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Abstract

Purpose Adolescent Idiopathic Scoliosis (AIS) is con-
sidered a complex genetic disease, in which malfunctioning
or dysregulation of one or more genes has been proposed to
be responsible for the expressed phenotype. However, to
date, no disease causing genes has been identified and the
pathogenesis of AIS remains unknown. The aim of this
study is, therefore, to identify specific molecules with
differing expression patterns in AIS compared to healthy
individuals.

Methods Microarray analysis and quantitative RT-PCR
have examined differences in the gene transcription profile
between primary osteoblasts derived from spinal vertebrae
of AIS patients and those of healthy individuals.

Results There are 145 genes differentially expressed in
AIS osteoblasts. A drastic and significant change has been
noted particularly in the expression levels of Homeobox
genes (HOXB8, HOXB7, HOXA13, HOXA10), ZIC2,
FAMI101A, COMP and PITX1 in AIS compared to con-
trols. Clustering analysis revealed the interaction of these
genes in biological pathways crucial for bone development,
in particular in the differentiation of skeletal elements and
structural integrity of the vertebrae.
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Conclusions This study reports on the expression of
molecules that have not been described previously in AIS.
We also provide for the first time gene interaction path-
ways in AIS pathogenesis. These genes are involved in
various bone regulatory and developmental pathways and
many of them can be grouped into clusters to participate in
a particular biological pathway. Further studies can be built
on our findings to further elucidate the association between
different biological pathways and the pathogenesis of
AIS.

Keywords Adolescent idiopathic scoliosis - Gene
expression - Microarray - Bone development

Introduction

Idiopathic Scoliosis (IS) is characterized by a three-
dimensional deformity of the spine and its incidence in the
general population ranges from 0.15 to 4 % [1]. Adolescent
IS (AIS) accounts for 80 % of IS [2]. The origin and cause
of AIS remains unknown to date but there are several
proposed etiological hypotheses [3] including melatonin
deficiency [4] or signaling defect [5], connective tissue
abnormalities [6], asymmetries in the central nervous sys-
tem [7]. abnormal distribution and interaction between
melatonin and calmodulin [5, 8] hormonal variation [9],
diet, and posture. In addition, there is strong evidence of
genetic predisposition to AIS. For instance, familial
occurrences of AIS have been reported by many research
groups, and concordance for this condition in twins’ studies
further strengthens the genetic influence on the etiology of
AIS. However, controversy exists as to whether the mode
of inheritance is multifactorial trait an autosomal dominant
trait, or even an X-linked dominant trait. AIS is considered
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as a complex genetic disease, in which one or more genes
may be responsible for the expressed phenotype, and in
which several modifying effects, such as age, sex, and
environment, may play specific roles in the phenotypic
variation between affected individuals; it is most likely
premature to assign responsibility to a single gene.

Recently, chromosomal regions on 6, 10 and 18q [10],
17p11.2, 19pl13.3, Xqg23-26.1, 8qll, 9q31.2—q34.2,
17q25.3—qtel, 12p13.31 and recently 3ql12.1 and 5q13.3
[11] have been associated with AIS. Even genome-wide
association studies (GWAS) have recently been used to
study genetic predisposition for AIS and although poly-
morphisms associated with AIS have been described in
SNTGI on 8ql1.22, ESRI on 6q25.1, MATNI on 1p35,
CHD7 on 8q12.1, MTNRIB on 11q21-q22 and CHLI [12],
no specific genes or proteins have been identified as players
in the development of scoliosis. Therefore to gain an
insight into the pathogenesis of AIS, we used a microarray
approach to study specific alterations in the genetic
expression profile of AIS osteoblasts. Our microarray
results show that specific subsets of genes are differentially
expressed in AIS, which was confirmed for the most part
by reverse-transcription-quantitative PCR (RT-qPCR).
Furthermore, we observe that the differentially regulated
genes could be grouped and assigned to various functional
categories, indicating that many regulatory pathways could
be involved in AIS pathogenesis.

Materials and methods
Patients

Six unrelated individuals with AIS, and six controls (non-
AIS individuals), all French-Canadian females from Que-
bec were studied. They were examined by the Adam’s test
and by a standing upright radiograph of the spine. Two
independent blinded orthopedic surgeons read the X-rays
(clinical features of patients, Table 1). All AIS patients
were selected by the same criteria, namely the spinal
deformity was a right-thoracic progressive curve requiring
corrective spinal surgery. The Cobb angle ranged between
30° and 84°. For the control patients, spinal deformity was
excluded by X-ray and clinical examination: they were
subjected to spine surgery for traumatic injury. For the
experimental design, we choose individuals with the same
features for each group to get homogeneous populations.
Bone fragments excised during surgery were used to isolate
osteoblasts as described below. Each participating subject
or, in the case of minors, their legal guardian, gave
informed consent. The research protocol was approved
by the Research Ethics Committee of Sainte-Justine
Hospital.

Primary human osteoblast culture and RNA extraction

Briefly, bone fragments were cultivated in alpha-MEM
(supplemented with 10 % (v/v) fetal bovine serum (FBS,
Wisent) and 2 mM glutamine, with 100 U/mL penicillin and
100 pg/mL  streptomycin (Invitrogen, Burlington, ON,
Canada) as antibiotics) at 37 °C. 5 % CO, for a period of
28 days, after which the osteoblasts derived from the bone
pieces were separated from the remaining bone fragments by
trypsinization. To confirm the osteoblasts phenotype, cells
were stained for alkaline phosphatase, osteocalcin, osteo-
pontin and collagen type I as we previously described in
Letellier et al. [13]. RNA was extracted from osteoblasts
using TRIzol Reagent (Invitrogen), according to the manu-
facturer’s instructions, and verification of RNA integrity and
concentration were carried out with the Agilent Bioanalyzer
2100 in concert with the Agilent RNA 6,000 nano or pico kit
(Agilent) (RNA Quality Testing Services, McGill University
and Génome Québec Innovation Centre Montréal Canada).

Microarray gene expression profiling

RNA samples were analyzed using 12 individual Illumina
Human HT-12 v3 BeadChip microarrays, which contain
probes for 48,804 unique gene expression sequences (from
NCBI RefSeq build 38). with 99.99 % coverage specifi-
cation. Preparatory cDNA synthesis and labeling. micro-
array hybridization reactions, and data collection were
performed according to established protocols at the McGill
University and Génome Québec Innovation Centre.
Microarray expression data were subsequently analyzed
using the FlexArray software (version 1.6.1) a front-end to
R and Bioconductor. Probe intensity data were normalized
across replicate arrays by robust multi-array average
(RMA) and differential gene expression was calculated by
empirical Bayes analyses of microarrays (EBAM) with
Benjamini-Hochberg false-discovery rate (FDR) correc-
tion. Gene expression profiles from primary osteoblasts
derived from spinal vertebrae of AIS patients (All AIS with
right thoracic curve; n = 6) were compared with profiles
from the same cells collected from age and sex-matched
healthy individuals (n = 6). Microarray analysis was con-
ducted on six AIS-Control sample pairs and the data were
normalized. To determine those genes that were differen-
tially expressed between AIS cells and control cells, fold-
changes between AIS and control cells were calculated. All
values were expressed as positive or negative fold changes.
Genes that were differentially expressed >1.5-fold, rela-
tive to control patient levels, were considered as differen-
tially regulated. Significance analyses of microarrays
(SAM) algorithm were then used to calculate FDR-adjusted
g-values according to the method of Storey; g-values <0.15
were considered statistically significant.
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Table 1 Clinical Features of AIS patients

Patient ~ Sex Age at presentation  Location of primary ~ Cobb’s angle  Spinal Bracing  AIS Family history/ethnicity/origin
(years) curve at diagnosis surgery
1 Female  14.97 Right thoracic 30° Yes No Yes/Caucasian/French Canadian
2 Female 12.72 Right thoracic 63° Yes Yes Yes/Caucasian/French Canadian
3 Female 14.74 Right thoracic 32° Yes No No/Caucasian/French Canadian
4 Female 14.46 Right thoracic 78° Yes No Yes/Caucasian/French Canadian
5 Female 13.26 Right-left thoracic 58°-49° Yes No Yes/Caucasian/French Canadian
6 Female 17.78 Right thoracic 84° Yes Yes Yes/Caucasian/French Canadian

Six females with AIS were selected based upon described criteria. The table presents patient characteristics

Functional classification clustering

To compare similarities in gene function in our list of
differentially regulated genes, we used the Database for
Annotation, Visualization, and Integrated Discovery
(DAVID) functional gene clustering algorithm (version
6.7). 145 differentially regulated genes were selected based
on our criteria as set forth, and this list was uploaded to the
DAVID functional gene clustering web interface. The
software compares the uploaded gene list to a gene—gene
similarity matrix of over 75,000 functional annotation
terms, and generates a cluster map of functionally similar
genes using fuzzy heuristic partitioning.

Hierarchical clustering

To reveal potential gene—gene associations in our expres-
sion data, we performed hierarchical clustering analysis
using Cluster 3.0 software. Briefly, we loaded our list of
145 differentially regulated genes, with the corresponding
difference in fold change (as determined above), into the
software. We then performed hierarchical clustering cal-
culations using Euclidean distance as a similarity metric,
with average linkage as the clustering method. The
resulting dendrogram was visualized using Java TreeView
(version 1.1.5r2).

Reverse-transcription quantitative PCR

To provide confirmation for our microarray results, the
expression levels of a subset of up- and down-regulated
genes (in AIS osteoblasts. compared to controls) were
evaluated by RT-qPCR analysis. Quantitative PCR was
performed for the following genes, selected from the list
of genes with the highest fold-changes and those which
seem interesting from clustering and functional analysis
results. Table 2 displays the primers sequences. Total
RNA was prepared from osteoblasts from three AIS
patients and from three controls, as described above.
Reverse transcription, using poly-deoxythymidine oligos
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(Invitrogen) as transcription primers, was then performed
on 500 ng of RNA that had been treated with ribonu-
clease-free deoxyribonuclease I (Invitrogen). Quantitative
PCR was performed, using SYBR GREEN chemistry as
a marker for DNA amplification, on an ABI Prism
7900HT fast real-time PCR system, with 40 cycles of a
stepwise amplification (once for 2 min at 50 °C, once for
10 min at 95 °C, 40 times for 15 s at 95 °C, followed by
measurement for 1 min at 60 °C). Dissociation curve
analysis was performed to ensure product specificity. The
fold change of expression was calculated in relation to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
an internal reference gene, and the expression level was
then determined relative to control osteoblasts. Amplifi-
cation plots, dissociation curves, and threshold cycle (Ct)
values were generated by ABI Sequence Detection Sys-
tem software (version 2.4) after data collection, and
expression fold-changes were calculated for each gene by
the delta—delta Ct method. Individual genes were com-
pared in between AIS patients and controls using Stu-
dent’s ¢ test.

Results
Microarray gene expression

To screen for candidate genes that may contribute to the
pathogenesis of AIS, we comparatively analyzed the gene
expression patterns of AIS osteoblasts and healthy osteo-
blasts by microarray analysis. A scatter plot of the micro-
array data revealed significant gene expression changes in
145 genes in AIS osteoblasts, as compared to controls
(Fig. 1; n = 6, empirical Bayes, p < 0.05). Among these
145 genes, 86 were up-regulated >1.5-fold, such as
HOXBS, HOXB7, HOXBS, FLJ30375, ZIC2 and ZIC4 and
59 were down-regulated >1.5-fold, such as HOXAI10,
HOXA13, HOXAI11l, FAMIO1A, TINAGLI, ERAP2,
COMP and PITX1. A complete list of up- and down-reg-
ulated genes is provided in Table 3.
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Table 2 RT-qPCR primers sequences for validated targets

Gene name Ref_Seq mRNA Forward primer (5'-3') Reverse primer (3'-5")
HOXBS NM_024016 GTC CGT GCG CGC CAA TTA TTA GCC CGT GGT AGA ACT CGT G
HOXB7 NM_004502 CCA GCC TCA AGT TCG GTT TTC CGC GAA CGC GCT CCA TAG
HOXB5S NM_002147 AAC TCC TTC TCG GGG CGT TAT CAT CGCATT GTA ATT GTA GCC GT
ZIC2 NM_007129 CAC AAC CAG TAC GGC CGCATG AA AGC TCC TGC TTG ATG CAC TGC TG
CXCL1 NM_001511 AGG GAA TTC ACC CCA AGA AC ACT ATG GGG GA T GCA GGA TT
HOXB2 NM_002145 CGT TCC CGA CGT CAA cn CTIT CTC TTC CTC GGA AM AGG GAC
GDF15 NM_004864 CGC GGGACC CTC AGA GTIT CCG CAG CGT GGT TAG CA
DDIT4 NM_019058 AGG AAG CTC ATT GAG TTG TG GGT ACA TGC TAC ACA CAC AT
SLC7AS NM_003486 AGA AGG AAG AGG CGC GGG AGA AGA T AAG ATG CGCGAG CCG ATA ATG GTC
TRIB3 NM_021158 GCC CTG CAC TGC CGTACA G GGT ACC AGC CAG GAC CTC AGT
CBS NM_000071 ACA TGC TCT CGT CGC TGC TT GTG AGG CGG ATC TGT TTG AAC T
PDGFRL NM_006207 TTG GGT GGA GCT ACC CTG CGT ATC ACT GGC CGT AGC GCT CAT TCT G
TBX15 NM_152380 ATT CTG GAG ACC TCC TGT GCG C CCA CAT TGA AAG TGT TGG GGG CC
HCLS1 NM_005335 GAC GGA GAA ACA CGA GTC CCA GAG TGG TCG GGG CGT CCA TTT CAT TG
PITX1 NM_002653 MG TGG CGTAAG CGC GAG CGT AA GAC AGC GGG CTC ATG GAG TTG AAG
COMP NM_000095 TAT CGT TGG TTC CTG CAG CAC CG GCA TGG TTG TGT CCA AGA CCA CGT
BEX1 NM_018476 CAC TCG TGT CTC GCT ACC AG CTG CTC GTT TCT CTT TGG ACT C
PCDH10 NM_020815 CAC AAA GTC GAC CAA CAA AA ATG ATG ACT CCA TCC GAA AT
TGM2 NM_004613 GCC ACT TCA TTT TGC TCT TCA A TCC TCT TCC GAG TCC AGG TAC A
MAB21L2 NM_011839 CAG CCG CTC AAC AAC TAC CA CTC GTC CCA GTC CGT TTC TC
BST2 NM_004335 GAT GCA GAG AAG GCC CAA GGA CAA A ACT TCT TGT CCG CGA TTC TCA CGC
ERAP2 NM_001130140 TGG ATG GGA CCA ACT CAT TAC A TGC ACC AAC TAG CT AAA CAC
HOXA13 NM_000522 AGC GCG TGC CTT ATA CCA AG GCC GCT CAG AGA GATTCG T
HOXA10 NM_018951 AGC CTC GCC GGA GAA GGA TT CCA GTG TCT GGT GCT TCG TGT AG
Functional classification of up-regulated and down-
regulated AIS genes
° To identify biological pathways common to the differen-
tially expressed genes in AIS osteoblasts, we performed a
o hierarchical clustering followed by a gene ontology (GO)
E analysis with DAVID (Database for Annotation, Visuali-
s _ | zation, and Integrated Discovery) on the 145 differentially
; expressed genes with a fold change values >1.5. Interest-
% ingly, hierarchical analysis revealed a very close genetic
CIERE interaction between the down-regulated genes HOXA 13 and
HOXAIO genes, and between MAB21L2, BST2, EPYC,
Tl ERAP2, TINAGLI, FAMI0IA and HOXA11I genes (Fig. 2).
In a second cluster, EVI2A, GOS2, HOXB6, RASIP1, NGEF.
si | MYLC2PL and HOXA?2 genes were found to interact toge-
: ther. Among the up-regulated genes, hierarchical analysis
g 8 ,Ia 1‘2 14 1‘5 identified one interesting cluster of a closely related genetic

Average Expression

Fig. 1 Scatter plot of microarray gene expression data. Average
signal intensity was plotted against the log, (fold-change) for all
48.804 probes for the data set of AIS (n = 6) minus control (n = 6).
Red lines indicate our threshold of 1.5-fold-change in expression

interaction between HOXBS and HOXB7, HOXBS5 and
FLJ30375 and between ZIC2 and ZIC4 genes (Fig. 2).
GO analysis of the differentially expressed genes
revealed five distinct groups based on similar molecular
function and biological process (Group 1-5) (Table 4).

@ Springer
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Table 3 Differentially expressed genes

Up-regulated genes

Down-regulated genes

TargetID Entrez_gene_ID log, (Fold change) P value TargetID Entrez_gene_ID log, (Fold-change) P value
HOXBS 3218 6.35 <0.001 HOXA10 3206 —5.06 <0.001
HOXB7 3217 6.25 <0.001 HOXA13 3209 —3.24 <0.001
HOXB5 3215 5.32 <0.001 HOXAI11 3207 —2.88 <0.001
FLJ30375 440982 4.83 <0.001 FAMI01A 144347 —2.87 <0.001
ZIC2 7546 4.31 <0.001 TINAGLL1 64129 —2.86 <0.001
ZIC4 84107 4.26 <0.001 ERAP2 64167 —-2.82 <0.001
HS.347185 3.29 <0.001 EPYC 1833 -2.82 <0.001
RERG 85004 2.97 <0.001 BST2 684 —2.80 <0.001
HS.539440 2.89 <0.001 MAB21L2 10586 —2.67 0.01
LOC404266 404266 2.85 <0.001 LOC130576 130576 —2.48 0.04
HOXB3 3213 2.76 <0.001 TGM2 7052 —2.33 0.01
HLA-A29.1 649853 2.59 0.03 LRRN3 54674 -2.29 0.01
SMOC2 64094 2.53 0.01 PCDHI10 57575 —2.26 0.03
LOC644396 644396 2.51 <0.001 FMO3 2328 —2.24 0.04
CXCL1 2919 2.51 0.01 BEX1 55859 —2.24 0.02
CHACI1 79094 2.48 0.01 SHOX 6473 —-2.23 <0.001
HOXB2 3212 247 <0.001 GPR116 221395 —-2.22 0.01
ZNF608 57507 241 <0.001 COMP 1311 -2.19 0.01
CNTNAP3B 389734 2.38 0.01 FMO3 2328 -2.15 0.06
CXCL2 2920 2.36 0.01 HS.562127 —2.13 0.02
FAM134B 54463 2.30 <0.001 LYPD6 130574 -2.10 0.01
ADHIA 124 2.28 0.08 TSPANI13 27075 —2.09 0.02
EVI2A 2123 2.18 0.01 RELN 5649 —2.06 <0.001
G0S2 50486 2.16 0.01 TM4SF20 79853 —2.04 0.01
HOXB6 3216 2.16 <0.001 EMX2 2018 —2.03 0.01
RASIP1 54922 2.14 <0.001 PCDHI10 57575 —2.01 0.06
NGEF 25791 2.09 0.03 PGF 5228 —-1.97 <0.001
MYLC2PL 93408 2.08 <0.001 LRRN3 54674 —1.96 0.02
HOXA2 3199 2.06 0.01 FLG 2312 —1.96 0.07
FAM134B 54463 2.03 0.01 LOC284757 284757 —1.93 <0.001
NOPE 57722 2.02 <0.001 MYL4 4635 —1.90 <0.001
HOXA2 3199 2.01 <0.001 HS.556994 —1.85 <0.001
HOXD4 3233 1.96 <0.001 PCDH7 5099 —1.83 0.08
HS.569104 1.96 0.01 F3 2152 —1.82 0.05
FGFBP2 83888 1.91 0.01 PITX1 5307 —1.80 0.05
HS.122310 1.88 0.01 TSPAN13 27075 —1.80 0.02
DDX43 55510 1.87 <0.001 ACTCI 70 —1.80 0.04
WEDC3 140686 1.87 <0.001 FAM162B 221303 -1.79 0.08
CX3CL1 6376 1.86 0.02 LOC124220 124220 -1.79 0.01
DENND2A 27147 1.85 0.01 SAMDI11 148398 —1.78 <0.001
XG 7499 1.82 0.03 ECHDC3 79746 —-1.77 0.05
AFAP1L2 84632 1.82 <0.001 S100P 6286 -1.75 0.02
PDGFRL 5157 1.81 0.07 MYPN 84665 —1.74 0.02
PAX9 5083 1.80 <0.001 TGM2 7052 —-1.73 0.03
GDF15 9518 1.77 0.03 LMNBI 4001 —1.71 0.06
DDIT4 54541 1.76 0.03 DLX1 1745 —1.70 <0.001
MEGF10 84466 1.76 0.02 SPINKS5L3 153218 -1.70 0.09
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Table 3 continued

Up-regulated genes Down-regulated genes

TargetID Entrez_gene_ID log, (Fold change) P value TargetID Entrez_gene_ID log, (Fold-change) P value
SLC7AS 8140 1.75 0.01 HCLSI 3059 —1.69 0.10
FLJ10916 55258 1.74 0.09 CALB2 794 —1.69 <0.001
TRIB3 57761 1.73 0.03 BARX1 56033 —1.66 0.15
WEDC3 140686 1.70 0.01 TBX15 6913 —1.66 0.01
ZCCHC5 203430 1.70 <0.001 CDH6 1004 —1.65 0.02
CBS 875 1.68 0.02 MYPN 84665 —1.61 0.01
DCLKI1 9201 1.67 <0.001 TAF13 6884 —1.56 <0.001
RIMS3 9783 1.67 0.05 EFNB2 1948 —1.54 0.03
EPB41L3 23136 1.66 0.10 ANGPTL7 10218 —1.53 0.03
RPL22L1 200916 1.66 0.03 C20RF40 84417 —-1.52 0.17
NOPE 57722 1.66 0.01 LRRNI1 57633 —1.52 0.04
ULBP1 80329 1.66 0.02 NPAS1 4861 —1.51 <0.001
CH25H 9023 1.65 0.07

ZBTB46 140685 1.65 <0.001

HMCNI1 83872 1.65 0.01

HEY2 23493 1.65 0.09

F2RL2 2151 1.65 0.02

SHISA2 387914 1.65 0.01

SLC7A11 23657 1.64 0.05

PPL 5493 1.63 0.04

HOXD1 3231 1.63 0.02

LSP1 4046 1.62 0.02

HOXB4 3214 1.61 <0.001

REM1 28954 1.61 0.05

AGTRI1 185 1.60 0.02

KCNG1 3755 1.60 0.01

PSATI1 29968 1.59 0.02

LOC285216 285216 1.58 0.01

IGFBP1 3484 1.58 0.02

PRPH2 5961 1.54 0.04

SFRP4 6424 1.54 0.03

GUCAIB 2979 1.54 0.01

MAFB 9935 1.53 0.05

IL18R1 8809 1.53 0.04

ALG11 440138 1.53 0.01

SPATA22 84690 1.53 0.15

MEOX2 4223 1.52 0.01

CNTNI 1272 1.51 0.10

AGTRI1 185 1.50 0.01

Genes with a fold-change >1.5 are listed with official NCBI gene symbols, Entrez gene ID numbers, the calculated fold-change, and the
associated p value calculated as described. A positive log, (fold-change) means that the gene was up-regulated in AIS osteoblasts, and a negative

one means that the gene was down-regulated

Group 1 consists of 20 genes that are all transcription
factors involved in organ development and morphogenesis,
as well as in processes of segmentation and anterior/pos-
terior pattern specification. Group 2 is composed of four

genes involved in immune system development. Group 3
comprises four genes that are involved in cytokine sig-
naling and secretion. Group 4 contains 17 genes. seven of
which are involved in cellular signaling processes related
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to cell-cell adhesion and calcium ion binding. The
remaining ten genes in cluster group four possess homol-
ogy domains implicated in cell adhesion and membrane
transport. Cluster group 5 is composed of four genes, all
zinc finger proteins involved in signal transduction inter-
actions and in ion binding.

RT-qPCR validation of gene expression

To confirm the microarray results 24 genes were chosen for
RT-gPCR validation. They were selected because they
were the highest fold-changed and they appeared in either
functional classification or clustering analyses. Similar
patterns of gene expression differences were seen for all
genes determined to be down-regulated by our microarray
analyses (Fig. 3a, b), thereby confirming our conclusions.
Some of the up-regulated by our microarray analyses were
also confirmed by RT-qPCR experiments, however no
significant up-regulation was observed for HOXB7, ZIC2,
SLC7A5, DDIT4, TRIB3, CBS, GDFI5 and CXCLI
(Fig. 3a).

Profiled genes versus previously reported AIS candidate
regions

Several genetic linkage and genome-wide association
studies have identified chromosomal loci predisposing to
AIS. But to date, no genes have been clearly identified as
causative in AIS. We therefore sought to identify if there
were any significantly differentially regulated genes in
AIS osteoblasts within the reported loci. 32 genes were
identified as corresponding with previously reported AIS
candidate loci (Table 5). Within region 19p13.3 [14], we
identified two genes to be up-regulated: MKNK2 and
CD70, HCLSI and COL8AI genes were down-regulated
and F2R, F2RL2 and BHMT?2 genes were up-regulated in
the chromosomal regions identified by Edery et al. [11].
Within locus 1p35 [15], TINAGLI gene was found down-
regulated. Finally, in the AIS candidate region 9q31.2—
q34.2 [16], OLFML2A was up-regulated. However, none
of these genes had a significant fold change >1.5
(Table 3).

Discussion

In the present work, we have used gene expression profil-
ing to identify differentially expressed genes in AIS com-
pared with non-AIS osteoblasts. Our study provides a
previously unrecognized list of genes and related potential
pathways that merit further investigation, such as identifi-
cation of variants in these genes, as putative AIS causative
genes. These genes were grouped in terms of their

@ Springer

Fig. 2 Hierarchical clustering
of gene expression data. The
dendrogram provides a measure
of relatedness of between the
145 differentially expressed AIS
genes. The figure depicts signal
strengths for a representative
gene. Colour indicates relative
signal levels, with red indicat-
ing the highest (up regulated)
and green indicating the lowest
(down regulated) expression

ZIC4
H5.347185
RERG
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LOC404266
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LOC644396
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SPINKSLY
LHNBL
MYPH
51008
ECHDC3
SANDLL
LOC124220
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ACTCL
TSPAN13
PITXL

F3

FCOHT
H5.556994
LOC284757
FLG
LRANS
PGE
FCOHLO
EMXZ
TM4SF20
RELH
TSPANL

LYPDE
H5.562127
FMO3

COMP
GPR116
SHOX

BEX1

FHO3

PCOHLO
LERH3

TGMZ
LOC130576
MAB2ILZ
BSTZ

EPYC

TINAGLL
FAM101A
HOXALL
HOXAL3
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Table 4 Gene interaction networks and gene clusters

official_gene_symbol

Gene name

Entrez_gene_ID

log, (Fold-change)

Gene group 1 enrichment score: 8.84

HOXBS
HOXB7
HOXBS5
HOXB3
HOXB2
HOXB6
HOXA2
HOXD4
HOXD1
HOXB4
MEOX2
TBX15
BARX1
DLX1
PITX1
EMX2
SHOX
HOXAL1l
HOXA13
HOXA10

Homeobox B8

Homeobox B7

Homeobox B5

Homeobox B3

Homeobox B2

Homeobox B6

Homeobox A2

Homeobox D4

Homeobox D1

Homeobox B4
Mesenchyme homeobox 2
T-box 15

BARX homeobox 1
Distal-less homeobox 1
Paired-like homeodomain 1
Empty spiracles homeobox 2
Short stature homeobox
Homeobox All

Homeobox A13
Homeobox A10

Gene group 2 enrichment score: 2.68

WFDC3
PDGFRL
ANGPTL7
LYPD6

WAP four-disulfide core domain 3
Platelet-derived growth factor receptor-like
Angiopoietin-like 7

LY6/PLAUR domain containing 6

Gene group 3 enrichment score: 2.32

FGFBP2
GDF15
SFRP4
ANGPTL7

Fibroblast growth factor binding protein 2
Growth differentiation factor 15

Secreted frizzled-related protein 4
Angiopoietin-like 7

Gene group 4 enrichment score: 1.20

CNTNAP3B
FAM134B
EVI2A
XG
F2RL2
SHISA2
SLC7A11
IL18R1
LRRN1
EFNB2
CDH6
FAM162B
TSPAN13
PCDH7
PCDH10
TM4SF20

Contactin associated protein-like 3B

FAMILY WITH SEQUENCE SIMILARITY (134 MEMBER B)
Ecotropic viral integration site 2A

Xg blood group

Coagulation factor II (thrombin) receptor-like 2

Shisa homolog 2 (Xenopus laevis)

Solute carrier family 7. member 11

Interleukin 18 receptor 1

leucine rich repeat neuronal 1

Ephrin-B2

CADHERIN 6. TYPE 2. K-CADHERIN (FETAL KIDNEY)
Family with sequence similarity (162 member B)
TETRASPANIN 13

Protocadherins (7)

Protocadherins (10)

Transmembrane 4 L six family member 20

3218
3217
3215
3213
3212
3216
3199
3233
3231
3214
4223
6913
56033
1745
5307
2018
6473
3207
3209
3206

140686
5157
10218
130574

83888
9518
6424
10218

389734
54463
2123
7499
2151
387914
23657
8809
57633
1948
1004
221303
27075
5099
57575
79853

6.35
6.25
5.32
2.76
2.47
2.16
2.06
1.96
1.63
1.61
1.52
—1.66
—1.66
—-1.70
—1.80
—-2.03
—2.23
—2.88
—3.24
—5.06

1.87
1.81
—1.53
-2.10

1.91
1.77
1.54
—-1.53

2.38
2.30
2.18
1.82
1.65
1.65
1.64
1.53
—1.52
—1.54
—1.65
—-1.79
—1.80
—-1.83
—2.01
—2.04
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Table 4 continued

official_gene_symbol Gene name Entrez_gene_ID log, (Fold-change)
GPR116 G protein-coupled receptor 116 221395 —2.22
GENE group 5 enrichment score: 0.39
ZIC4 Zinc finger protein. ZNF of the cerebellum 4 84107 4.26
ZNF608 Zinc finger protein. ZNF608 57507 241
ZCCHCS Zinc finger protein with CCHC domain containing 5 203430 1.70
ZBTB46 Zinc finger protein with BTB domain containing 46 140685 1.65

The 46 genes that were clustered by the DAVID algorithm are listed in their five gene cluster groupings with gene enrichment scores, with
associated fold-changes per gene. Gene cluster analysis of differentially regulated genes in primary human osteoblasts. Up-regulated genes are

shown in red, Down-regulated genes are shown in green

8

:

Normalized epression to GAPDH >

Normalized epression to GAPDH m

1* " Q 3 1
‘d’ﬁqyg’:p.{_qbo q:\ ;\0 é’?@@ +‘° OO‘Q

Fig. 3 Validation of most up-regulated (a) and down-regulated
(b) genes by RT-qPCR. The relative level of mRNA of regulated
genes was analyzed by quantitative RT-PCR. Gene expression results
are depicted as ACt values, normalized to GAPDH. *p < 0.05,
Student’s ¢ test, AIS (H) versus control (LJ) expression levels

biological function, and clustered by gene—gene interac-
tions. We identified at least four particular pathways that
might be important in AIS: the developmental/growth-
differentiation of skeletal elements (HOXBS, HOXA2,

@ Springer

HOXB2, MEOX2 and PITX1); cellular signaling (HOXA11
and BARXI), connecting structural integrity of the extra-
cellular matrix to the structural integrity of a bone or a
muscle fiber (COMP, HOXA2 and HOXAI1); and cellular
signaling and cartilage damage (GDF15). Among the dif-
ferentially expressed genes, some could act on processes
directly related to the causes of AIS (associated with
embryogenesis/morphogenesis), while others may play
contributory roles (related to spinal deformity progression).
Yet others may be condition-specific genes (differentially
expressed genes as a consequence of disease).

Our results revealed that the most up- and down-regu-
lated genes involved in the AIS pathology are members of
the Homeobox (HOX) gene family. The HOX genes are,
in general, implicated in the regulation of patterns of
development (morphogenesis). We identified differential
expression of HOXA group genes (10, 11 and 13), of
HOXB group genes (2-8) and of HOXD (1-4). Interest-
ingly, knockdown of Hoxdl generates defects in hindbrain
and neural crest derivatives [17]. The over-expression of
Hoxd4 has resulted in severe cartilage defects in mice [18],
while over-expression of Hoxb8 in transgenic mouse
embryos has resulted in defects in the vertebrae [19].
HOXAI0 plays a key role in regulating target genes for
osteoblast differentiation and bone formation in the post-
natal skeleton [20]. HOXA 13 gene is involved particularly
in segment identity specification along the limb axis in
vertebrates [21]. These suggest that HOX genes are
important in vertebral development and abnormal expres-
sion of these genes as we observed in AIS patients could
play a role in curvation of the spine.

PITX] (pituitary homeobox 1) gene encodes for a protein
that is a member of RIEG/PITX homeobox family with
transcriptional properties that have been defined for number
of late downstream target genes in the pituitary gland [22].
As a member of this family, PITX] gene is involved in limb
and organ development and in left-right asymmetry [23].
The down-regulated expression of PITX/ in our study con-
firms that this protein plays a crucial role in bone
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Table 5 Transcriptome profile of genes within reported AIS candidate loci
Candidate region References Candidate gene Ref_Seq Chromosomal Localization Fold-Change
11q21-q22 Qiu et al. [30] MMP13 NM_002427.2 11q22.2b 0.62
1p35 Montanaro et al. [15] TINAGL1 NM_022164.1 1p35.2a —1.05
1FI6 NM_022872.2 1p35.3b —0.84
SESN2 NM_031459.3 1p35.3b 0.76
6q25.1 Wu et al. [31] ULBP1 NM_025218.2 6q25.1b 0.9
19p13.3 Chan et al. [14] CD70 NM_001252.3 19p13.3a 0.71
Alden et al. [32] MKNK?2 NM_017572.2 19p13.3 h 0.93
12p13.31 Raggio et al. [33] CD4 NM_000616.3 12p13.31d —-0.32
NTF3 NM_002527.3 12p13.31e 0.89
17q25.3—qtel Ocaka et al. [16] ARL16 NM_001040025.1 17q25.3f —-0.27
9q31.2—q34.2 Ocaka et al. [16] PTGS1 NM_080591.1 9q33.2b —0.86
OLFML2A NM_182487.2 9q33.3a 0.96
Xq23-26.1 Justice et al. [34] GRIA3 NM_000828.3 Xqg25b —0.56
GPC4 NM_001448.2 Xq26.2b 0.62
MGC16121 XM_001128419.1 Xq26.3a 0.68
17p11.2 Salehi et al. [35] EPPB9 NM_015681.2 17p11.2e —0.48
SPECC1 NM_001033554.1 17p11.2d-p11.2¢ —0.31
18q Wise et al. [10] LOC284293 XM_209104.2 18q21.33b —-0.32
BCL2 NM_000633.2 18q21.33b 0.48
10q Wise et al. [10] DDIT4 NM_019058.2 10q22.1f 1.62
DKK1 NM_012242.2 10g21.1a —1.28
EMX2 NM_004098.2 10q26.11a —0.89
SVIL NM_003174.3 10p11.23b 1.01
6q Wise et al. [10] FAM162B NM_001085480.1 6q22.2a -0.9
SMOC2 NM_022138.1 6q27d—q27e 1.03
3q13.3 Edery et al. [11] COLBA1 NM_001850 3ql2.1b—ql2.1c —-0.97
HCLS1 NM_005335.3 3q13.33¢ —1.42
5q13 Edery et al. [11] FOXD1 NM_004472.2 5q13.2¢ 0.57
F2R NM_001992.2 5q13.3d 1.04
F2RL2 NM_004101.2 5q13.3d 0.97
BHMT2 NM_017614.3 5ql4.1c 0.68

The table presents a list of genes within AIS reported loci and their corresponding fold-changes. As revealed by microarray analysis

development and probably in AIS. Furthermore, Cartilage
oligomeric matrix protein (COMP) is a novel gene to con-
sider in the context of AIS pathogenesis. This gene is
essential for the normal development of cartilage and for its
conversion to bone during growth. For instance, COMP also
interacts with the transcription factor SOX-9, which plays an
important role in normal skeletal development. Mutations in
COMP produce clinical phenotypes of pseudoachondropla-
sia (PSACH) and multiple epiphyseal dysplasia (MED).
These disorders are characterized by disproportionate short
stature, brachydactyly, joint hyper-mobility, early-onset
osteoarthritis, and scoliosis [24]. Consistent with our study,
COMP was recently found to be down-regulated by fourfold
in AIS compared to unaffected individuals and it was
proposed as an important and novel biomarker in predict-
ing scoliosis development [25]. Interestingly, COMP and

HOXA 10 interact closely in embryonic limb morphogenesis
(GO: 0030326. http://amigo.geneontology.org) and with
ERAP2; which is associated with familial ankylosing spon-
dylitis and it affects joints and can cause eventual fusion of
the spine [26]. Altogether, these data suggest that low
expression of COMP and its molecular interactions are
associated with AIS.

Other modulated genes in our experiment include BS72,
HCLS1, TBX15, PCDHI0 and GDFI5. Although these
genes are not directly involved in bone and cartilage devel-
opment, they are involved in immune process and Wnt,
tyrosine kinase signaling pathways that are important in the
embryonic development and may be associated with AIS.

Our study screened candidate genes that may contribute
to the pathogenesis of AIS, and provided a new list of
genes that merit further investigation. such as the
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epigenetic interactions (that could modify the expression
of specific genes) as well as the identification of variants in
these genes, as possible AIS contributing genes. We found
that the gene expression patterns of primary osteoblasts
derived from spinal vertebrae of AIS patients were dif-
ferent from those of healthy individuals. Gene mutations
can affect gene transcripts. In addition, the expression of
specific genes by cells can be modified by various ways:
enzymes methylate DNA to modulate transcription, his-
tone modification resulting in inducing or repression of
target sequences, non-coding small RNA which could
attach to messengers RNA to modify gene expression of
specific genes [27, 28]. Therefore, it is likely that these
mechanisms might play an important role in the altered
gene expression patterns in AIS osteoblasts. Genes with
altered expression in AIS could be grouped into specific
subsets based on their biological functions and gene—gene
interactions, suggesting the possible involvement of vari-
ous pathways in AIS pathogenesis. Interestingly, patients
with AIS with similar gene profiles may have varying
severity of spinal curve suggesting that genetic factors
likely control disease susceptibility and course, but not
disease pattern. Hormonal and environmental factors may
also affect the clinical phenotype and the severity of curve
[29] although patients may have the similar gene profiles
but this area remains unexplored and beyond the scope of
this study.

Taken together our study revealed gene expression
changes in AIS osteoblasts. These findings help to gain
further insights into potential genes and molecular path-
ways that could contribute to understanding the patho-
physiology of idiopathic scoliosis. Furthermore, although
bone contributes significantly in developing AIS, the
intervertebral discs (IVD) and muscles also have significant
mechanisms in the pathogenesis of AIS. Therefore, our
approach can be helpful to study the gene expression
profile of AIS IVD and muscles and to further add to our
understanding of AIS etiology. Identification of the
underlying mechanisms that leads to the observed clinical
features of scoliosis remains the crucial next step to further
advance understanding of AIS pathogenesis.
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