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Abstract
Ankylosing spondylitis (AS) is a common complex inflammatory disease; however, up to now distinct genes with
monogenic pattern have not been reported for this disease. In the present study, we report a large Iranian family with several
affected members with AS. DNAs of the three affected and two healthy cases were chosen for performing whole-exome
sequencing (WES). After several filtering steps, candidate variants in the following genes were detected: RELN, DNMT1,
TAF4β, MUC16, DLG2, and FAM208. However, segregation analysis confirmed the association of only one variant,
c.7456A>G; p.(Ser2486Gly) in the RELN gene with AS in this family. In addition, in silico predictions supported the
probable pathogenicity of this variant. In this study, for the first time, we report a novel variant in the RELN gene,
c.7456A>G; p.(Ser2486Gly), which completely co-segregates with AS. This association suggests potential insights into
the pathophysiological bases of AS and it could broaden horizons toward new therapeutic strategies.

Introduction

Ankylosing spondylitis (AS) is a chronic inflammatory
disease that primarily influences the axial skeleton and
sacroiliac joints. Extra-articular involvements including
eyes (acute anterior uveitis), heart, and gastrointestinal tract
(IBD; either Crohn’s disease or ulcerative colitis) can be
manifested in AS patients [1]. For example, the pooled
prevalence of acute anterior uveitis, psoriasis, and IBD in
patients with AS has been reported to be 25.8%, 9.3%, and
6.8%, respectively [2]. AS is one of the famous prototypes
of spondyloarthropathies, which include psoriatic arthritis,
reactive arthritis, and enteropathic arthritis [3]. AS pre-
valence is 0.1–0.5% in Asian and European populations [4].
The hallmark characteristic of AS is new bone formation in
affected tissues, which results from inflammatory mediators,
but the precise etiopathogenesis of the disease has not yet
been completely discovered [5].

The major genetic causes of AS remain to be identified
because various detected loci, together with HLA-B*27,
could explain only 24.4% of the heritability of AS [6]. To
date, most of the reported variants for AS have been iden-
tified based on association studies targeting variants with
mean minor allele frequency (MAF) more than 5%; none-
theless, association of AS with rare variants (MAF < 1%)
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has not been identified yet due to the low power of utilized
preceding methods and the lack of large families with
multiple affected members [7].

AS can be implied as a highly inheritable disease. The
recurrence risk in monozygous twins is 63%, while it is
around 8.2% in first-degree relatives [8]. The human leu-
kocyte antigen B27 (HLA-B*27) genotype has been shown
to have a strong association with AS [9]. For instance, HLA-
B*27 carriers have an around 20-fold increased risk of
showing spondyloarthropathy-related diseases. Although, it
has been postulated that the presence of the HLA-B*27
genotype alone is not sufficient for AS development
because only 1–5% HLA-B*27 carriers eventually develop
AS [10].

Whole-exome sequencing (WES) is a powerful tool to
identify variants inside the coding regions of the human
genome, which are estimated to include about 85% of
disease-causing mutations [11, 12]. Identifying new causa-
tive variants for AS can eventually give us hints about its
pathogenesis, diagnosis, prevention, and therapy.

Here, we report a novel variant in the RELN gene,
c.7456A>G; p.(Ser2486Gly), which completely co-
segregates with AS in a large Iranian family with several
affected members.

Methods

Study subjects

A large Iranian Kurdish family including seven patients
with diagnosis of AS according to the 1984 Modified New

York Criteria [13] referred to Rheumatology Research
Center, Shariati Hospital, Tehran University of Medical
Sciences. This study was approved by the Human Research
Ethics Committee of Tehran University of Medical Sciences
and was registered in NCBI Bioproject (Accession number:
PRJNA558631; https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA558631). Written informed consent was obtained
from all participants. Patients’ demographics, laboratory
findings, physical examinations, duration of morning
stiffness, pain or swelling in peripheral joints and back
pain, specific AS indexes, such as Bath Ankylosing Spon-
dylitis Disease Activity Index and Metrology Index
(BASDAI and BASMI) were collected before the test
(Table 1).

DNA extraction

About 10 ml peripheral blood was collected from each of
the II.6, III.5, III.6, III.7, III.8, III.10, III.12, III.13, III.15,
IV.5, and IV.8 individuals and genomic DNA was extracted
using the standard phenol–chloroform method [14]. DNAs
derived from II.6, III.6, III.7, IV.5, and IV.8 samples were
selected for WES. The family’s pedigree is depicted in
Fig. 1.

Prediction of single-point variation on protein
stability

The I-Mutant V2.0, which computes the ΔΔG values of
protein variant, was utilized to predict and annotate the
effect of the single nonsynonymous variant, p.(Ser2486Gly),
on the protein stability from its sequence. I-Mutant V2.0

Table 1 Demographic and
clinical specifications of the AS
affected cases among the family.

Characteristic III.6 III.12 III.13 IV.5 III.8 IV.8 III.15

Sex Male Female Male Female Female Male Male

Age 44 51 53 22 63 31 61

Age of symptom onset 24 18 19 14 18 24 25

HLA-B27 Positive Negative Positive Negative Positive Positive Negative

History of Infection prior to
AS initiation

Intestine
Infection

No No No No No No

History of IBD No No No No Yes Yes No

History of Uveitis No No No No Yes No No

History of Diabetes Yes No No No No No No

History of Heart Disease No No No No No Yes No

Psoriasis No No No No No No No

Enthesitis No No Yes No No No No

Peripheral Arthritis No Yes Yes No No Yes Yes

BASMI 4.9 4.7 9.6 2.1 4.2 3.5 6.3

BASDAI 7.2 0.5 6.7 1.2 5.8 7.5 5.9

IBD intestine bowel disease, BASMI Bath Ankylosing Spondylitis Metrology Index, BASDAI Bath
Ankylosing Spondylitis Disease Activity Index.
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(https://www.folding.biofold.org/i-mutant/i-mutant2.0.html)
is based on Support Vector Machine and ProTherm database
[15] and is trained to predict the thermodynamic free energy
change upon single-point variations in protein sequences.

Whole-exome sequencing (WES)

For exome enrichment, we used the TargetSeq Exome
Enrichment System (Life Technologies, Carlsbad, CA, USA).
Library preparation and sequencing using a SOLiD 5500xl
sequencer was carried out according to the manufacturer’s
instructions (Life Technologies, Carlsbad, CA, USA), gen-
erating 75 bp reads covering the enriched sequences.

We aligned the reads obtained from the sequencing runs
with the human reference genome (GRCh37/hg19) using
BFAST-0.6.55 [16]. Variant calling was performed with the
SAM tools software [17] using reads that mapped unam-
biguously to the target region. The only variant calls sup-
ported by at least ten nonidentical reads, a Phred-like
quality score ≥1 and an allelic percentage between 20 and
80% were considered.

The pattern of disease in the pedigree was compatible
with an autosomal-dominant mode of inheritance, therefore,
only variants heterozygous in all affected individuals and
homozygous for the reference allele in healthy controls
were considered. To exclude neutral polymorphisms, var-
iants with an MAF greater than 0.01 using dbSNP132
(https://www.ncbi.nlm.nih.gov/SNP/), 1K genome (www.
internationalgenome.org/), Exome Variant Server
(http://www.evs.gs.washington.edu/EVS/), Exome Aggre-
gation Consortium version 0.3 database (ExAC;
http://www.exac.broadinstitute.org/), Genome Aggregation
Database (gnomAD; https://gnomad.broadinstitute.org/)
and Iranome (http://www.iranome.ir/) were filtered out.

Pathogenicity predictions were performed using at least
four online databases namely SIFT (http://www.sift.bii.asta
r.edu.sg/), Polyphen2 (http://www.genetics.bwh.harvard.
edu/pph2/), Provean (http://www.provean.jcvi.org/) and
MutationTaster (http://www.mutationtaster.org/). Also,
ConSurf (http://www.consurf.tau.ac.il) and Residual Var-
iation Intolerance Score (RVIS) (http://genic-intolerance.
org/) were applied to provide an evolutionary conservation
profile for the reelin protein (Fig. 2).

Sanger sequencing

Confirmation and family segregation for the final candidate
variants, as well as checking out their presence in a cohort
of ethnicity-matched controls was performed by Sanger
sequencing. The primers listed in Supplementary Table 1
were used for PCR amplification of the variant regions. The
PCRs were carried out in 20 μl volumes, containing an
aqueous solution of standard 10× PCR buffer, 200 ng DNA,
0.2 μM of each primer, 1.5 mM of MgCl2 and 200 μM of
dNTP mix and 0.5 U Taq polymerase. Cycling conditions
were including the initial denaturation (94 °C, 3 min) fol-
lowed by 40 cycles of 94 °C for 30 s, 64 °C for 30 s, 72 °C
for 30 s, and a final extension at 72 °C for 10 min. Ampli-
fied DNA fragments were separated on 2% (w/v) agarose
gel and viewed after staining with ethidium bromide.
Consequently, the samples were sequenced using the ABI
3130xl Genetic Analyzer and sequencing chromatograms
were analyzed using the CodonCode Aligner v.
5.1.5 software.

In silico structural modeling

The largest open reading frame of the RELN encodes a
protein of 3460 amino acid residues. The identified

Fig. 1 Pedigree of the family with AS. The DNAs from the following
samples were available: II.6, III.5, III.6, III.7, III.8, III.10, III.12,
III.13, III.15, IV.5, and IV.8. The III.12 and III.15 were additional
affected members who were remotely related to this family. Because
there were inconclusive data about the status (Healthy or Affected) of
parents and former generations of III.12 and III.15, we did not directly
depict the consanguineous relationships in this pedigree. The index
case is indicated by an arrow. A dagger (†) indicates suspected
patients; I.2 and II.5 were deceased but, according to the provided

information by the family about common AS symptoms such as
morning stiffness, low back pain, good response to NSAID, and per-
ipheral arthritis, they were suspected to be affected with AS as well.
An asterisk (*) indicates the samples that were selected for performing
WES. The II.6 and III.15 individuals deceased during the study. The
statue of HLA-B27 is shown as B27* for positive and B27(−) for
negative antigen test. Besides, the genotypes of the RELN variants are
indicated for all subjects.
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c.7456A>G; p.(Ser2486Gly) variant affects the R5–R6
domain of the reelin protein. For further analysis, Phyre2
(http://www.sbg.bio.ic.ac.uk/phyre2/) and SWISS-PROT
(https://www.ebi.ac.uk/swissprot/) were utilized to design
the PDB file and then the variant’s impact on protein flex-
ibility and stability were analyzed by PyMOL (https://
pymol.org/) and I-Mutant V2.0. Figure 2d describes the
amino acid substitution in the reelin R5/R6 domain. The
RAMPAGE online tool (https://www.mordred.bioc.cam.ac.
uk/~rapper/rampage.php) was applied to check out the
detailed residue-by-residue stereochemical quality on the
basis of Ramachandran plot.

Results

Whole-exome sequencing

Five samples, three patients and two healthy samples, were
sequenced by WES with an average depth of 100×. Con-
sequently, 9675 common heterozygote SNV and indel
variants among all the three genotyped patients were
detected, out of which, 2129 variants were also absent in the
two healthy genotyped samples. By excluding the variants
with MAF greater than 1% in publicly available databases,
e.g: dbSNP, 1000 Genomes Project, ExAC and GnomAD,

Fig. 2 a Schematic physical and genetic maps of the RELN gene
(NM_173054.2) and the c.7456A>G variant found in the AS family
members. c.7456A>G is located in exon 47. b c.7456A>G is located
between the R5 and R6 domain. c The amino acid sequences of RELN
(p.Ser2486) is colored based on conservation scores by the ConSurf
database. ConSurf demonstrates evolutionary conservation profiles for
proteins of known structure in the PDB according to the phylogenetic

relations between homologous sequences as well as amino acid’s
structural and functional importance. d Comparison of normal and
altered reelin predicted structure. Structure modeling of the normal
protein and superimposed structure modeling of the variated protein;
the normal and the variation sites of p.(Ser2486Gly) are emphasized
by a yellow highlight and locally zoomed (Color figure online).
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260 variants were achieved. Sixteen variants from them
were affecting the coding regions and only eight variants
changed the amino acid codons. These eight variants
reside inside the RELN, DNMT1, TAF4β, MUC16, DLG2,
and FAM208 genes (Table 2). Consequently, they were
selected to be verified by Sanger sequencing as well as
segregation study in additional family members. Only the
c.7456A>G; p.(Ser2486Gly) variant in the RELN gene co-
segregated completely with the disease in the family and
was absent in the studied healthy controls (Fig. 3a). The
schematic presentation of the applied steps is depicted in
Fig. 3b, c.

All WES-derived data are available in Sequence
Read Archive [18] (SRA; Accession numbers: from
SAMN12565062 to SAMN12565066; https://dataview.
ncbi.nlm.nih.gov/object/PRJNA558631). Besides, the
novel variant, c.7456A>G, was registered in Leiden Open
Variation Database [19] (LOVD; Individual ID: 00250194;
https://databases.lovd.nl/shared/individuals/00250194) and
ClinVar [20] (Accession number: SCV000930629: www.
ncbi.nlm.nih.gov/clinvar) databases.

In silico prediction

The novel variant, p.(Ser2486Gly), was absent in 100
alleles from a cohort of ethnicity-matched controls that we
checked by Sanger sequencing. In addition, the allele fre-
quencies in different databases and in silico pathogenicity
prediction using different tools are included in Table 2.
Finally, a conservation study by Consurf software showed a
high conservation score (score∼8) for the region of this
variant (Fig. 2d).

The RAMPAGE online tool was used to elucidate
detailed residue-by-residue stereochemical quality based
on a Ramachandran plot by which the modeled structure of
reelin R5–R6 indicated almost 98% of residues in the most
favored regions, around 2% of residues in allowed regions,
and only 0.3% of residues in the outlier regions, which
suggested that the modeled structure of reelin R5–R6 was
acceptable.

Discussion

AS is a complex inflammatory disease [21] which usually is
manifested in the third decade of life and affects men more
severely and frequently than women [21]. Among 32
identified loci associated with AS [22], HLA-B*27 is the
most significant one, however, it does not completely
segregate with the disease in the studied family here
(Table 1), as there were both male and female affected
members who were negative for HLA-B*27 (Fig. 1 and
Table 1).Ta
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In the present study, WES was performed in order to
detect the associated variant/variants with AS in a con-
sanguineous Iranian family with multiple affected members.
The study led to the identification of a novel heterozygous
c.7456A>G variant in the RELN gene.

RELN gene comprises 65 exons and encodes reelin
which is a large secreted extracellular matrix protein with
around 3460 amino acids. It has been shown that reelin is
circulating in the blood and the liver appears to be an
important source [23]. This protein, controlling pre-
dominantly the cell–cell interactions, is an essential factor
for neuronal migration during cortical development, neu-
ronal maturation, and cell positioning during brain devel-
opment in the prenatal period [24, 25]. Reelin is composed
of a distinctive N-terminal domain followed by eight tan-
dem repeats (Reelin Repeats; RRs) involving an extra-
cellular growth factor (EGF)-like domain, which is

surrounded by two sub-repeats (A and B) (Fig. 2) [26]. The
C-terminal region comprises less than 1% of amino acids in
reelin, however, it plays an important role in reelin secretion
[27]. The eight RRs are structurally similar and have great
conservation with an average sequence identity of
83.5–87.9% among 167 species (Fig. 2d) [26].

Mutations in RELN have been shown to be associated
with autosomal recessive lissencephaly with cerebellar
hypoplasia (MIM: 257320) [28], a phenotype similar to
homozygous reeler mice [29], autosomal-dominant lateral
temporal epilepsy and many neuropsychiatric disorders
such as Alzheimer’s disease [30], autism spectrum disorders
[31], and schizophrenia [32].

Based on the conservational analysis performed in this
study by ConSurf and RVIS, the RELN gene is conserved,
which explains the low rate of mutations in RELN and the
severity of its related diseases.

Fig. 3 a Chromatograms showing nucleotide sequences of RELN in
the region of c.7456A>G found in the family. Black arrow indicates
the heterozygous nucleotide substitution. The substituted amino acid is
indicated in red, whereas Ser as the original amino acid is shown in
green. b Overlapping filter strategy. Red color indicates the remaining
variants for further analysis that are present in three affected members
(orange circles) but not among the shared variants in two controls

(black circle). c Schematic representation of filtering strategies applied
in this research. The filtering process was applied according to several
strategies as demonstrated in the schematic representation. For further
investigation, we reevaluated the filtering steps with regard to the
possibility that the disease could be autosomal recessive, however, we
could not detect any relevant variants according to this assumption.
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The c.7456A>G or p.(Ser2486Gly) variant affects a
highly conserved residue (Fig. 2c) in the R5–R6 repeat
fragments of the EGF-like domain. The results of analysis
by I-mutant v.2.0 [33], showed that the p.(Ser2486Gly)
substitution decreases protein stability (Fig. 2c, d).

The R3–R6 repeat fragments of the EGF-like domain
play a central role in reelin’s binding to the ApoER2 and
VLDLR [34, 35] which they are involved in neuron signal
transduction and also they have been detected in the surface
of macrophages. Moreover, complementary studies have
indicated that the R5–R6 region is sufficient to induce
adapter protein Disabled‐1 (Dab1) phosphorylation which
can promote and transfer signals to the downstream path-
ways [36].

The pathogenic role of immune cells, especially macro-
phages has repeatedly been implicated in AS. It is inter-
esting to speculate that reelin may play an important role in
AS pathogenesis through stimulating VLDLR on the sur-
face of macrophages in AS patients [36]. The Human
Protein Atlas (http://www.proteinatlas.org) shows that the
reelin protein is expressed in liver, cerebellum, distinct cells
of the lymph node and tonsil, in addition to HAP1, HEL,
PC3, and RH30. Furthermore, the RELN transcript has been
detected in multiple human tissues such as lymph node and
spleen (http://www.genecards.org). In adult mice, this gene
is highly expressed in immune cells as well as the nervous
system (http://www.informatics.jax.org).

Reelin’s role in inflammation could be verified in autoin-
flammatory disorders such as rheumatoid arthritis (RA) [37].
Increased levels of reelin in both synovial fluids and sera of
RA patients have been shown and reelin is being proposed as
a novel diagnostic marker and therapeutic target in this dis-
ease [38]. Moreover, it has been found that RA patients
express RELN and its related receptors in fibroblast-like
synoviocytes (FLS) [37]. Although a probable involvement of
FLS in AS has been described [39], further investigations
need to be done in order to demonstrate the role of RELN in
the context of autoimmune and autoinflammatory disorders.

Reeler mice have provided extra evidence on reelin
involvement in inflammation. For example, it has been
shown that both reeler mice and AS patients express a lower
amount of IFN-γ [40, 41]. Interleukins’ vital roles in auto-
immune diseases, especially AS, have been indicated
[42, 43]; for instance, induced expression of COX-2 and IL-
6, has been reported in patients with AS [44]. Furthermore,
reeler mice exhibit higher inflammatory scores than wild-
type mice, showing increased susceptibility to inflammation
[45]. Similarly, Herz et al. showed that reelin increases the
activity of NF-kB as an important inflammatory mediator
[46]. Thus, a link between reelin and inflammatory media-
tors can be suggested, while further studies should be
applied to shed light on its role in inflammation.

The second foremost feature of patients with AS is excess
bone formation and syndesmophytes. It has been found that
the Wnt pathway plays a major role in bone formation in
these patients [47]. Reelin binds to other receptors such as
LRP8 (low-density lipoprotein receptor-related protein 8)
[48] and triggers the interaction between LRP8 and Dab1,
which results in the recruitment of phosphatidylinositol‐3‐
kinase and RAS [49, 50]. Increasing evidence shows that
Wnt/β‐catenin signaling plays a critical role in osteoblast
differentiation and bone formation [51]. Also, LRP8 med-
iates Wnt/β‐catenin signaling and controls osteoblast dif-
ferentiation [52]. Hence, it can be inferred that reelin
could play an important role in osteogenesis [52], but
the precise role of the reelin signaling complex (Reelin/
VLDLR/ApoER2/Dab1) in osteoblasts remains to be
revealed.

The precise mechanism of reelin in AS pathogenesis is
not discovered yet, but based on the clues presented here, it
seems that inflammation and osteogenesis take center stage
in AS development. Altogether, we hypothesize that the
identified c.7456A>G; p.(Ser2486Gly) variant alters the
signal transduction in macrophages, which are the essential
cells in AS, to trigger inflammation.

In the present study, we utilized WES to identify gene
causality in a familial case of AS. For the first time, we
found the c.7456A>G; p.(Ser2486Gly) variant in the RELN
gene which co-segregated completely with AS in a large
family with multiple affected members. This suggests
potential insights into the pathophysiological involvement
of reelin via inflammation and osteogenesis pathways in
AS, and it could broaden our horizon toward new ther-
apeutic strategies.
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