tukey’s multiple comparison test. ∗∗∗P < 0.001,
∗∗P < 0.01. Alt. Text. A. Three horizontal bar graphs showing the chromatin state for 127 tissues and cell 29 types. For 123 of these, the region of interest
is in a region repressed by polycomb. Panel B: 30 vertical bar graph showing the percentage pull-down of EZH2 bound to the AIS-CRM genomic 31 region
or the transcriptional start site. The data shows ∼5-fold increase in bound EZH2 for 32 chromatin extracted from brain tissue compared to the neural
tube. Panel C: Vertical bar 33 graph showing that Lbx1 mRNA expression is near 0 for the brain and ∼0.25 (relative gene 34 expression) in the neural tube.

P = 0.081). In addition, there was significantly more pulldown at
these sites within the E12.5 brain than in the neural tube (Fig. 2B,
P = 0.0042 and P = 0.0045, respectively).

Together, these epigenetic data suggest that the target region
of the mouse genome, which corresponds to the area containing
rs1190870 in the human genome, is within the region of the PRC2-
bound repressed chromatin.

Gene expression changes in the AIS-CRM�
mouse line
AIS-CRM� mice were created using CRISPR-Cas9 genome-editing
technology. RNA-guided nucleases cleave DNA phosphodiester
bonds at specific sites in the genome, resulting in the deletion or
insertion of these regions [43]. The AIS-CRM� mouse line removed
189 bp of the mouse genomic region corresponding to the AIS risk
SNP rs11190870 (Figs 1B and 3A). The AIS-CRM� adult mice were
found to breed normally, suggesting unaffected fertility, and the
offspring were viable and displayed typical sex ratios and litter
sizes (data not shown).

Next, we sought to determine how deletion of this putative
regulatory region influences gene expression in the neural tube
and spinal cord, as this genomic region is predicted to alter
the expression of nearby genes. Tissue was collected at three
embryonic time points (E10.5, 12.5, and 15.5), representing critical
time points during embryonic development, where LBX1 is known
to affect neuronal migration and identity [18, 20, 44]. Additionally,

spinal cord mRNA from two postnatal time points (PN28 pre-
puberty and PN120 mature) was used to assess changes in the
spinal cord before puberty and at maturity.

First, we focused on Lbx1 mRNA expression, as this gene is pre-
dicted to have altered expression in vivo because it is located near
the target genomic region (Fig. 3A). Total RNA was isolated from
either pre- (neural tube) or post-natal (spinal cord) time points
for WT and AIS-CRM� littermates for RT-qPCR. We observed a
significant increase in Lbx1 mRNA levels in the AIS-CRM� mice
at E10.5 (∼9-fold; P = 0.0024) and at E12.5 (5-fold; P = 0.033) and
E15.5 (2.3-fold; P = 0.0024) (Fig. 3B. There was no difference in Lbx1
mRNA expression between WT and AIS-CRM� for the pre-puberty
and adult spinal cord (Fig. 3B; P = 0.13, P = 0.45).

Following the observation of increased Lbx1 mRNA expression
in the embryonic AIS-CRM� neural tube, we assessed the
spatial distribution of the LBX1 protein. Immunofluorescence
experiments were performed on transverse sections of E15.5
thoracic samples (Fig. 3C–E). In E15.5 mice, LBX1 protein was
found in the substantia gelationsa dorsal horn (Fig. 3C, arrow)
and nucleus proprius (Fig. 3C, asterisk). In KO mice, the expression
was detected throughout the dorsal horn substantia gelatinosa.

Genes essential for specifying different dorsal interneuron pop-
ulations in the NT were analyzed at E12.5 to determine if the over-
expression of Lbx1 resulted in changes to their expression levels
(Fig. 4.1). This was because Lbx1 overexpression peaks at E12.5
(112). As specific genes are found in specific dorsal interneuron
populations, changes in their expression profile will directly result
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Figure 3. Lbx1 mRNA and protein expression in WT and AIS-CRM� mice. (A) Schema showing the location of the deleted region in the mouse genome.
The box (with scissors) indicates the deleted region in the mouse model. (B) RT-qPCR analysis for Lbx1 transcripts reveals a significant increase in
mRNA expression at E10.5, E12.5 and E15.5 in the AIS-CRM� embryos relative to WT counterparts. The data are presented as 2-��CT relative to WT
(mean ± SEM), and statistical significance was determined using an unpaired t-test (∗P < 0.05, ∗∗P < 0.001). The sample sizes for each age group were as
follows: E10.5 n = 10 (WT), n = 3 (AIS-CRM�); E12.5 n = 11 (WT), n = 8 (AIS-CRM�), E15.5 n = 17 (WT), n = 7 (AIS-CRM�); pre-puberty n = 9 (WT), n = 8 (AIS-
CRM�); and adult n = 6 (WT), n = 7 (AIS-CRM�). (C) Spatial expression of LBX1 in the neural tube and spinal cord of WT and KO mice. (C) Representative
image of LBX1 protein in the developing neural tubes of embryos at E15.5. (Ci and Cii) Higher magnification images of the boxed areas in C for WT and
KO embryos. Scale bar = 200 μm unless otherwise indicated. (D) RT-qPCR analysis for markers of dorsal interneuron populations and neurotransmitters.
Lmx1b (dl5), Lhx9 (dI1i), Pax2 (dI4 and dI6), vGlut (glutamatergic), and Gad2 (GABAergic) the data are presented as 2-��CT relative to WT (mean ± SD),
and statistical significance was determined using an unpaired t-test (∗P < 0.05, ∗∗P < 0.001, ∗∗∗P < 0.0001, n = 4 WT, n = 3-5 KO). Alt. Text. (A) The deleted
region is ∼7.8 kbp downstream from the mouse Lbx1 gene. Upstream 9 there are six genes shown: In order—Btrc, Poll, Dpcd, Fbxw4, Fgf8 and Npm3. Panel
B: 10 vertical bar graph comparing expression values for Lbx1 mRNA for WT and KO tissues. E10.5 11 mean 0.997 WT, 8.93 KO; E12.5 mean of 0.775 WT,
2.468 KO, means of 0.943 WT, 2.62 KO, 12 pre-puberty means of 1 and 1.4 KO. Panel C. LBX1 protein in a section of the neural tube for 13 WT and KO. In
the WT tissue, LBX1 is detected in the nucleus of cells that form an arch shape 14 in the dorsal region of the neural tube. In the KO, LBX1 is detected
in a much broader region 15 of the dorsal neural tube. Panel D. Bar graph showing the relative expression of selected 16 markers for WT and KO. Mean
values are WT, KO: Lmx1b 0.076, 0.28; Lhx9 0.01, 2.5; Pax2 17 0.001, 1.95; vGlut2 0.052, 0.91; Gad2 0.0007, 1.39.
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in changes to the composition of that population and thus, func-
tional consequences. No significant differences were observed
in the expression levels of Lmx1b between the Lbx1EH�−/− and
WT mice (P = 0.8843, WT n = 3, KO n = 5). A statistically significant
upregulation of Lhx9 mRNA expression was observed in the spinal
cord of Lbx1EH�−/− mice compared to the WT mice (P = 0.0007,
WT n = 4, KO n = 5). Finally, a statistically significant upregulation
of Pax2 mRNA relative to the WT mice was found (P = 0.0082, WT
n = 4, KO n = 5) (Fig. 3C). These changes in gene expression suggest
the AIS-CRM� deletion likely results in a dysregulation of specific
dorsal interneuron populations.

An additional role of LBX1 in spinal cord development is
determining GABAergic inhibitory neuron cell fates in the spinal
cord [20]. Analyzing the expression of the associated markers
VGLUT2, which specifies excitatory glutamatergic neurons,
and GAD2, which specifies inhibitory GABAergic neurons, may
highlight any dysregulation. While there was a large variation
in the expression of vGlut2 mRNA between biological replicates,
there was no significant difference between WT and KO (P = 0.16).
A statistically significant increase in Gad2 was observed in the
AIS-CRM� mice compared to their WT counterparts (P = 0.026)
(Fig. 3D). This suggests that the AIS-CRM� deletion results in a
disequilibrium of excitatory and inhibitory neuronal cell fates in
the spinal cord with an increase in inhibitory GABAergic neurons.

AIS-CRM is located at the boundary of the TAD
Additionally, we investigated whether AIS-CRM knockout affects
the expression of nearby genes. The 3D structure of chromatin
and distal regulatory elements allows them to interact with genes
across long distances. The genome is organized into topologically
associated domains (TADs) within the nucleus. These domains
are enriched in intradomain chromatin interactions, isolated from
the surrounding chromatin, and bounded by narrow segments
known as boundary regions, appearing as triangles (as shown in
Fig. 4). TADs are highly conserved and play crucial roles crucial for
determining cell fate during development [45, 46].

After analyzing the available HiC and Micro-C chromatin struc-
ture data, we discovered potential contacts and a local TAD
structure [47] (Fig. 4A and Fig. S1). LBX1 and six other genes were
identified within a single TAD, including Fibroblast growth factor
8 (FGF8), F-box and WD-repeat domain containing 4 (FBXW4), β-
transducin repeat containing e3 ubiquitin-protein ligase (BTRC),
deleted in primary ciliary dyskinesia (DPCD), and DNA polymerase
lambda (POLL) (Table S2). Additionally, there are sub/internal TAD
interactions, such as contact between the AIS-CRM/TAD bound-
ary and POLL and BTRC.

Thus, the rs11190870 variant is located at the TAD boundary,
which was also confirmed by ReMap data. This extensive ChIP-
seq database can be accessed using the UCSC browser [48]. The
data showed several dense peak areas, including a similar pat-
tern between mouse and human genomes (Fig. 4), regions near
the SNP enriched with CTCF, cohesion proteins (SMC3, RAD21),
and Polycomb complex (CBX7, EZH2, JARID2) proteins (zoomed-in
view, see Fig. S2). Cohesin subunit proteins and CTCF overlap at
boundary regions [49]. PRC proteins (EZH2, CBX7, and JARID7) are
also associated with genome organization and chromatin looping
[50]. They are enriched here, consistent with the previous results
(Fig. 2 and Fig. S2).

Similar to Lbx1, the RT-qPCR data showed a significant increase
in Poll and Fgf8 mRNA expression at E10.5 in AIS-CRM� mice
(Fig. 4B). This increase was four-fold for Poll and 16-fold for Fgf8
(Fig. 4B). Btrc mRNA expression decreased by approximately 5.9-
fold in AIS-CRM� embryos. At E12.5, the Poll and Btrc mRNA levels

were approximately 1.8 times higher in the AIS-CRM� group
than in the WT group (Fig. 4B). Poll mRNA levels remained higher
than those in WT at E15.5, ∼1.7-fold (Fig. 4B). Additionally, the
expression of Fbxw4 mRNA was significantly increased at this
stage, ∼1.8-fold (Fig. 4B).

There were no significant differences in the expression of any
of the tested genes between the WT and KO mice in the pre/post-
puberty spinal cord (Fig. S3; P > 0.05). In addition, we also tested
a gene just outside the TAD region, Nucleophosmin/nucleoplas-
min 3 (Npm3); this gene showed no change in mRNA expression
(Fig. 4B). Taken together, these results suggest that the AIS-CRM
region of the mouse genome can influence the expression of other
genes located within the same TAD during development.

Phenotypic changes to the vertebral column
To assess gross spine morphology, microCT scans were examined
using the 3D Viewer plugin for FIJI. No apparent differences
were observed in the shape or profile of the vertebral bodies,
pedicles/lamina, vertebral foramen, or spinous processes (Fig. S4).
We could not find obvious evidence of ultrastructural changes
to the vertebrae at 34 μm resolution (data not shown). Vertebral
rotation is a feature of scoliosis, and in the absence of obvious
lateral curvature, we sought to determine whether any alterna-
tive phenotypic characteristics were present [51–54]. Therefore,
we determined vertebral rotation in our mouse line. To ensure
accurate and comparable results, the 5th Lumbar vertebrae (L5)
was selected as the “anchor” with its rotation set as 0◦, allowing
us to measure vertebral rotation relative to L5 in all samples.

We noted considerable variation in vertebral rotation between
the genotypes (Fig. 5). However, the results showed that the varia-
tion between the two groups (over the entire vertebral column)
was not significantly different, and that pre-puberty WT and
AIS-CRM� mice exhibited similar variation in vertebral rotation
(Fig. 5; P = 0.43). When we examined variation at the individual
vertebral level, that is, comparing the variation in standard errors
of the mean between WT and AIS-CRM� mice, we observed a
greater propensity for rotation in AIS-CRM� mice. Thus, KO mice
showed greater variation than WT mice did.

In human AIS, curved apices are found in the central vertebrae
of the affected region (i.e. the cervical apex is typically C3-4, tho-
racic T6-T7, thoracolumbar T12-L1) [6, 7, 55]. Thoracic and thora-
columbar curves have been observed in 88% of AIS cases [1, 56, 57].
This led us to focus on the thoracic region in the mouse cohort. We
found a significant rotational deviation in the thoracic region, T4-
T12, in the AIS-CRM cohort (Fig. 5). Considering rotational varia-
tion across all samples, the most considerable degree of rotational
deviation is at T6, with a mean of 6◦ (±2.94; P < 0.001) (Fig. 5).
Vertebral rotations for T4–T12 were all significantly more rotated
than their WT counterparts (P < 0.05), with a larger variation in
AIS-CRM samples than in their WT counterparts, as evidenced by
the larger SEM (Fig. S5). Subsequently, two-way ANOVA (pooled)
was performed to determine whether the genotype had a similar
effect at all vertebral levels, and 4.3% of the variation (P = 0.02)
suggested an interaction.

Owing to the sex-biased nature of AIS, we sought to determine
whether this difference between WT and AIS-CRM was influ-
enced by biological sex (Fig. S6). The largest rotation angle was
nearly identical between our male (6.416◦ ± 3.491; T6) and female
cohorts (6.415◦ ± 2.824; T8) (Fig. S5). We conducted a compre-
hensive 3-way ANOVA analysis (File S2) to investigate potential
interactions among genotype (WT/KO), sex, and vertebral level.
Notably, our findings revealed a significant effect of genotype
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Figure 4. Transcript expression of genes predicted to be in physical contact with the AIS-associated regulatory region in vivo. (A) Human genome (hg38)
browser, with micro-C data from human embryonic stem cells (ESC) shown at 1.0 kb resolution and ReMap data. The green vertical line indicates the
position of rs1119870 SNP. The red line indicates the deleted region of AIS-CRM. The contact points are circled and enlarged. The density track (ReMap)
shows the density of overlapping ChIP-seq peaks. These regions were enriched in CTCF peak regions. In both mice and humans. TAD and internal
sub-TAD. The red range indicates the interaction frequency (0 = none, red = high). (B) Poll and Fgf8 mRNA expression significantly increased in the AIS-
CRM� group compared to the WT group during neural tube development at E10.5 (P < 0.001). At E12.5, the AIS-CRM� cohort showed approximately
1.8-fold higher levels of Poll and Btrc transcripts than those in the WT group (P < 0.05). Similarly, at E15.5, there were significant increases in the mRNA
expression levels of Poll and Fbx4 (P < 0.05). The results are presented as mean ± SEM. Statistical significance was determined using two-way ANOVA,
and the results are presented as ∗P < 0.05, ∗∗∗P < 0.001. The sample size for each group was as follows: E10.5 n = 10 (WT), n = 3 (AIS-CRM�); E12.5 n = 11
(WT), n = 8 (AIS-CRM�), E15.5 n = 17 (WT), n = 7 (AIS-CRM�); pre-puberty n = 9 (WT), n = 8 AIS-CRM�); and adult n = 7 (WT), n = 6 (AIS-CRM�). Alt. Text:
(A) Physical contact map for the LBX1 locus, includes 6 genes upstream and 9 genes 1 downstream. Contacts are shown as a geometric pattern, and the
TADs are highlighted—These 2 are shown as triangular shapes, with one corner corresponding to the position of rs11190870; 3 the top of the triangle
displays a dense signal suggesting frequent long-range contacts with the 4 regions located on the right bottom corner, ∼550 kbp downstream from the
SNP. Panel b: 5 vertical bar graph showing the relative expression in WT and KO samples. The mean values 6 for those comparisons that were significant:
E10.5—Poll 0.97, 3.88; Btrc 1.22, 0.21; Fgf8 7 0.334, 5.41. E12.5 Poll 0.91, 1.69, Btrc 1.03, 1.73. E15.5 Poll 0.87, 1.45; Fbxw4 1.04, 1.81.

(P = 0.0001), indicating that the presence or absence of the con-
served genomic region associated with AIS in humans plays a
pivotal role in vertebral rotation. However, we did not observe
any significant interactions between sex, genotype, and vertebral
level. This implies that the impact of the AIS-CRM deletion on
vertebral rotation remains consistent regardless of sex.

Vertebral rotation was also analyzed in prepubertal mice
(< PN28). There were no statistically significant differences
between the two cohorts (Fig. S6; P = 0.44). These results (Fig. 5

and Fig. S6) suggested that the onset of vertebral rotation in AIS-
CRM mice occurred following pubertal onset.

Simple proprioceptive behavior was affected in
AIS-CRM� mice relative to their WT littermates
Having demonstrated rotational instability of the vertebrae in
AIS-CRM� mice, we sought to determine whether these mice
exhibited proprioceptive deficits following the findings of Blecher
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Figure 5. Vertebral rotation in adult WT and AIS-CRM� knockout mice using microCT. (A) Lateral view of an example spine (left) and the acquisition of
rotational measurements using individually reconstructed vertebrae (right). The dashed line shows baseline, 0◦ rotation, the arrow shows deviation of the
vertebra. (B) Degree of rotation measured across C3-L5 in the mouse samples, combining sexes. Wild-type (WT) mouse measurements are represented
in black (n = 20) and AIS-CRM� in gray (n = 10). Measurements are presented as mean rotational deviation; error bars represent ± SEM; statistical
significance is represented as P < 0.05, ∗P < 0.01, ∗∗P < 0.001, ∗∗∗ using multiple unpaired t-tests with multiple comparison correction (two-stage step-up
(Benjamini, Krieger, and Yekutieli)).

et al [24], who linked proprioceptive system disruption to scol-
iotic/vertebral instability [24]. This was particularly interesting
given the influence of LBX1 on neural tube interneuron devel-
opment and the potential for the proprioceptive system to be
influenced by the altered expression observed above.

Initially, we performed a modified SNAP test (Simple Neu-
roassessment for asymmetric impairment), as previously described
[58], at four time points: 4 weeks (pre-puberty) and 16, 20, and
24 weeks of age. We found that across all time points, AIS-CRM�

mice scored higher than their WT littermates; this difference was
statistically significant at 4 (P = 0.0043) and 16 weeks (P = 0.0093)
(Fig. 6). The statistically significant increase in the SNAP score
from 4 to 16-week (P = 0.012) for knockout mice coincided with
pubertal transition; however, this was not observed in the WT
cohort (P = 0.478) (Fig. 6). At 20 weeks of age, WT and AIS-
CRM mice performed equally well in the SNAP test. This trend
continued until the end of testing at 24 weeks of age (P = 0.12).
Most notably, the AIS-CRM� cohorts exhibited a wide, splayed
stance and splayed hindlimbs when attempting the hind limb
baton grip test. Together, this suggests the possibility of a
premature decline in proprioceptive function for AIS-CRM�

and confirms the previously reported changes in age-related
proprioceptive functions.

We used the cylinder test to evaluate mouse CNS circuits that
control simple reflexes and motor function [59]. We wanted to
determine if AIS-CRM mice had problems with basic motor skills,
including raising, choosing their paws, controlled paw removal,
and other noticeable behaviors such as stumbling or falling
(Fig. S7). However, between 8 and 24 weeks, we only noticed
a modest reduction in the time spent rearing in the WT and
AIS-CRM groups, which was not statistically significant (Fig. S7;
P = 0.28, P = 0.09, respectively).

Although AIS-CRM� mice spent a similar amount of time
rearing as mice without the AIS-CRM� mutation, they exhibited
some functional impairments in their forelimbs. This was further

Figure 6. SNAP testing of AIS-CRM� revealed premature propriocep-
tive deficits. The results of the SNAP score suggest that at 4 and
16 weeks of age, AIS-CRM� mice performed worse in simple propriocep-
tive tasks than their WT counterparts (P = 0.0043; P = 0.0124). However,
at 20 weeks, the mice performed equally in the proprioceptive tests
(P > 0.05), which continued until 24 weeks of age. Data are presented
as the mean ± SEM. Statistical significance was determined using two-
way ANOVA where ∗∗P < 0.01. Abbreviations: SNAP, simple assessment of
asymmetric imPairment; WT, wild-type; AIS-CRM. Alt. Text. Vertical bar
graph comparing WT and KO SNAP scores for WT and KO. Mean values
16 are—Week 4: 0.71, 3.09, week 16 2.33, 6.5, week 20 3.25, 4.16, week 24
3, 5.2.

confirmed through the grid walk and grip strength tests (Figs 7
and S8). Additionally, when standing and reared, AIS-CRM mice
exhibited a propensity to fall forwards to the ground because of
hindlimb instability (Fig. 7A). Furthermore, their hindlimbs had a
wider stance and were more splayed than their WT counterparts
(Fig. 7B).

The grid walk test evaluates the locomotor function and motor
deficits in rodents with CNS disorders [60–62]. It is also com-
monly used to assess the sensorimotor abilities of forelimbs and
hindlimbs [63]. Our goal was to determine if the deletion of
certain genes affected the functional abilities of rodents, specif-
ically by measuring the number of foot faults relative to the
total number of steps taken per limb (Fig. 7C and D). We found a
modest increase in forelimb foot faults in AIS-CRM� mice from
4 to 12 weeks of age, which was statistically significant. This
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Figure 7. Observational functional deficits were observed in AIS-CRM� mice. (A) AIS-CRM� mice showed a loss of hindlimb balance when reared and
falling forward towards the ground after failing to touch the cylinder wall. (B) The AIS-CRM� mouse (left) was observed with a wider hindlimb stance
when reared and on the ground than their WT counterparts (right). Effect of the AIS-CRM� deletion on the number of limb foot-faults over 8 weeks.
(C) Forelimb foot faults relative to the total steps taken for the WT and AIS-CRM�. (D) Hindlimb foot faults relative to the total steps taken by WT and
AIS-CRM�. All data are expressed as the mean ± SEM (n = 8 WT and n = 7-13 AIS-CRM�), and statistical analysis using two-way ANOVA is represented
as ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001. (E) Forelimb data separated by sex (n = 5 WT and n = 4–5 AIS-CRM�). (F) Hindlimb foot faults
separated by sex (n = 3 WT and n = 3-8 AIS-CRM�). The data are shown as a three-way plot separated by AIS-CRM genotype, age, and sex. Statistical
analysis was performed using three-way ANOVA (mixed effects) and Tukey”s multi-comparison test. Abbreviations: WT, wild-type; AIS-CRM, � knockout
mice. Alt. Text. Panel A and B have three examples of KO mice losing balance while performing a 35 cylinder task, whereas the WT mouse has a stable-
reared stance. (C–F) Vertical bar graphs 36 comparing WT and KO foot faults at weeks 4 and 12, separated by sex. Mean hindfoot faults 37 are week 4
(WT, KO): 1.67, 1.89; week 12 3.9, 7.1. Mean forelimb foot faults: Week 4 9.14, 9.6; 38 week 12 10.65, 12.91.
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increase was not observed in WT littermates over the same period.
Additionally, at 12 weeks, there was a significant difference in the
number of forelimb foot faults between WT and AIS-CRM� mice
(1.3-fold; P = 0.0087; Fig. 7C). This suggests that deletion of AIS-
CRM� results in sensorimotor dysfunction of the forelimb during
puberty, which leads to an increase in the number of foot faults.

The WT and AIS-CRM� cohorts showed a significant increase
in hindlimb foot faults from 4 to 12 weeks of age. The WT
cohort showed a 2.3-fold increase (P < 0.0001), whereas the AIS-
CRM� cohort showed a 3.7-fold increase (P < 0.0001). Although
both cohorts experienced an increase in hindlimb foot faults, AIS-
CRM� mice had a 1.8-fold increase (P < 0.0001, Fig. 7D) in the
total number of hindlimb foot faults compared to WT mice. This
indicates that, while there is a natural decline in function during
this period, the deletion of AIS-CRM leads to a more significant
decrease in sensorimotor function.

We conducted a three-way ANOVA using the mixed-effects
model REML to examine how sex, AIS-CRM genotype, and age (in
weeks) interacted. The results are summarized in File S2. Geno-
type and age significantly affected forelimb foot faults (P = 0.048;
Fig. 7C), whereas sex did not (File S2). When we separated the
results by sex, male and female AIS-CRM� mice showed a sig-
nificant increase in forelimb foot faults from four to 12 weeks
of age (File S2). For the hind limb, there was a significant inter-
action between genotype and age (P = 0.0003), but not with sex.
Both sexes showed significant increases in hindlimb foot faults
(File S2). Female WT mice showed no significant changes in
the number of hindlimb foot faults from week 4 to week 12
(P = 0.57, File S2). However, male WT mice experienced a signifi-
cant increase in hindlimb foot faults (2.8-fold, P = 0.0047; File S2)
over 8 weeks. This suggests that male WT mice may experience
a decline in hindlimb locomotor function over time. Male and
female AIS-CRM� mice also showed a significant increase in
hindlimb foot faults over eight weeks (P < 0.0001) (Fig. 7F; File S2).
This trend continued at 12 weeks of age, with 1.7- and 2.2-
fold increases in male and female AIS-CRM� mice, respectively
(P < 0.0001; Fig. 7F; File S2).

The grip strength test is used to evaluates motor function and
deficits in mice with CNS disorders (Maurissen et al [72]). WT and
AIS-CRM mice showed a decline in forelimb grip strength over
time, with no significant difference in strength between the two
groups (Fig. S8, P = 0.08, P = 0.65, respectively). However, there was
a significant decrease in forelimb grip strength in WT mice from
4 to 14 weeks (P = 0.004) and from 4 to 24 weeks (P = 0.002), with
38% and 47.8% declines in strength, respectively (Fig. S8). These
decreases likely reflect the natural decline in motor function with
age, with no apparent differences in grip strength between the
WT and AIS-CRM mice. During grip strength testing, AIS-CRM�

mice behaved differently from WT mice, struggling to hold onto
the bar and twisting and turning. This behavior was consistent
with observations during SNAP testing, where AIS-CRM� mice
repeatedly failed to perform the baton grip task appropriately
(Fig. 6).

Discussion
In this study, we investigated the genomic region linked to AIS to
understand its function. By analyzing data from a mouse model
and using bioinformatics and ChIP-qPCR, we found that EZH2
binds to this region near the TAD boundary. Deleting this area
in mice causes changes in gene expression in the developing
neural tube. This affected the nearby Lbx1 gene and other genes
within the same TAD. Our analysis of AIS-CRM� mice showed

significant vertebral rotation and variation compared with WT
mice. Before any morphological changes occurred, these mice
displayed proprioceptive deficits and sensorimotor decline. We
believe that deleting this genomic region disrupts connectivity in
the developing spinal cord. This disruption leads to proprioceptive
deficits and spinal misalignments.

Gene regulation and AIS-CRM
According to previous studies, AIS-CRM regulates Lbx1 expression
during critical stages of embryonic development, contributing
to neural tube patterning and migration. An in vitro luciferase
reporter assay conducted by Guo et al. [13] showed that the risk
SNP increased luciferase activity and that spinal curvature was
caused by lbx1 overexpression in zebrafish [13]. We also observed
an increase in mouse Lbx1 expression when the region containing
the SNP was knocked out. This increase could be attributed to
either an increase in the number of cells expressing Lbx1 and their
protein expression, or the detection of cells expressing increased
levels of Lbx1. Gross et al. used both antibody and GFP lines and
found a broader expression in the GFP line, which they suggested
was more sensitive to Lbx1 expression [18]. The observed increase
in expression could be due to an increase in the number of cells
that normally express lower levels of Lbx1, now detectable with
the antibody, or an increase in the number of cells that express
Lbx1 and their relative increase in protein expression. We also
found that deletion of this region increased the expression of
nearby genes.

We initially hypothesized that this region plays a regulatory
role in the presence of a PRC2 repressor. PRC2-bound silencers
are distal regulatory elements that mediate long-range chromatin
interactions with target genes, and disruptions such as CRISPR-
Cas9 mediated deletion can lead to the activation of target gene
expression [64]. In addition, PRC2-bound silencers can transi-
tion to enhancers in specific cell lineages [64]. Changes in TAD
boundaries are associated with changes in gene expression in cell
culture. TAD boundaries restrict the interactions of cis-regulatory
elements with genes within the TAD, and the loss of TAD bound-
aries results in ectopic gene expression in in vitro cell culture [65].
Furthermore, TAD boundaries often contain housekeeping genes
and transcriptional start sites [45].

Possible consequences of changes to Lbx1 gene
expression
We observed significant differences in Lbx1 mRNA expression
between WT and AIS-CRM� mice during spinal cord develop-
ment; these differences were no longer evident in our adult
cohorts (Fig. 3A). We hypothesize that changes in Lbx1 expression
during development likely led to changes in downstream effec-
tors, consequently triggering changes in neuronal wiring, neuron
identity, and overall functionality.

It has been established that Lbx1 is essential for the specifi-
cation and migration of the Class B neurons dI4-6 in the E12.5
neural tube [20]. Additionally, Lbx1 antagonizes the differentia-
tion of Class A neurons dI1-3, and the misexpression of Lbx1
causes ectopically expressed Class B neurons and reduced Class
A neuronal numbers [20]. Our study supported these findings,
whereby the broad Class B domain extensively migrated ventrally
and laterally into the mantle zone, implying a large excess of Class
B neurons occupying the adult spinal cord (Fig. 3C). Due to the
diversity of dI4-6, the marker Lmx1b was further analyzed in the
Lbx1EH�−/− spinal cord to determine the patterning of a single
Class B dorsal interneuron population. Surprisingly, Lmx1b had no
significant change in gene expression levels in the E12.5 compared
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to the WT (Fig. 3D). This suggests that the overexpression and
migratory increase of Class B neurons may only profoundly affect
dI4 and dI6, potentially observed as a lack of uniformity in staining
intensity (Fig. 3C). This is supported by the statistically significant
upregulation of both Lbx1 and Pax2 gene expression, markers of
both dI4 and dI6, respectively (Fig. 3D).

Additionally, dI4/6 are inhibitory GABAergic neuronal types,
utilizing GABA as a neurotransmitter, whilst Lmx1b-expressing
dI5 is glutamatergic, utilizing VGLUT2 as a neurotransmitter [66].
Results further support this, with a statistically significant upreg-
ulation of Gad2, a marker of GABAergic neurons, but no sig-
nificant difference in vGlut2 or Lmx1b expression (Fig. 3D). As
GABAergic neurons are inhibitory, its excessive overexpression
relative to vGlut2 means an excessive inhibitory gating of incom-
ing proprioceptive afferents, resulting in reduced proprioceptive
feedback to the brain. Furthermore, the functionality of dI5 does
not contribute to proprioception, but rather pain, itch, and ther-
moception. Functional studies of dI6 indicate that loss of its
postmitotic marker Wt1, and therefore dI6, results in direct motor
deficits involved in stride frequency and length, and uncoor-
dinated forelimb and hindlimb coordination [67, 68]. Thus, the
overexpression of Pax2 may induce a similar dysregulation in gait
characteristics for Lbx1EH�−/− mice, supporting the hypothesis
that a proprioceptive and motor decline, with notable hindlimb
deficits, is due to changes in spinal cord neuronal composition or
numbers.

Impaired proprioception as a mechanism for AIS
The changes in vertebral stability, as demonstrated by increased
rotation in AIS-CRM� mice, with AIS-CRM� mice performing
poorly on simple proprioceptive tasks, provide an initial possible
mechanism for further investigation and further understanding
of the role of proprioception in AIS. Although these findings are
not as striking as those in the Runx3 mutant described by Blecher
et al. [24], they provide a plausible link between proprioceptive
dysfunction and vertebral rotation.

Research has found that proprioception develops and func-
tions from an early age, reaches maturity in adulthood, and
subsequently declines with age [69, 70]. This study showed that
AIS-CRM� mice exhibit an early proprioceptive deficit, which
precedes the onset of rotational deviation in the vertebral col-
umn. This deficit explains the vertebral deviation exhibited and
follows previous studies showing the development of vertebral
rotation and scoliosis upon loss of proprioceptive neurons [24].
Proprioceptive deficits have also been observed in individuals
with and without AIS (Lau et al. [29]). Although not evident in all
populations, a similar mechanism involving other genes leading
to proprioceptive deficits may contribute to AIS. Notably, the
current GWAS associating rs11190870 with AIS did not include
proprioceptive testing in their studies because of the large cohort
sizes [8, 29].

The study did not show any notable differences between sexes.
The relationship between genetics and biological sex is intri-
cate, with approximately 37% of genes showing some level of
sex-specific expression in at least one tissue [71]. Additionally,
environmental factors contribute to the variability in the effects
of sex hormones on individuals and populations. Although we
investigated the influence of sex in AIS-CRM� mice, we did not
examine the individual effects of hormones in this context. To
gain insight into the sex-specific effects during puberty in the
AIS-CRM� line, gonadectomy (orchiectomy or ovariectomy) was
performed on male and female mice before puberty.

Future directions
Our study used whole tissue samples, which limited our ability to
identify changes at the cellular level. To address this limitation,
future investigations should use single-cell RNA-sequencing to
examine changes in specific cell populations within different
spinal cord regions during critical developmental periods. Ana-
lyzing these cell population differences may provide valuable
insights into the cellular profiles and subsequent spinal cord
functionality when AIS-CRM is deleted.

Our findings indicate that AIS-CRM� mice show increased
vertebral rotation and poor proprioceptive task performance, sug-
gesting a possible mechanism that requires further investiga-
tion into the role of proprioception in AIS. Altered spinal cir-
cuitry, favoring increased GABAergic/inhibitory signaling, may
have functional consequences, such as chronic stimulation of
associated paraspinal muscles and subsequent muscle atrophy,
contributing to the phenotypic differences observed between WT
and AIS-CRM� mice. Investigating the possible consequences of
changes in Lbx1 gene expression is also crucial, as it regulates neu-
ronal population numbers, migration, and cell fate, and its loss
leads to changes in neurotransmitter identity, such as the switch
from GABAergic to glutamatergic. Our study focused primarily on
Lbx1; however, other genes within the same TAD, such as Fgf8,
Poll, Btrc, and Fbxw4, should be further investigated for changes
in neuronal expression.

Summary
Our findings suggest that AIS-CRM influences gene expression
during a crucial embryonic period in the developing spinal cord
(E10.5-E15.5). These effects were not limited to Lbx1, but also
extended to other nearby genes such as Poll, Fgf8, Fbxw4, and Btrc.
Together, these results suggest that the spinal cord contributes to
AIS through changes in Lbx1, and that the embryonic stages of
neural tube development are the time points likely to influence
spinal cord function postnatally. Further research into changes
in neural tube patterning and specific neuron subtypes and how
these persist postnatally remains to be investigated. Nevertheless,
this is the first evidence linking the genetic variant of Lbx1,
rs11190870, with the role of Lbx1 in spinal cord development and
subsequent functional deficits, resulting in a phenotype in mice
that aligns with one aspect of the human phenotype of AIS.

Materials and methods
Generation of the deletion line and genotyping
To examine the effects of the human gene variant rs11190870 on
spinal cord development and its possible contribution to AIS, a
homologous, highly conserved region in the mouse was deleted
using CRISPR-Cas9. A custom mouse line was obtained from
Australian BioResources at the Garvan Institute (Australia). The
deleted sequences are shown in Fig. S9. Two founder breeding
pairs were sent, and the male and female founders were heterozy-
gous. For genotyping, tissue samples were incubated in cell/tis-
sue lysis buffer (10 mM NaCl, 10 mM Tris-HCl) with 20 mg/ml
proteinase K at 55◦C for a minimum of 2 h until the tissue was
dissolved, and proteinase K was inactivated by incubating the
samples at 85◦C for 1 h. The samples were then spun at 14 000 g
for 3 min to pellet any cellular/tissue debris, and the supernatant
was transferred to a tube containing 500 μl of isopropanol and
spun for 3 min to pellet the DNA. Finally, DNA pellets were
resuspended in 300 μl of nuclease-free water. Polymerase chain
reaction was performed using DreamTaq Hot Start Green DNA
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Polymerase (ThermoFisher), with an annealing temperature of
60◦C. Oligonucleotide primer sequences can be found in Table S1.
The PCR products were analyzed on a 3% agarose gel; the WT
amplicon was 639 bp, the AIS-CRM� amplicon was 450 bp, and
HET bands were present.

In silico analysis of rs11190870
HiC and 4C data around SNP rs11190870 was accessed from
http://3dgenome.fsm.northwestern.edu/. ENCODE data from
www.encodeproject.org/. Data tracks were added to the UCSC
genome browser for mice (mm10) and humans (hg19) to view the
target genome region. RegulomeDB https://regulomedb.org/ was
additionally used for chromatin state analysis.

ReMap (2022) was loaded into the UCSC browser, which is a
public database [48]. For biotypes, ChIP-seq data from mouse
and human tissues, including neuronal tissues, cell lines (NPC,
NSC, and ESC), and fetal tissues, were chosen. The following tran-
scriptional regulators were selected: CTCF, EZH2, RAD21, SMC1,
SCM3, SMC4, STAG1, and STAG2 (Cohesin proteins). The selection
was limited to available data, and not all the selected TFs were
analyzed for each tissue type.

RNA collection from embryos
After euthanizing the dams, the uterus was placed in ice-cold
1x PBS. The neural tube was carefully dissected from the base
of the developing brain vesicle to the caudal-most region, and
alternative tissues were collected for genotyping. The samples
were homogenized in 1 mL of TRIzol (Thermo Fisher, Cat. No.
15596026). Chloroform (200 μl) was added to the sample and
incubated at R.T. 2–3 min before centrifugation. The aqueous layer
was then transferred to a new RNase-free tube and combined with
500 μl of isopropanol to precipitate the RNA before spinning for
15 min at 4◦C to pellet the RNA. The pellet was washed in ice-cold
70% ethanol twice, and the air-dried RNA pellet was resuspended
in 50 μl of nuclease-free water. RNA samples were stored at −20◦C
for short-term storage or at −80◦C for long-term storage. RNA
concentration and purity were measured using Nanodrop2000
(Thermo Fisher Scientific). Samples with a 260:280 ratio between
1.90–2.10 were deemed acceptable for downstream applications.

RT-qPCR
Following RNA extraction, complementary DNA (cDNA) was syn-
thesized from 1 μg RNA in a 20 μl reaction mix using the qScript
XLT supermix (QuantaBio) as per the manufacturer’s instructions.
RT-qPCR was performed using a QuantStudio3 Real-Time PCR
system (ThermoFisher). Reactions consisted of 5 μl PowerUp™
SYBR™ Green Master Mix (Applied Biosystems), 1 μL primer work-
ing stock at 20 pmol/μl (10 pmol forward, 10 pmol reverse) and
3 μl nuclease-free H2O, and 1 μl of cDNA. All reactions were
run in triplicate per biological replicate. Relative expression was
calculated using two reference genes, Pgk1 and Sdha. Fold change
in expression was calculated using the Livak method (2-��Ct),
relative to WT.

MicroCT imaging of the vertebral column
We used a post-mortem micro-CT scan to provide a detailed 3D
view of the vertebral column. Previous studies have used plastic
straws and similar objects to secure their spines in place; however,
there was a concern that a plastic straw or similar object would
interfere with any observable phenotype. Therefore, a “stand”
was developed (Fig. S11). This ensured that there was little spine
movement during the setup and imaging; it provided a humid
environment that stopped desiccation.

The SkyScan 1172 source voltage was set to 50 kV and the
source current to 200 uA with a 0.5 mm aluminum filter. Image
pixel size (resolution) was set to 34.78 μm with a 0.5-degree
rotation step. Following imaging, 3D scans were reconstructed
using NRecon (1.7.4.6), allowing for FIJI (ImageJ) analysis. The
stand and other materials were filtered and excluded from the
3-dimensional reconstructions during reconstruction. Vertebral
bodies were individually reconstructed from the source image,
and the rotation angle was measured relative to the L5 vertebrae.
Angular measurements were compared using the GraphPad Prism
software.

Behavioral testing
Upon entry into the study, the animals were housed in the behav-
ioral phenotyping unit at The University of Otago (BPU) for 2–
3 days before the first testing day for acclimation. The animals
were weighed and moved from their housing space at the BPU
(University of Otago, N.Z.) to a testing room before testing. Base-
line recordings of the behavioral tests were conducted to obtain
the initial behavioral readings for each litter. The baseline grid
walk, open field, and SNAP tests were carried out on postnatal
day 28 (P28), while the baseline cylinder and grip strength tests
were carried out two days later at P30. After obtaining baseline
readings, behavioral testing was repeated every two weeks for two
testing days for each litter. Mice were weighed before every testing
session to monitor their health and for later use in behavioral
analysis. Observers performing behavioral analysis were blinded
to the genotype of the mice.

Adapting simple Neuroassessment for
asymmetric impairment (SNAP) testing to assess
proprioceptive dysfunction
The Simple Neuroassessment for Asymmetric Impairment (SNAP)
is an observational assessment used to quantify neurological
deficits in a mouse model of traumatic brain injury (TBI) mouse
model [58]. It consists of seven tests to evaluate emotional and
physical behaviors in mice. Shelton et al. [58] observed proprio-
ceptive deficits in their model of TBI; as such, this was adapted to
score the observed proprioceptive defects in our cohort. A detailed
description of the scoring metrics is presented in Table S3. Briefly,
we assessed six behavioral tasks: general activity, interactions
(with handlers), cage grasp, visual placement, gait/posture, and
baton/grip test. Animals were scored from to 0–5, with 0 being
“typical/no defect” and 5 being severe impairment/deficit. The
scores were summed, averaged across the cohorts, and plotted to
provide an overall SNAP score for the mice comparing WT and
AIS-CRM� littermates. All tests were performed in a blinded man-
ner. In addition, the data were analyzed using two-way ANOVA to
account for age and genotype.

Grid walk test
The grid walk test assesses sensorimotor function by assessing
motor coordination and foot-placing deficits during locomotion
(Russel et al. [63]). It is also a simple and effective way to assess
proprioceptive dysfunction by comparing the number of foot
faults with the total number of steps taken. Mice were placed in a
plexiglass box on a gridded area (32 × 20 × 50 cm) with 11 × 11 mm
diameter openings. Behavior was recorded using a camera placed
on a tripod facing down at a mirror beneath the grid to assess
the animal’s stepping errors (i.e. foot faults). The animals were
allowed 5 min to walk around the gridded area. The foot faults
for each limb were counted and compared with the number of
steps performed by the limbs. A step was considered a foot fault

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddae011#supplementary-data
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if it did not provide support and the foot slipped through the grid
hole. The percentage of foot faults out of the total number of steps
was calculated for each limb and used to compare sensorimotor
function between limbs and animals.

Grip strength test
The grip strength test is often used to evaluate motor function
and deficits in mice with CNS disorders such as proprioceptive
dysfunction [72]. This test was used to quantify the skeletal
and muscular strength of forelimbs and hindlimbs in mice. The
grip strength apparatus (Model BIO-GS3, Bioseb) comprised a bar
connected to an isometric force transducer (dynamometer) for
forelimb testing and a wire grid (8 × 8 cm). The force transducer
meters were set to zero and reset before each measurement to
allow the detection of proper values. The force was measured in
grams (g). After visually verifying that the grip was symmetric and
tight, the mice were gently pulled horizontally by the tail until
the grasp of the bar was broken [73]. To measure the combined
limb grip strength, the mice were allowed to rest on an angled
wire grid and were pulled by the tail until their grip was broken.
A dynamometer reduces the value of maximal force/grip [73].
Each test was repeated thrice to obtain the maximal forelimb
and combined limb grip strength for each mouse. Hind limb grip
strength was calculated by subtracting the maximal forelimb grip
strength from the maximal combined grip strength. Body weight
was measured before each testing session and used to normalize
grip strength results [73].

Cylinder test
The cylinder test assessed CNS and proprioceptive function by
measuring rearing frequency and paw preference. The animals
were placed in an upright clear plexiglass cylinder (100 mm
diameter × 150 mm height) with a mirror positioned behind the
cylinder, allowing all movements to be captured. Videos (5 min) of
animal activity were recorded and assessed for forelimb place-
ment, slips, and other rearing behaviors. Mice often rear up to
a standing position to explore and press the cylinder wall with
their left, right, or both forelimbs for support. The ratio of the time
spent on the left forelimb relative to the right forelimb was also
calculated to measure forelimb asymmetry.

Immunofluorescence
Transverse cryosections of neural tubes and adult spinal cords
were collected and mounted directly onto slides. The slides
were defrosted and allowed to dry to room temperature (R. T.).
Immunofluorescence for LBX1 was carried out as described in
[74].

ChIP-qPCR
Tissue for chromatin extraction was prepared from the embryos
(E12.5). Brain and neural tubes were dissected from the embryos
and cross-linked for 10 min with methanol-free formaldehyde
(ThermoFisher #28906). The cross-linking reactions were stopped
with 0.125 M glycine before spinning down, and the tissue pellet
was frozen at −80◦C for storage.

To prepare the beads, 50 μl of protein G Dynabeads (Ther-
moFisher) was placed into a microfuge tube with 1 ml of block
solution (0.5% bovine serum albumin in PBS). Beads were washed
with block solution three times, re-suspended in 1.5 ml of block
solution, and split between two microfuge tubes. The EZH2 anti-
body (10 mg) was added to one tube, and the other tube received
IgG (pre-immune serum) as a mock control. The tubes were

topped up to 1.5 ml with block solution and then rocked overnight
at 4◦C.

Following overnight incubation, 1 ml of membrane extraction
buffer with 1% proteinase inhibitor (ThermoFisher) was added,
and tissue was broken up with an 18 g syringe. The tissue was
spun at 9000 × g for 3 min. The supernatant was removed, and
tissue was resuspended in 500 μl of digestion buffer with 1 μl
of 500 nM Dithiothreitol (DTT). The tissue was digested with 1ul
MNase (ThermoFisher; 100 units) in 500 μl volume at 37◦C for
15 min. 50 ml of stop solution was added, and the sample was
left on ice for 5 min. The mixture was centrifuged at 9000 × g
for 3 min, and the supernatant was removed. Nuclear extraction
buffer (250 ml) was added to 2.5 ml of proteinase inhibitor, and the
sample was left on ice for 15 min and vortexed for 15 s every 5 min.
The sample was spun at 9000 × g for 5 min, and the supernatant
was collected. Fifty μl of supernatant was reserved for input.

The unbound antibody was removed by washing the beads with
blocking solution. The beads were then re-suspended in 1.25 ml of
block solution. The chromatin solution was split equally between
the beads, and the chromatin-antibody samples were rocked at
4◦C overnight. Beads were washed four times with wash buffer 1
(50 mM HEPES-KOH pH 7.5, 500 mM LiCl, 1 mM EDTA, 1% Nonident
P-40, 0.7% Sodium deoxycholate) for 15 min each, rotated between
washes, and then rinsed in wash buffer 2 (TE pH 8.0, 50 mM
NaCl) for 5 min. Elution buffer (100 μl) was added, and the
samples were incubated at 65◦C for 10 min. Chromatin (50 μl)
was reserved for a input control during chromatin preparation.
Samples were incubated with 5 M NaCl and Proteinase K at 65◦C
for 2 h and followed by phenol: chloroform precipitation and
ethanol precipitation. The resulting pellets were dissolved in 50 μl
of H2O.

ChIP-qPCR reactions were repeated in triplicate, and ampli-
fication of the region of interest was deemed successful if
the melt curve produced a single peak and Ct values in
triplicate were within < 0.5. The resulting Ct values were then
used to calculate the percentage pulldown compared to the
no antibody/mock control using the following formula: %
pulldown = 100 × 2(Ct adjusted input—Ct antibody)/2(Ct adjusted input—Ct mock).

Statistical analysis
All statistical tests were performed using Prism 9. The effect of
three variables (AIS-CRM genotype, age, and sex) was determined
using three-way analysis of variance (ANOVA) with multiple com-
parisons (Tukey’s multiple comparisons test). A two-way ANOVA
with multiple comparison testing was conducted to determine
the effect of two variables, AIS-CRM genotype and age. Pairwise
comparisons were performed using unpaired t-tests.
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