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Abstract

Introduction: This study investigated genetic polymorphisms and aberrant expression of anoctamin-6
(ANO6) in ankylosing spondylitis (AS) patients to clarify the role of ANO6 in AS pathogenesis.
Material and methods: Genetic sequencing was performed to identify disease-associated single
nucleotide polymorphisms (SNPs) within the exonic and transcriptional regulatory regions of ANO6
in 417 AS patients and 541 healthy controls (HCs). Linkage disequilibrium (LD) and haplotype analy-
ses were conducted to assess the association of the candidate SNPs with disease susceptibility.
A cohort of 2,144 AS patients was stratified based on the presence or absence of risk-associated
haplotypes, and clinical phenotypes were compared between the 2 groups. Reverse transcription-
polymerase chain reaction was employed to quantify messenger RNA (mRNA) expression levels in
peripheral blood mononuclear cells (PBMCs) from 40 AS patients and 32 HCs. Immunohistoche-
mistry was used to evaluate ANO6 protein expression in tendon tissues from 9 AS patients and
5 control subjects.

Results: Five SNP loci (1579662606, rs76186361, rs17095830, rs80224086, and rs75712006) exhi-
bited significant associations with AS susceptibility, with strong LD observed between pairwise loci.
Haplotype analysis revealed a higher prevalence of GTGCG, ATGTA, and ACGTA haplotypes in AS
patients (p < 0.001). No significant differences in clinical phenotypes were observed between AS pa-
tients with or without risk-associated haplotypes. The mRNA expression in PBMCs was significantly
lower in AS patients (0.49 +0.21) compared to HCs (0.86 +0.38, p < 0.001). Conversely, ANO6 protein
expression was significantly elevated in tendon tissues of AS patients, with an average histoscore
of 182.22 +30.732 compared to 62.00 +35.637 in controls (p = 0.001).

Conclusions: ANO6 may represent a novel AS susceptibility gene, with GTGCG, ATGTA, and ACGTA as
risk-associated haplotypes. Dysregulated ANO6 expression in PBMCs and tendon tissues suggests

its potential role in AS pathogenesis.
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Introduction

Ankylosing spondylitis (AS) is a chronic, progressive
inflammatory disorder primarily characterized by inflam-
matory low back pain, often accompanied by periphe-
ral arthritis, enthesitis, uveitis, spinal deformity, and
ankylosis. The prevalence of AS varies geographically,
ranging from 0.1% to 1.8% in Europe and approximately
0.24% in China [1, 2]. While genetic factors are widely

recognized as significant contributors to AS pathoge-
nesis [3], the specific molecular mechanisms and gene-
tic determinants underlying the disease remain incom-
pletely understood. Notably, human leukocyte antigen
B27 (HLA-B27) and other genetic loci have been implicat-
ed in disease susceptibility, with HLA-B27 accounting for
familial aggregation of AS [4]. However, HLA-B27 is esti-
mated to contribute to no more than 50% of the overall
genetic risk for AS [5, 6].
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Recent genome-wide association studies (GWAS) in
Chinese populations have identified additional suscepti-
bility loci, including 2p15, 5q14.3, and 12q12 [7]. The single
nucleotide polymorphism (SNP) rs4552569 at 5q14.3 is
located between the hyaluronan and proteoglycan link
protein 1 and epidermal growth factor-like repeats and
discoidin I-like domains 3 (EDIL3) genes. The hyaluronan
and proteoglycan link protein 1 has been associated with
spinal osteophyte formation and disc degeneration in
Japanese women [8], while EDIL3 modulates bone forma-
tion through inhibition of the Wnt signaling pathway [9].
Another SNP, rs17095830 at 12g12, resides within an in-
tron of anoctamin-6 (ANO6), which encodes a multipass
transmembrane protein with Ca?*-dependent phospholi-
pid scramblase activity. The ANO6 has been implicated
in osteoclast formation and bone remodeling [10, 11].
Recent studies have reported associations between
ANOG6 SNPs (rs4768085 and rs17095830) and both AS
susceptibility and disease severity [12], although no such
association was observed in a Taiwanese population [13].

To further elucidate the role of ANO6 in AS patho-
genesis within the Chinese Han population, we con-
ducted a large-scale case-control association study and
investigated potential aberrations in ANO6 expression
among AS patients.

Material and methods
Subjects

All participants provided written informed consent
for the collection and utilization of their blood and tis-
sue samples, and the study protocol was approved by
the Ethics Committee of the Third Affiliated Hospital
of Sun Yat-sen University (No. [2022]02-007-02). For
preliminary screening of informative SNPs in the exon
and transcription regulatory region of ANO6, 29 pa-
tients homozygous for the rs17095830G/G mutation
and 30 healthy controls (HCs) were recruited. The vali-
dation cohort included 388 patients with AS who were
heterozygous for the rs17095830A/G mutation and
511 ethnically matched controls. Additionally, 40 patients
and 32 ethnically matched HCs were enrolled for re-
verse transcription-polymerase chain reaction (RT-PCR)
analysis of messenger RNA (mRNA) in peripheral blood
mononuclear cells (PBMCs). Immunohistochemical
analysis of tendon tissue was conducted on samples
obtained from 9 AS patients and 5 HCs during hip re-
placement or spinal orthopedic surgery. All AS patients
met the 1984 revised New York criteria for AS and were
diagnosed by at least 2 qualified rheumatologists [14].
Demographic data, including age and sex, as well as
clinical manifestations such as family history of AS, age
at disease onset, symptoms (e.g. dactylitis, peripheral

arthritis), hip joint involvement, uveitis, enthesitis, and
laboratory markers (e.g. erythrocyte sedimentation rate
and C-reactive protein), were systematically collected.

Genotyping

Genomic DNA was extracted from peripheral blood
samples using the standard salting-out method [14].
To identify candidate SNPs in the exonic and transcription
regulatory regions of the ANO6 gene, PCR was performed
with specific primers (Suppl. Tables I, I1). The purified
PCR products were subsequently sequenced using an ABI
3,700 automated sequencer. Single nucleotide polymor-
phisms were selected based on a minor allele frequency
> 5% and a Hardy-Weinberg equilibrium (HWE) p-value
> 0.01in controls.

Ribonucleic acid preparation and reverse
transcription-polymerase chain reaction

Total RNA was isolated from PBMCs using Trizol
reagent (Invitrogen, 15596-026, Germany) following
the manufacturer’s protocol. After DNase digestion, re-
verse transcription of total RNA was carried out using
the PrimeScript RT Reagent Kit with gDNA Eraser (Ta-
kara, DRRO47A, Japan). The polymerase chain reaction
amplification was performed in a 20 ul reaction volume
containing 40 ng of complementary DNA, 800 nM forward
and reverse primers, and SYBR Premix Ex Taq Il (Takara,
DRR820A, Japan), in accordance with the manufacturer’s
instructions. The PCR cycling conditions were optimized
as follows: initial denaturation at 95°C for 30 seconds, fol-
lowed by 40 cycles of denaturation at 95°C for 5 seconds,
annealing at 60°C for 34 seconds, and extension at 72°C
for 1 minute, with a final denaturation step at 95°C for
15 seconds. The following primers were used for ampli-
fication: ANO6 (F: 5-CCTCAGTGTGATAGGCTTTGTCCA-3’,
R: 5"-ACTGCAAAGACCAGGGTTCCA-3") and B-actin
(F: 5"-TGGCACCCAGCACAATGAA-3",R: 5"-CTAAGTCATAGTC-
CGCCTAGAAGCA-3"). The specificity of PCR products was
validated through melting curve analysis. Real-time PCR
amplifications were conducted using a PRISM 7500 Real
Time System (ABI), with all experiments performed in
duplicate. The housekeeping gene B-actin was ampli-
fied to normalize the quantity of sample RNA. Relative
gene expression quantification was determined using
the AACt method (where Ct represents the threshold
cycle), as previously described [14]. Additionally, PCR
products were subjected to agarose gel electrophoresis
for further analysis.

Immunohistochemistry

For immunohistochemistry, tendon tissues were
fixed in 10% neutral buffered formalin for 12 hours at
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room temperature, subsequently embedded in paraffin,
and sectioned following standard protocols. Tissue sec-
tions were deparaffinized and rehydrated using estab-
lished procedures. To enhance immunostaining intensi-
ty, sections were heated at 95°C for 10 minutes in citrate
buffer (0.01 M, pH 6.0). Sections were then incubated
with the primary antibody overnight at 4°C. Following
incubation, sections were washed 3 times for 3 minutes
each in phosphate-buffered saline and processed with
the ChemMate EnVision HRP (DAKO, China) according
to the manufacturer’s instructions. Immunoreactive sig-
nals were visualized using the 3,3’-diaminobenzidine
substrate, which imparts a brown color to the target
protein. Tissue architecture was delineated by counter-
staining with hematoxylin. Immunostaining scoring was
performed by 2 experienced pathologists blinded to
the subject group, with the final score calculated using
the histoscore method [15]. Histoscore was calculated
as the product of staining intensity (0-3: negative, weak,
moderate, strong) and the percentage of positive cells
(0-100%)).

Statistical analysis

The genotyping accuracy of each SNP was assessed
through HWE analysis. Genotype and allele frequencies
in both AS patients and control groups were evaluated
using the y? test to verify HWE. Allelic associations and
haplotype analyses between cases and controls were
performed using PLINK, with adjustments for sex, age,
and geographic origin. The strength of associations was
quantified as odds ratios (OR) per additional minor al-
lele, accompanied by 95% confidence intervals. Linkage
disequilibrium (LD) coefficients (D" and r?) were calcu-
lated using Haploview 4.1 [18]. Relative gene expression
quantification and histoscore data were presented as
mean + standard error, where n denotes the number
of independent experiments. Statistical significance was
determined using Student’s unpaired two-tailed t-test or
analysis of variance (ANOVA), with p < 0.05 considered
statistically significant, as analyzed using SPSS 17.0.

Bioethical standards

This study was approved by the Ethics Committee
of the Third Affiliated Hospital of Sun Yat-sen University
(No. [2022]02-007-02).

Results

Demographic data

In the initial screening cohort, which included 29 AS
patients and 30 HCs, the mean age of AS patients was
28.0 +7.4 years, with a male-to-female ratio of 4.8 : 1,
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while the control group had a mean age of 27.3 +7.1 years
and a male-to-female ratio of 6.5 : 1. In the validation
cohort, the mean age of AS patients was 28.1 +8.7 years,
with a male-to-female ratio of 5.7 : 1, and the control
group had a mean age of 28.4 +5.5 years, with a male-
to-female ratio of 4.2 : 1. No significant differences in age
or sex distribution were observed between AS patients
and controls in either cohort (p > 0.05).

In the RT-PCR analysis cohort, the mean age of AS
patients was 27.00 +5.57 years, with a male-to-female
ratio of 15 : 1, while the control group had a mean age of
27.53 +5.46 years, and a male-to-female ratio of 12.3 : 1.
Again, no significant differences in age or sex distribu-
tion were detected between the groups (p > 0.05).

Identification of candidate single
nucleotide polymorphisms

Sequencing analysis identified 9 SNPs within the
transcription regulatory region of the ANO6 gene.
Following stringent quality control measures, includ-
ing exclusion of SNPs with HWE p-values > 0.01, mi-
nor allele frequencies < 5%, and missing data, 5 SNPs
(rs79662606, rs75712006, rs76186361, rs17095830,
rs80224086) were retained for further validation and
analysis. A statistically significant difference (p < 0.05)
in genotype frequencies was observed for these SNPs
between the AS and control groups (Suppl. Table I11).

Validation of single nucleotide
polymorphisms in a larger population

The 5 SNPs were validated through PCR-based direct
sequencing in a cohort comprising 388 AS cases and 511
HCs. Samples from 2 distinct stages were pooled to faci-
litate comprehensive analysis. All 5 SNPs were found to
be in HWE. Genotype frequency analysis demonstrated
statistically significant differences (p < 0.05) between
AS cases and controls across the entire sample set. No-
tably, the frequency of all risk-associated loci was signifi-
cantly elevated in AS patients compared to HCs (Table ).

Identification of 5 haplotypes associated
with ankylosing spondylitis in a Chinese
Han population

Linkage disequilibrium analysis demonstrated
strong pairwise associations among the 5 SNPs (Suppl.
Fig. 1), prompting subsequent haplotype analysis. The
analysis revealed significant associations between
specific haplotypes and AS susceptibility. Notably,
the haplotypes GTGCG (OR = 65.76, p = 2.684 x 10°9),
ATGTA (OR = 14.76, p = 1168 x 10%), and ACGTA
(OR =5.02, p = 5.937 x 10%) exhibited higher frequen-
cies in AS cases, suggesting their role as risk factors.
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Table I. Risk allele association analysis of the 5 single-nucleotide polymorphisms in anoctamin 6 in 417 ankylosing

spondylitis cases and 541 controls

SNP Risk allele Case % Control % MAF OR 95% ClI p

rs79662606 G 24.22 4.436 0.1305 6.88 4.95-9.576 3.24 x 107
rs76186361 T 32.85 4.529 0.1686 10.31 7.483-14.22 1.39 x 107
rs17095830 G 53.48 9.797 0.2881 10.58 8.307-13.49 2.75 x 1077
rs80224086 C 25.66 1.201 0.1185 28.38 16.07-50.12 1.28 x 10760
rs75712006 G 25.18 0.7394 0.1138 45.18 22.15-92.16 1.24 x 10762

Cl — confidence interval, MAF — minor allele frequency, OR — odds ratio, SNPs — single-nucleotide polymorphisms.

Table II. Significantly associated haplotypes for the 5 single-nucleotide polymorphisms. All haplotypes with a frequency
< 0.03 were ignored in analysis. Loci analyzed: rs79662606, rs75712006, rs76186361, rs17095830, rs80224086

Haplotype Case % Control % OR p

GTGCG 23.68 0.4696 65.761392 2.684 x 10°°
GTGTA 0.01792 2.615 0.006674769 4.625 x 107
ATGTA 7.924 0.5797 14.759437 1.168 x 1071
ACGTA 20.88 4.99 5.024732985 5.937 x 107%
ACATA 47.5 91.35 0.085672583 4.081x 1078

OR — od(ds ratio.

Conversely, the haplotypes GTGTA (OR = 0.007, p =
4.625 x 105) and ACATA (OR = 0.09, p = 4.081 x 10%) were
more prevalent in controls, indicating potential protec-
tive effects (Table Il). To further investigate the clinical
implications, 2,144 AS patients with comprehensive clin-
ical data were selected from our previous GWAS dataset
[7]. These patients were stratified based on the pres-
ence or absence of the identified risk haplotypes. How-
ever, no significant association was observed between
the risk haplotypes and AS phenotypic manifestation
(Table 111).

Expression of ANO6 messenger RNA
in peripheral blood mononuclear cells
of ankylosing spondylitis patients
and healthy controls

The expression levels of ANO6 mRNA were norma-
lized to B-actin mRNA as an internal control. The mean
relative expression of ANO6 in patients with AS (0.49
+0.21) was significantly lower compared to HCs (0.86
+0.38, p < 0.001; Fig. 1, Suppl. Table IV).

Expression of ANO6 protein in tendon
tissue of ankylosing spondylitis patients
and controls

In ankylosing spondylitis patients, ANO6 protein
was predominantly localized in myofibroblasts and

lymphocytes (brown staining), whereas control tissues
showed minimal or no staining (Fig. 2). In tendon tissue,
the average histoscore of ANO6 protein expression, as
determined by IHC, was significantly higher in 9 AS pa-
tients (182.22 £30.732) than in 5 controls (62.00 +35.637,
p = 0.001; Suppl. Table V). The ANO6 protein was pos-
itively expressed in myofibroblasts, lymphocytes, and
endothelial cells.
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Fig. 1. Relative expression of ANO6 in ankylos-
ing spondylitis patients and controls.
AS — ankylosing spondylitis.
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Table lII. Analysis of the clinical manifestations and anoctamin 6 risk haplotypes in ankylosing spondylitis patients

Variable With risk haplotypes Without risk haplotypes p
(n =228) (n=1.916)

Male (%) 825 78.1 0.073
HLA-B27(+) (%) 77.6 78.5 0.798
Family history (%) 24.1 235 0.88
Clinical subtypes (%)

Axial 32.9 325 0.97

Axial + peripheral 67.1 67.5
Spine involvement (%)

Lumbar spine 53.1 54.4 0.707

Thoracic vertebrae 27.2 253 0.521

Cervical spine 232 20.3 0.299
Hip involvement (%) 33.8 35.9 0.535
Arthritis (%) 38.5 4235 0.07
Enthesitis (%) 37.3 35.6 0.616
Uveitis (%) 10.1 8.8 0.509
Dactylitis (%) 5.7 5.7 0.981
Age [years], mean +SD 27.5 +8.5 27.0+8.9 0.452
Age onset [years], mean +SD 203475 20.98 7.4 0.199
Morning stiffness (VAS) [cm] 2.94 +2.91 3.12 £2.87 0.620
Total back pain (VAS) 3.21+2.97 2.78 £2.95 0.269
Pain at night (VAS) 3.18 £3.12 2.71£2.96 0.225
BASDAI 3.21+2.02 3.35+2.03 0.584
BASFI 1.68 +1.93 1.45 £1.94 0.365
ESR [mm/h] 22.41 £23.50 20.35 £21.50 0.465
CRP [mg/dl] 21.27 +28.36 17.50 £25.62 0.263

BASDAI — Bath Ankylosing Spondylitis Disease Activity Index, BASFI — Bath Ankylosing Spondylitis Functional Index, CRP — C-reactive
protein, ESR — erythrocyte sedimentation rate, HLA-B27(+) — human leukocyte antigen B27 positive, SD — standard deviation, VAS — Visual

Analogue Scale.

Discussion

Ankylosing spondylitis is widely recognized as a here-
ditary disease with polygenic involvement [19]. However,
the mechanisms underlyingaberrantbone formationand
structural damage remain poorly understood, though
they are likely influenced by multiple factors, includ-
ing the localization of inflammatory lesions, entheseal
stress, and the nature of the inflammatory response [20].
Following our initial GWAS identifying ANO6 as a sus-
ceptibility gene for AS [7], subsequent research report-
ed that SNPs rs4768085 and rs17095830 in ANO6 were
associated with AS susceptibility and disease seve-
rity [12]. However, no such association was observed
for rs17095830 in a Taiwanese population [13]. To fur-
ther investigate the genetic polymorphisms of ANO6
in relation to AS risk, we performed direct sequencing
of exons and transcription regulatory regions in a Han
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Chinese cohort, followed by haplotype association ana-
lysis. Five SNPs with suggestive significance were val-
idated in a larger Han Chinese population. All 5 SNPs
within the transcription regulatory regions of ANO6
(rs79662606, rs75712006, rs76186361, rs17095830,
rs80224086) demonstrated significant associations
with AS, indicating a potential role of ANO6 in AS sus-
ceptibility in this population. Additionally, strong LD was
observed among the SNP loci, and haplotype analysis
revealed a higher prevalence of GTGCG (OR = 65.76,
p = 2.684e-059), ATGTA (OR = 14.76, p = 1.168e-016), and
ACGTA (OR =5.02, p = 5.937e-026) in AS cases.

Single nucleotide polymorphisms in ANO6 may have
direct functional implications in the molecular patho-
genesis of AS. We hypothesize that the SNP located
within the transcription control region could serve as
a binding site for transcription factors, and that a spe-
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HE x 200 (Control) HE x 200 (AS)
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Fig. 2. Immunohistochemical staining of ANO6 in tendon tissue in ankylosing spondylitis (AS) patients and
controls. A and B) Magnification of hematoxylin and eosin staining (HE): x 200. C and D) Magnification
of immunohistochemical staining: x 200. E and F) Magnification of immunohistochemical staining x 400.
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cific combination of these factors may influence mRNA
splicing modifications, ultimately affecting gene expres-
sion. Functional studies on ANO6 have demonstrat-
ed that interleukin-4 upregulates calcium-activated
chloride channels during inflammation, which are
regulated by ANOG6 [21, 22]. In a murine model, ANO6
expression was observed in dendritic cells (DCs), and
chemokine-induced migration of both immature and
lipopolysaccharide (LPS)-matured DCs was attenuated
following ANO6 knockdown [23]. Additionally, ANO6
activation is crucial for macrophage function [24]. Stu-
dies using knockout mouse models have revealed that
ANO6 deletion results in a phenotype characterized
by reduced skeletal size and deformities, evidenced by
increased regions of non-mineralized, Ibsp-expressing
osteoblasts in the periosteum during embryonic deve-
lopment and larger areas of uncalcified osteoid postna-
tally. Furthermore, primary ANO6(—/-) osteoblasts exhib-
it delayed mineralization, indicating a cell-autonomous
role of ANOG6 [25]. Notably, ANO6 expression is signifi-
cantly elevated in mesenchymal stem cells compared to
induced pluripotent stem cells or peripheral blood cells
derived from axial spondylitis patients [26].

Ankylosing spondylitis is an inflammatory disor-
der associated with bone metabolism dysregulation.
Emerging evidence suggests that ANO6, a protein im-
plicated in phospholipid scrambling, may contribute to
the pathogenesis of immunological processes and bone
metabolism in AS, as supported by its association with
disease susceptibility and severity in the Chinese Han
population [12]. However, research on the functional role
of ANO6 in AS and other autoimmune diseases remains
limited. To address this gap, we conducted a preliminary
study to compare ANO6 expression levels between AS
patients and HCs at both mRNA and protein levels.

Reverse transcription-polymerase chain reaction
analysis revealed a significantly lower relative mRNA
expression level of ANO6 in PBMCs of AS patients com-
pared to HCs. A hallmark pathological feature of AS is
tendon inflammation. In 1972, John Ball first described
the pathological characteristics of AS, noting that struc-
tural damage initiates at the tendon insertion sites, in-
cluding ligaments, tendons, and joint capsules attached
to bone, with particular emphasis on the significant
involvement of the outer fibers of the intervertebral
disc. Subsequent observations indicated bone loss fol-
lowed by new bone formation, leading to osteophyte
and syndesmophyte development [27]. Further studies
identified infiltrations of T cells, B cells, bone marrow-
derived macrophages, osteoclasts, and angiogenic cells
within the tendon tissue insertion site, alongside the
observation of inflammatory processes, bone destruc-
tion, bone formation, and other related phenomena
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[28, 29]. Semi-quantitative immunohistochemical ana-
lyses of tendon tissue revealed significantly elevated ex-
pression of ANO6, a gene encoding a calcium-activated
phospholipid scramblase implicated in osteoclast diffe-
rentiation and bone remodeling. Our findings suggest
that risk haplotypes may disrupt ANO6-mediated phos-
phatidylserine exposure, potentially exacerbating in-
flammation-driven ectopic ossification in AS entheses
[25, 26]. Given the multifactorial nature of AS and its
impact on diverse physiological processes, it is plausible
that ANO6 may contribute to AS pathogenesis through
its involvement in tissue-specific mechanisms.

Study limitations

Among the study limitations, the limited sample size
for tendon tissue analysis (9 AS vs. 5 controls) may have
reduced the statistical power of the protein expression
analysis. Larger cohorts are needed to confirm and ex-
tend these findings, including assessment of their gene-
ralizability to non-Chinese populations.

Conclusions

We identified disease-associated LD loci and haplo-
types of ANOG6 in AS and conducted a preliminary inves-
tigation into its expression. Our findings corroborate
GWAS results, indicating that ANO6 gene polymor-
phisms are significantly associated with AS suscepti-
bility in the Chinese population. These results provide
novel insights into the complex interplay of genetic, im-
munological, and infectious factors in the etiology and
pathogenesis of AS.
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