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ABSTRACT. Objective. SAPHO (synovitis, acne, pustulosis, hyperostosis, osteitis) syndrome is a type of rare

chronic aseptic inflammation of unknown etiology. To date, no research to our knowledge has reported
copy number variation (CNV) of genes that could affect predisposition to SAPHO syndrome. We
investigated the association between CNV profile and SAPHO syndrome.

Methods. We used array comparative genomic hybridization (CGH) to screen for CNV in a nuclear
family including 2 patients and a healthy control. We then validated the copy numbers of candidate
genes found in the array CGH assay and other candidate genes by TagMan real-time PCR in 360 case
and control samples.

Results. Ten regions from 8 chromosomes were found to have abnormal gene copies in the nuclear
family, so the CNV of candidate genes (ADAM5, CSF2RA, IL3RA, and 9 other genes) were tested
by TagMan PCR. Significant copy number loss of CSF2RA (p = 0.000) and NOD2 (p = 0.005), and
significant copy number gain of MEGF6 (p = 0.002) and ADAMS5 (p = 0.000) were seen in patients
with SAPHO compared with controls at the a = 0.05 level. There were no differences in the other 8
candidate genes between patient and control samples (p > 0.05).

Conclusion. Our study established the first association between CNV in CSF2RA, NOD2, MEGF®6,
and ADAMS5 and SAPHO syndrome. These findings may offer insight into the pathogenesis of
SAPHO and provide the basis for improved diagnosis and treatment. (First Release April 15 2020;

J Rheumatol 2020;47:1323-9; do0i:10.3899/jrheum.181393)
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SAPHO (synovitis, acne, pustulosis, hyperostosis, osteitis)
syndrome, a rare disease with an estimated prevalence of
less than 1 in 10,000!, was first identified in 19872. SAPHO
syndrome can occur at any age’, and its exact etiology is
unknown. However, a large body of literature supports a
pathogenesis involving a combination of genetic, infectious,
and immunological components*. Experiments in mice indi-
cate that SAPHO is associated with mutations in PSTPIP1,
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COPY NUMBER VARIATION
TAQMAN PCR

PSTPIP25, and NOD2 genes®’, but the genetic basis of
human SAPHO syndrome remains poorly understood.

Copy number variation (CNV) is widespread in human
populations, with 5%—10% of the human reference genome
showing CNV in healthy individuals®®. Several studies have
concluded that variation in DNA copy number may influence
the expression of genes or even alter their structure, thus
contributing to substantial phenotypic variation. Moreover,
CNV of genes causes a variety of human genetic diseases'’.

Little is known about CNV as a potential risk factor
for SAPHO syndrome; we screened the CNV profile in a
nuclear family using array comparative genomic hybridiza-
tion (CGH). We then further confirmed the candidate CNV
genes in a larger sample size (156 SAPHO cases and 204
healthy controls) using TagMan real-time PCR. We hope to
propose the potential application of CNV evaluation in indi-
viduals at high risk of developing SAPHO syndrome, and
the use of CNV genes as candidates for gene therapy.

MATERIALS AND METHODS

In the first stage, a core family with SAPHO syndrome was identified
[mother: age 51 yrs, with SAPHO syndrome, with palmoplantar pusto-
losis and osteoarticular symptoms (anterior chest wall, spine, peripheral
skeleton), duration of disease 8 yrs; daughter: age 22 yrs, with SAPHO
syndrome, with osteoarticular symptoms (anterior chest wall, spine), dura-
tion of disease 1.5 yrs; father: age 53 yrs, healthy control]. The second
group comprised 156 patients with SAPHO syndrome (92 women, 64
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men; average age 41.4 + 0.08 yrs) and 204 controls (122 women, 82 men;
average age 59.1 = 0.08 yrs; Table 1). All individuals were enrolled from
Beijing Chaoyang Hospital and were matched for ethnic and geographic
characteristics. SAPHO syndrome was diagnosed according to the criteria
of Kahn, et al"'.

The study was approved by the Ethics Committee of the National
Research Institute for Family Planning (registration no. 2201512), and all
participants provided written informed consent.

DNA isolation. Participants’ peripheral blood samples were collected
into tubes containing EDTA. DNA extraction was carried out using the
RelaxGene Blood DNA System (Tiangen Biotech) according to the manu-
facturer’s instructions. Array CGH analysis was performed using 4 x 180K
commercial arrays (Capitalbio Technology Corp.). DNAlabeling, hybridiza-
tion, and washing were performed according to the manufacturer’s instruc-
tions. After hybridization, arrays were scanned in a dual-laser scanner, and
images were extracted and analyzed using Agilent CytoGenomics software.
Probes with fewer than 2 valid replicate values or probes that showed SD
above 0.1 between replicate values were excluded. Chromosomal regions
with a ratio between 1.11 and 1.41 were scored as “gained” and those with
aratio of 1.41 or greater were scored as “amplified.” Chromosomal regions
with a ratio of between 0.84 and 0.73 were scored as “loss,” whereas a
second threshold for loss was set for regions showing a ratio < 0.73.
TagMan quantitative PCR (qPCR). TagMan qPCR was used to identify
candidate genes. Primers and fluorescence-labeled probes are shown in
Table 2. qPCR was performed in a final volume of 25 ul including 20 ng
of extracted DNA and 20 u1 of PCR mixture. All gPCR reactions were run
for 45 cycles. The Ct value of each gene was recorded and 2-2¢ (ACt =
Ct target gene — Ct RNase P) was used to determine the CNV of each
sample.

Statistical analysis. Clinical data were described as mean + SD. Comparison
of cases and controls was by Pearson chi-square test or Fisher’s exact test.
Statistical analyses were performed using SPSS version 13.0 (SPSS Inc.);
p <0.05 was considered statistically significant.

RESULTS

We conducted a 2-stage candidate gene study to test the asso-
ciation of CNV and SAPHO syndrome. First, through array
CGH analysis, we identified several aberrant chromosome
regions shared by 2 of the core family patients with SAPHO
syndrome: ql1 region of chromosome 11 was deemed as

Table 1. General characteristics of patients with SAPHO syndrome (n =
156) in this study.

Characteristic N (%)
Sex
Female 92 (59)
Male 64 (41)
Skin manifestations
None 7(4.5)
Palmoplantar pustolosis 102 (65.4)
Severe acne 17 (10.9)
Palmoplantar pustulosis + psoriasis vulgaris 25 (16.0)

Osteoarticular symptoms
None 2(1.3)

Anterior chest wall 35(22.4)
Anterior chest wall + spine 57 (36.5)
Anterior chest wall + peripheral skeleton 26 (16.7)
Anterior chest wall + spine + peripheral skeleton 36 (23.1)

SAPHO: synovitis, acne, pustulosis, hyperostosis, osteitis syndrome.

amplification, including OR4S2, OR4C6; 5 regions (q31.3
of chromosome 1, p11.22 of chromosome 8, p12 of chro-
mosome 19, q11.23—q12.1 of chromosome 22, and q13.1 of
chromosome 22) were deemed as gain, including ADAMS5P,
APOBEC3A, CFHR3, etc. Three regions were deemed as
loss (q13 of chromosome 2, p22.3 of chromosome 9, p22.33
of chromosome X), including CSF2RA, MIR3690, IL3RA,
etc. Detailed results are shown in Table 3.

In the validation stage, we chose ADAMS5, CSF2RA,
IL3RA, and 9 other genes associated with inflammation or
autoimmune (AAGAB, HRVR, IGSF9, PSTPIP1, PSTPIP2,
LPIN2, IRAK3, NOD2, MEGF6) as candidate genes.
TagMan qPCR was used to determine the variations of
candidate gene copy numbers in 156 patients with SAPHO
syndrome and 204 controls. Finally, 4 of 12 chosen genes
were found to have significantly different copy numbers
between patients with SAPHO syndrome and controls at

the a = 0.05 level, of which CSF2RA (ratio SAPHOMC = 0.597,
p = 0.000) and NOD2 (ratio g, uouc = 0470, p = 0.002)
had fewer gene copies, and MEGF6 (ratio sapromc = 1407,

p = 0.001) and ADAMS5 (ratio ¢,,u0me = 1713, p = 0.000)
had more copies, compared with healthy controls. There
were no differences in the other 8 candidate genes between
patients with SAPHO syndrome and control samples
(p>0.05; Tables 4A and 4B; Figures 1 and 2). In subsequent
analysis, patients with SAPHO syndrome were subgrouped
according to osteoarticular and skin symptoms (Tables 4A
and 4B). The results showed the gene copies of CSF2RA,
NOD2, ADAMS5, and MEGF6 were significantly different
in palmoplantar pustulosis; meanwhile, CSF2RA was found
to be strongly correlated with osteoarticular symptoms;
the results achieved statistical differences in all subgroups.
As for other symptoms, perhaps because of small sample
sizes, the results showed inconsistencies among different
subgroups, especially in the no-skin-manifestation samples,
so the results should be treated cautiously.

DISCUSSION
SAPHO syndrome is a type of rare chronic aseptic inflam-
mation, and its complete pathogenesis is unknown. Previous
investigations showed that PSTPIPI, PSTPIP2, and LPIN2
were associated with SAPHO syndrome in mice®'*"*. Other
research showed that dysregulation of interleukin 1 (IL-1)
signaling caused sterile osteomyelitis in PSTPIP2-deficient
mice'™"*. However, genetic screening found no specific vari-
ants in PSTPIP1, PSTPIP2,NOD?2,or LPIN2 in patients with
SAPHO syndrome’. We used array CGH and TagMan qPCR
to determine the role of genetic factors in the development
of SAPHO. For the first time, we demonstrated that copy
number loss of CSF2RA and NOD?2, and copy number gain
of MEGF6 and ADAMS, contribute to SAPHO syndrome.
CSF2RA is located on Xp22.33 and Ypll.2, and is
inherited in an autosomal recessive manner'. The CSF2RA
protein functions as the alpha subunit of the heterodimeric
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Table 2. Candidate genes and primers used in this study.

Reverse Primer

Probe

Forward Primer

Gene

CTC ACAGCATCATTG GAAGTCAC

5'-FAM-TGA CAA CAT TACCATGTAAAGTGCAAAACC-3'BHQ
5'-FAM-AAT CCA CTT TCT TGT TAT GGT CTC GAT CC-3'BHQ

TGC AGG GTC CTT TGA AAT CC
TTC GTT AGC CAG ATG TAT TGT CC
CTA ATG GTG GGG TTT CTT CTG G

170684
705321

AAGAB
HRNR

TGATTT TAT TAC GAG CCT GAA CC

GGG ATG TCC TTC TGATCAGCT C
CTG CAT TCT TCT GGG AGG AGT AG
GGT TAATGC CCT TGT AGA GTT CC

5'-FAM-CTC GGG TGT TAC ATG AGC CAA GCC-3'BHQ
5'-FAM-AAG AAA CAG GAC ATG AAG AGG CAG GC-3'BHQ

2060483

IGSF9

CAA CGC AAAACT GGACAGATTC
TGA AAT CTG GCATAC AAG TGAGTAG

1782873

PSTPIP2
LPIN2
IL3RA

5'-FAM-CCT TCA CAG TGA CAA TCA CCT GCC C-3'BHQ
5’-FAM-CGA CTC TCC AGC GGT TCT CAA AGT TC-3'BHQ

149540
2139684
911684
197978

CTA AAG CCG TGG TAT CAC AGAAC

GCT CAG GGA ACA CGT ATC GG
AAG GGG TGT GTA AAG GAC AGG
TCT GTG GAA TGG TGG GAACTA G

CAC CAG CCT CTAGTC TCAATG TG
AAG GAA AGT AGG GGG AAG ATA AG

5'-FAM-CTG GGT TCC ACG ACT CTG TTC TTC TTG T-3'BHQ

CSF2RA
IRAK3
NCR2

5'-FAM-ACA TGG TGG TCT TCG GCT TTG GTT-3'BHQ
5'-FAM-CAG GCA CAA TCC AAG GCT CAG GTA CT-3'BHQ
5'-FAM-AAC GTT CAT TTA GTG GCA GCA GTG GA-3'BHQ
5'-FAM-ATT TGG GAA GAC ATG TTG GTT GGA TAT AC-3'BHQ

GAA GCC TCC TTA CAC CAG CC

GGC CTT GAC CTATGC GTT AC
GTT CAG AGG TGG TGC TAG AAATG

161264
150941
2061083

TTT CGT CTT CGT GCT GAT GAG
TGT CCC TAA CCT GCA ATC AAT G

Rnase P
NOD2

CCC TTT GAG CTC TGA CAT TCT G

GAC CAC AAC ACA GAT CTC GGG
AGT CTC CTC CTT CTG AAC CAG C
CAG TCC CAA AAT CTC AAAAGT AGG

5'-FAM-AAA GAG ACT GCC CAA AGC CAC TCA AT-3'BHQ
5'-FAM-CCA GCA AAT AAC TAA GAC AGT GAG GGG T-3'BHQ

TCC TGG GCT GTC TAC TAAATG G
TGT CCT TCC TAA ATATCA GTC TTC AC

148556
2062656

PSTPIP1
MEGF6
ADAMS

5'-FAM-TCC TGC CCT TGA ACA TCG AAC TCC-3'BHQ

GCA GGC AGAAGAACATTG AAAG

198273

receptor for colony-stimulating factor 2, a cytokine that
controls the production, differentiation, and function of
granulocytes and macrophages'®!’. We demonstrated that
the CSF2RA copy number was significantly decreased
in patients with SAPHO syndrome, which would likely
decrease its interaction with granulocyte-macrophage
colony-stimulating factor (GM-CSF) and its receptor,
resulting in an accumulation of GM-CSF in the periph-
eral blood of patients. Previous research showed GM-CSF
played a pivotal role in regulating inflammatory networks,
and aberrant expression of GM-CSF was found in some
autoimmune diseases, including rheumatoid arthritis'®!* and
synovitis?*?!22_In synovitis, abundant GM-CSF can promote
joint inflammation by secreting large amounts of tumor
necrosis factor-o. (TNF-a) and IL-6%. Indeed, elevated IL-6
and TNF concentrations have been observed in the serum of
patients with SAPHO syndrome?*, while the use of anti-TNF
agents has proven a valid alternative for patients unrespon-
sive to conventional treatments, including nonsteroidal
antiinflammatory drugs, corticosteroids, disease-modifying
antirheumatic drugs, and bisphosphonates®. GM-CSF also
enhances IL-1p production by macrophages by regulating
lipopolysaccharide (LPS)-mediated pro—IL-1f expression.
Excessive IL-1f3 can lead to osteitis, a major feature of
SAPHO syndrome, and enhance mesenchymal cell differen-
tiation in osteoblasts?’. SAPHO syndrome has been shown
to partly depend on genetically encoded overproduction of
IL-1p%. Additionally, excessive IL-1f triggers an innate
immune response in the skin®, including in vivo inflamma-
tory responses to Propionibacterium acnes, another major
phenotype of SAPHO syndrome, which is in accord with the
acne phenotype of SAPHO syndrome. We therefore specu-
late that the excess GM-CSF induced by decreased CSF2RA
is a major cause of SAPHO syndrome development.

NOD? is located in chromosome 16, a region highly
associated with some systemic autoinflammatory diseases.
NOD?2 was the first susceptibility gene identified in inflam-
matory bowel disease®. Previous results described genetic
variants of NOD2 in a series of systemic autoinflamma-
tory diseases, including Crohn disease, Blau syndrome,
and Yao syndrome®. NOD2 is also associated with skin
diseases®, and it plays a pivotal role in the immune response
to intracellular bacterial LPS by recognizing the muramyl
dipeptide and activating the NFKB protein’!; and delayed
and ineffective recognition of a localized bacterial infec-
tion in the absence of NOD2 protein can lead to increased
bacterial load and a delayed, more severe local inflamma-
tory response®2. Given its important role in autoinflamma-
tory diseases, much effort has been made to determine its
relationship with SAPHO syndrome. However, no genetic
variants were found: we observed that NOD2 copy number
losses instead of genetic variants were involved in patients
with SAPHO syndrome, and this represents significant prog-
ress in SAPHO research.
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Table 3. General information on candidate genes in the nuclear family in this study.

Chr Cytoband Probes Amp Gain Loss Del p Genes

1 q31.3 3 0 0.79 0 0 2.21E-10 CFHR3,CFHRI

2 ql3 10 0 0 -0.46 0 2.56E-13 MALL,NPHP1, NCRNA00O116
8 pl1.22 12 0 0.97 0 0 7.86E-51 ADAMS5P, ADAM3A

9 p22.3 17 0 0 -0.53 0 5.35E-25 TTC39B

11 qll 4 6.54 0 0 0 4.61E-10 OR4S2, OR4C6

19 pl2 5 0 0.74 0 0 4.53E-12

22 ql1.23—q12.1 20 0 0.83 0 0 7 48E-64 IGLL3P,LRP5L, CRYBB2P1
22 ql3.1 3 0 0.89 0 0 3.07E-12 APOBEC3A,APOBEC3B
X p22.33 17 0 0 -043 0 3.78E-18 CSF2RA, MIR3690, IL3RA

Chr: chromosome; Amp: amplification; Del: deletion.

Table 4A. Copy number variation ratio of candidate genes in patients with SAPHO syndrome and healthy controls.

PSTPIPI IRAK3 AAGAB ADAMS5 CSF2RA IL3RA
Controls, n = 204 0.71 £ 0.19 1.01 £0.19 0.62+0.12 1.96 +0.67 1.05+041 0.65+0.17
Cases,n = 156 0.66 +0.30 0.98 £0.40 0.52+0.12 335+3.50 0.62+0.17 0.58 £0.32
p 0.575 0.659 0.382 0.000 0.000 0.508
ACW 0.62+0.11 1.01 +£0.58 0.50 £0.10 4.60 £5.03* 0.59 £0.12%* 0.65+0.49
ACW + peripheral skeleton 0.64 +£0.10 0.93£0.19 0.52+0.10 328 +3.54* 0.60 £ 0.14** 0.55+0.21
ACW + spine 0.64+0.12 095+0.12 0.51+0.13 4.02 £3.05%* 0.65 £0.16%* 0.52+0.14
ACW + spine + peripheral skeleton 0.64 +0.11 0.94 £0.19 0.52+0.07 2.62+2.60 0.67 £0.13** 0.61 £0.19
PPP 0.64 £0.10 098 £0.35 0.51£0.09 3.04 +2.81%* 0.63 £0.14%* 0.58+0.23
Psoriasis vulgaris 0.67 +0.13 0.92+0.28 0.54+0.13 439 +546 0.64+0.18 0.65 047
Severe acne 0.58+0.13 0.86 £0.22 047+0.08 4.69 £4.55*% 0.57 £0.11%* 0.54+£0.29
None 0.59+0.08 097 £0.08 0.60 £0.15 3.08+299 0.67 =0.06 0.51+£0.07

*p <0.05. #*p < 0.01. SAPHO: synovitis, acne, pustulosis, hyperostosis, osteitis; ACW: anterior chest wall; PPP: palmoplantar pustulosis.

Table 4B. Copy number variation ratio of candidate genes in patients with SAPHO syndrome and healthy controls.

LPIN2 NOD2 PSTPIP2 IGSF9 MEGF6 HRVR
Controls, n = 204 1.02+0.29 1.18 £ 1.36 0.86+0.26 0.64+0.19 0.37+0.19 0.64+0.17
Cases,n = 156 107052 0.55+0.22 0.79 £0.37 0.78 £0.64 0.52+0.25 0.59 £0.40
p 0.613 0.005 0461 0.146 0.002 0418
ACW 0.99 £0.22 0.57+0.21 0.78 +£0.35 0.90 £0.27 0.56 £0.21* 0.70 £0.50
ACW + peripheral skeleton 1.02+0.17 053 £0.11%* 0.73+0.13 0.60 = 0.09 047 +£0.21 047 +£0.14
ACW + spine 1.05+0.18 0.54£0.12 0.75+0.15 0.72 +0.07 0.58 £0.27%* 0.56 +0.10
ACW + spine + peripheral skeleton 1.04£0.22 0.56 +0.11%* 0.79£0.11 0.58 £0.31 0.63 +0.29%* 0.52+0.27
PPP 101 +£0.16 0.54 £0.14%* 0.76 £0.14 0.63+0.21 0.53 £0.26* 0.52+0.21
Psoriasis vulgaris 1.08 +0.30 0.59+0.16 0.76 £0.17 0.75+0.17 0.60 + 0.20* 0.57 £0.04
Severe acne 1.03+£0.20 0.57+0.10 0.74 £0.40 0.76 +0.30 0.50£0.19 0.64 047
None 1.02+0.13 0.50 £0.06 0.77 £0.14 0.70 £0.16 095+0.23 0.51+0.17

*p <0.05. **p < 0.01. SAPHO: synovitis, acne, pustulosis, hyperostosis, osteitis; ACW: anterior chest wall; PPP: palmoplantar pustulosis.

We also showed that the copy numbers of MEGF6 and for diagnosis and treatment. However, further studies are
ADAMS5 were higher in patients with SAPHO syndrome required to elucidate the pathogenesis of SAPHO syndrome.
than in healthy controls. Although we inferred that these
differences may increase the risk of acne and pustulosis, ACKNOWLEDGMENT
little is known about MEGF6 and ADAMS proteins, so We thank all participants for their contributions to the research. We thank
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