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Abstract: Adult-onset Still’s disease (AOSD) is a rare autoinflammatory disease, which has elevated
autophagosome levels regulated by autophagy-related gene (ATG) expression. We investigated the
associations of ATG polymorphisms with AOSD susceptibility, clinical manifestations, and disease
course. The six-candidate single-nucleotide polymorphisms (SNPs) involved in autophagy were
genotyped using direct sequencing on samples from 129 AOSD patients and 129 healthy participants.
The differentially expressed gene products were quantified using PCR and ELISA. Significant linkage
disequilibrium was noted in three SNPs of autophagy-related 16-like 1 (ATG16L1) gene (rs10210302,
rs2241880, and rs1045100). Although the AA/CC/TT haplotype of ATG16L1 was not associated
with the susceptibility of our AOSD patients compared with other haplotypes, those carrying this
haplotype had lower mRNA expression levels of LC3-I, reflecting by autophagosome formation
(p = 0.026). Patients carrying AA/CC/TT haplotype also have a significantly higher proportion of
skin rash and a lower proportion of arthritis compared with other haplotypes. The AA/CC/TT
haplotype was significantly associated with systemic pattern (odds ratio, 3.25; 95% confidence
interval, 1.15-9.14; p = 0.026). In summary, the AA/CC/TT haplotype encoded lower levels of
autophagosome formation and was associated with a higher proportion of skin rash and systemic
pattern of AOSD compared with other haplotypes.
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1. Introduction

Adult-onset Still’s disease (AOSD) is characterized by spiking fever, skin rash, arthri-
tis, lymphadenopathy, hepatosplenomegaly, variable multisystemic involvement, and
increased acute phase reactants [1,2]. It has recently been considered to be an autoinflam-
matory disease due to its characteristic phenotypes without detectable autoantibodies [3,4].
Although its pathogenesis remains elusive, AOSD is characterized by increased levels of
proinflammatory cytokines, such as interleukin (IL)-1p and IL-18 [5-7]. We recently re-
vealed that elevated levels of autophagosome formation and autophagy-related gene (ATG)
expression both positively correlated with disease activity, suggesting the involvement of
autophagy in AOSD pathogenesis [8].

Autophagy is a genetically programmed process that requires ATG proteins. Among
them, Beclin-1 is essential for autophagy initiation [9,10]. Moreover, the genetic variants
within or near ATG5, which are required for autophagosome formation, may participate
in the pathogenesis of systemic lupus erythematosus at multiple levels [11,12]. ATG7
mediates the elongation of the isolation membrane, which culminates in the conversion of
microtubule-associated protein one light chain three (LC3-I) to its phosphatidylethanolamine-
conjugated form (LC3-II), a process indicating active autophagy [13,14]. Autophagy-
related 16-like 1 (ATG16L1) is required to extend phagophores through the ATG5-ATG12-
ATG16L1 complex during autophagosome formation [15]. The polymorphisms in human
ATG16L1 have been associated with an increased risk of Crohn’s disease [16,17], a well-
known autoinflammatory disorder. The LC3-binding adaptor protein p62 (known as
SQSTM1/sequestosome-1) binds ubiquitinated substrates, serving as a molecular bridge
for their delivery to the autophagosomes, and then promotes their degradation through a
proteasomal pathway [3,18].

To test whether the genetic polymorphisms of autophagy signaling confer a predispo-
sition to AOSD, we compared the variations of ATGs between patients with AOSD and
healthy participants. We also examined the levels of ATG mRNA expression and serum
cytokines and evaluated their correlations with genetic variants in patients with AOSD. In
addition, we investigated the association of ATG genotypes with clinical manifestations
and disease courses in AOSD patients.

2. Materials and Methods
2.1. Participants

This prospective case-control study enrolled 129 consecutive patients with AOSD
fulfilling the Yamaguchi criteria [19]. Patients with infections, malignancies, or other
rheumatic diseases were excluded. The disease activity of each patient with AOSD was
assessed using the modified Pouchot score described by Rau et al. [20]. All patients
with AOSD received treatment, including corticosteroids, nonsteroidal anti-inflammatory
drugs, methotrexate, hydroxychloroquine, sulfasalazine, cyclosporine, and azathioprine.
According to the proposed classification of AOSD disease course [21,22], AOSD patients,
followed up for at least 1 year, were classified into two patterns: the systemic pattern,
including monocyclic and polycyclic forms, or the chronic articular pattern (persistent
arthritis involving at least one joint and lasting longer than 6 months). We enrolled 129
ethnically and geographically matched healthy participants as controls; none of them
reported any autoimmune diseases. This study was approved by the Institutional Review
Board of Taichung Veterans General Hospital (approval number: CF11309) and followed the
principles of the Declaration of Helsinki; each participant’s written consent was obtained.

2.2. Single-Nucleotide Polymorphism Selection and Genotyping Using Direct Sequencing

We used a single-nucleotide polymorphism (SNP) tagging approach to select genetic
variants to investigate the genetic variability in six major mammalian autophagic genes:
Beclin-1, ATG5, ATG7, MAP1LC3B (LC3-II), SQSTM1, and ATG16L1. To select the most rep-
resentative SNPs by capturing the majority of genetic variations, SNP genotype information
was downloaded from the HapMap database (http:/ /www.hapmap.ncbinlm.nih.gov/,
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accessed on 11 June 2014) and the National Center for Biotechnology Information dbSNP
database (http://www.ncbi.nlm.nih.gov/snp, accessed on 11 June 2014). Tag SNPs were
selected for Beclin-1, ATG5, ATG7, SQSTM1, and ATG16L1 using the criterion of minor allele
frequency >10%. We identified 12 tag SNPs from six core autophagy pathway genes based
on the relevant literature [23-30] (Supplementary Table S1). Genomic DNA samples were
extracted from the peripheral blood of the enrolled patients using Genomic DNA Extraction
Kits (RBC Bioscience, New Taipei City, Taiwan). For quality control, we randomly selected
10 samples for duplicates, and the concordance rate was >0.95 for all SNPs assayed. Any
SNP that was triallelic (n = 1), had little difference in the allele frequency between AOSD
and controls (1 = 2), or demonstrated a Hardy-Weinberg equilibrium p-value of <0.01 in the
control participants (n = 3) was removed. Thus, six SNPs (one of BECN1, one of ATG)5, one
of SQSTM1, and three of ATG16L1) were included in the direct sequencing (Table 1) and
further statistical analyses. TaqMan SNP analyzer (Applied Biosystems, Foster City, CA,
USA) was used in direct sequencing: rs10512488 of the BECN1 gene region (TagMan assay:
C_27102741_10), rs573775 of the ATG5 gene region (C_910347_20), rs565280 of the SQSTM1
gene region (C_645001_20); rs2241880, rs10210302, and rs1045100 of the ATG16L1 gene
region (C_9095577_20, C_30179764_10, and C_8741775_20, respectively). The polymerase
chain reaction (PCR) assay was performed as following steps: 10 min at 95 °C, followed by
40 cycles of 15 s at 95 °C, and 1 min at 60 °C; the PCR buffer used was FastStart Universal
Probe Master (ROX) (Roche Life Science, Indianapolis, IN, USA).

Table 1. Single-nucleotide polymorphisms of six-candidate genes potentially involved in the autophagy signaling pathway.

TagMan no.

Gene SNP ID Chromosome: Location MAF HWE
e (p-Value)
Position
. C_27102741_10 . .
Beclin-1 rs10512488 17-42811886 intron variant A(G>A) 001 0.751
C_910347_20 . .
ATGS rsb73775 6106316991 intron variant A(G>A)033 0.586
C_645001_20 . .
SQSTM1 rs565280 5:179826926 intron variant A(G>A),0.02 0.917
rs2241880 sz ggzggz%;o transcript variant G(A>G) 034 0.064
ATCIOL rs10210302 C—.30179764—10 transcript variant T(C>T),0.34 0.141
s 2:233250193 anscript vana e '
rs1045100 C_8741775.20 transcript variant C(T>0C),0.33 0.201

2:233294951

ATG: autophagy-related gene; ATG16L1: autophagy-related 16-like 1, MAF: minor allele frequency; HWE: Hardy-Weinberg equilibrium.

2.3. Determination of the mRNA Levels of ATGs Using Quantitative PCR

Peripheral blood mononuclear cells (PBMCs) were immediately isolated from the
patients” blood samples by using the Ficoll-Paque PLUS (GE Healthcare Biosciences, Upp-
sala, Sweden) for density gradient centrifugation. Total RNA was obtained from PBMCs
by using the guanidinium isothiocyanate method [31]. Next, 2.5 pug of RNA aliquot was
reverse-transcribed using 200 U of Moloney murine leukemia virus reverse transcriptase
(Fermentas, Thermo Fisher Scientific, Pittsburgh, PA, USA). By using direct sequencing, we
demonstrated a significant difference in the frequencies of ATG16L1 genotypes between
patients with AOSD and healthy controls. In addition, a close link was noted between
ATG16L1 and autophagosome formation, evidenced by LC3-II expression. Therefore, the
mRNA expression levels of ATG genes, including MAP1LC3B (LC3-II) and ATG16L1, were
determined using Roche FastStart Universal SYBR Green Master Mix (Roche Life Science,
Indianapolis, IN, USA). The primer sequences were as follows: for LC3-II (MAP1LC3B),
5'-AAGGCGCTTACAGCTCAATG-3' (forward), and 5-CTGGGAGGCATAGACCATGT-3'
(reverse); for ATG16L1, 5 -ACTGCCTTGGAGGGAAAACT-3' (forward) and 5'-GCTGCTTC
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TGCAAGCT CTTT-3 (reverse); and for GAPDH, 5'-GAAGGTGAAGGTCGGAGTC-3' (for-
ward) and 5'-GAAGATGGTGATGGGATTTC-3' (reverse). To standardize the mRNA
expression levels of the ATGs, the mRNA levels of the housekeeping gene GAPDH were
also determined in parallel for each sample. The mRNA expression levels of the ATGs were
calculated using the comparative threshold cycle (Ct) method and evaluated using 2~ 24,
where AACt = patient (Ctargs — Ctgappn) — mean of controls (Ctatgs — Ctgapph)-

2.4. Determination of Serum Levels of Proinflammatory Cytokines Using Enzyme-Linked
Immunoabsorbent Assay

Serum IL-1§3 levels were determined using enzyme-linked immunoabsorbent assay
(ELISA; RayBiotech, Norcross, GA, USA), and TNF-«, IL-6, and IL-18 levels were also
determined using ELISA (Medical & Biological Laboratories, Nagoya, Japan) according to
the manufacturer’s instructions.

2.5. Statistical Analysis

Demographic results are presented as the mean + standard deviation or median
(interquartile range [IQR]). For the genotyping of the six candidate genes, we compared
the allele or genotype frequencies between AOSD cases and healthy controls; the SNP
associations were examined using Fisher’s exact test and rank-ordered according to the
lowest p-value; p < 0.05 was considered statistically significant. The odds ratios (ORs) were
calculated as described in a previous study [32].

We performed Kolmogorov-Smirnov test and Shapiro-Wilk test for normality test.
The p-value of mRNA expression levels of LC3-II (MAP1LC3B), ATG16L1, and cytokine
levels between AOSD patients and health controls were less than 0.05. Therefore, the Mann—
Whitney U test was used for between-group comparisons. The association of significant
haplotypes or clinical manifestations in patients with AOSD with different disease outcome
patterns was examined using multivariant regression.

3. Results
3.1. Clinical Characteristics of Patients with AOSD

Among 129 patients with AOSD (mean age at study entry, 37.5 & 14.6 years; 94 women
and 35 men) enrolled in the genotyping, the presence of spiking fever (>39 °C), evanescent
rash, sore throat, arthralgia or arthritis, lymphadenopathy, and liver dysfunction were
observed in 125 (96.9%), 108 (83.7%), 101 (78.3%), 76 (58.9%), 55 (42.6%), and 47 (36.4%),
respectively. However, no significant age or gender differences were observed between
patients with AOSD and healthy controls (34.7 &= 10.4 years; 99 women and 30 men).
Demographic data were summarized in Supplementary Table S2.

3.2. Genotypes, Allele Frequencies, and Haplotypes: Comparing Patients with AOSD and
Healthy Controls

The statistical significance of genotype frequencies when comparing patients with
AOSD and controls is summarized in Table 2. All six SNPs in AOSD cases and controls
had Hardy-Weinberg equilibrium p values of >0.05. A significantly lower frequency of the
rs2241880/GG genotype was detected in patients with AOSD than in healthy controls (5.4%
vs. 17.1%, p = 0.005). However, no significant between-group differences were observed
in the distribution of the allelic frequencies of the rs2241880, rs10210302, or rs1045100
variants of ATG16L1. These three SNPs were within a block as presented in Figure 1,
1s2241880-rs10210302 (D’ = 1, R? = 1.00), rs2241880-rs1045100 (D’ = 1, R? = 0.97), and
rs10210302-rs1045100 (D’ = 1, R? = 0.97). Given the significant linkage disequilibrium (LD)
of three SNPs of ATG16L1, we further examined the association of ATG16L1 haplotypes with
the susceptibility to AOSD (Table 2). Taking the AA/CC/TT haplotype as the reference,
we observed an increased OR (95% confidence interval) of the AG/CT/CT haplotype in
patients with AOSD compared with the healthy controls (OR 1.74, CI (1.02-2.95), p = 0.04).
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Table 2. Direct sequencing demonstrated that the frequencies of ATG16L1 polymorphisms and haplotypes were associated
with susceptibility to AOSD.

AOSD (n=129) HC (n=129) p value OR (95% CI) OR (95% CI) 2
ATG16Lrs2241880 0.001 **
GG 7 (5.4%) 22 (17.1%) Reference Reference
AG 74 (57.4%) 50 (38.8%) 4.65 illé;i; 4.72 (1.87-11.90)
AA 48 (37.2%) 57 (44.2%) 2.65 (1.04-6.73) 2.61 (1.02-6.64)
ATG16Lrs10210302 0.001 **
TT 6 (4.7%) 21 (16.3%) Reference Reference
CT 75 (58.1%) 52 (40.3%) 5.05 %?7; 5.14 (1.94-13.65)
CC 48 (37.2%) 56 (43.4%) 3.00 (1.12-8.04) 2.98 (1.11-7.99)
ATG16Lrs1045100 0.003 **
o 58
TT 49 (38.0%) (45.0%) Reference Reference
CT 74 (57.4%) 52 (40.3%) 1.68 (1.00-2.83) 1.74 (1.03-2.93)
CcC 6 (4.7%) 19 (14.7%) 0.37 (0.14-1.01) 0.37 (0.14-1.01)
AOSD (n =127) HC (n =124) p-value Logistic regression
n (%) n (%) OR (95% CI) p value
ATG16L1 haplotypes 0.002
GG/TT/CC haplotype 6 (4.7%) 19 (15.3%) 0.37[0.14-0.997] 0.049 *
AG/CT/CT haplotype 73 (57.5%) 49 (39.5%) 1.74 [1.02-2.95] 0.040 *
AA/CC/TT haplotype 48 (37.8%) 56 (45.2%) Reference

AQOSD: adult-onset Still’s disease; HC: healthy controls; OR: odds ratio; CI: confidence interval; * Adjusted for sex. * p < 0.05, ** p < 0.01.

Elock 1 (44 Kk
4 ]

Figure 1. The linkage disequilibrium (LD) plot of the 3 SNPs of the ATG16L1 gene using Haploview
with confidence bounds color scheme. All SNPs were in strong LD.

3.3. Association of ATG16L1 Polymorphisms with ATG mRNA Expression Levels and Serum
Cytokine Levels in Patients with AOSD

Because the autophagic process is regulated by ATGs, we examined the functional as-
sociation of ATG16L1 haplotypes by determining ATG mRNA expression levels and serum
cytokine levels in 83 patients with AOSD and 88 controls from whom examined samples
were available. According to a previous study, the G allele of ATG16L1 rs2241880 was signif-
icant in susceptibility to other autoinflammatory diseases, such as Crohn’s disease [33,34].
Therefore, we divided patients with AOSD into two groups by the presence of the G allele
of ATG16L1 rs2241880: GG/TT/CC plus AG/CT/CT and AA/CC/TT based on the haplo-
types of rs2241880G/ A, rs10210302T /C, and rs1045100C/T. As shown in Table 3, significant
differences in LC3-II mRNA expression were noted between the groups in AOSD patients
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(median 1.1, IQR 1.1-4.3 vs. median 0.5, IQR 0.5-1.2, p = 0.026). Though no significant dif-
ference was observed, ATG16L1 mRNA expression levels were higher in the GG/TT/CC
plus AG/CT/CT group (median 2.0, IQR 2.0-8.1) than in the AA/CC/TT group (me-
dian 1.2, IQR 1.2-2.6, p = 0.088). As presented in Figure 2, significantly higher serum
levels of IL-13, TNF-«, IL-6, and IL-18 were observed in patients with AOSD (median,
1.65 pg/mL, IQR 0.79-4.09 pg/mL; 183.93 pg/mL, IQR 78.06-573.84 pg/mL; 495.08 pg/mL,
IOR 222.43-1138.03 pg/mL; and 1082.82 pg/mL, IQR 347.22-7173.25 pg /mL, respectively)
compared with healthy controls (0.87 pg/mL, IQR 0.00-1.45 pg/mL; 43.22 pg/mL, IQR
9.70-88.99 pg/mL; 178.07 pg/mL, IQR 97.83-333.09 pg/mL; and 138.12 pg/mL, IQR
95.28-179.79 pg/mL, respectively; all p < 0.001).

Table 3. A comparison of serum levels of LC3B mRNA, ATG16L mRNA, and inflammatory cytokines between different

haplotypes in AOSD patients.

AOSD
AGCTCT + GGTTCC AACCIT
p-Value
n Median IQOR n Median IOR

LC3B mRNA 45 1.1 (1.1-4.3) 26 0.5 (0.5-1.2) 0.026 *
ATG16L mRNA 45 2.0 (2.0-8.1) 26 1.2 (1.2-2.6) 0.088
Serum levels of IL-1 (pg/mL) 44 1.7 (1.7-4) 26 14 (14-5.4) 0.947
Serum levels of IL-6 (pg/mL) 44 3544 (354.4-1155.1) 28 589.2 (589.2-1138) 0.208
Serum levels of IL-17A (pg/mL) 31 180.1 (180.1-559.5) 18 252.5 (252.5-637) 0.272
Serum levels of IL-18 (pg/mL) 52 945.0 (945-6632.9) 31 1778.9 (1778.9-7418) 0.519
Serum levels of TNF-a (pg/mL) 44 143.3 (143.3-573.8) 28 219.0 (219-581.3) 0.529

AOSD: adult-onset Still’s disease; IQR: interquartile range; * p < 0.05.

Serum TNF-«, IL-6, and IL-18 levels were nonsignificantly higher in patients with
AOSD carrying the AA/CC/TT haplotype (median, 219.0 pg/mL, IQR 219-581.3 pg/mL;
589.2 pg/mL, IQR 589.2-1138 pg/mL; and 778.9 pg/mL, IQR 1778.9-7418 pg/mL, re-
spectively) compared with those carrying the GG/TT/CC or AG/CT/CT haplotype (me-
dian, 143.3 pg/mL, IQR 143.3-573.8 pg/mL; 354.4 pg/mL, IQR 354.4-1155.1 pg/mL; and
945.0 pg/mL, IQR 945-6632.9 pg/mL, respectively).

3.4. Association of Disease Outcomes with ATG16L1 Polymorphisms and Clinical Manifestations
in Patients with AOSD

We observed that patients with AOSD carrying the AA/CC/TT haplotype had a
significantly higher proportion of skin rashes and a lower proportion of arthritis compared
with those with the GG/TT/CC and AG/CT/CT haplotype (95.8% vs. 75.9% and 37.5% vs.
70.9%, p < 0.05).

Among patients with AOSD, 98 (76%) exhibited the systemic pattern, and 31 (24%)
had the chronic articular pattern of disease outcome. After excluding two patients who did
not match the LD, we included 127 patients with AOSD in the analysis of the association of
ATG16L1 haplotypes with disease outcomes. Among 98 patients with the systemic pattern,
5 (5.1%) had the GG/TT/CC haplotype, 51 (52.0%) had the AG/CT/CT haplotype, and 42
(42.9%) had the AA/CC/TT haplotype.

Compared with patients with the chronic articular pattern, patients with AOSD with
the systemic pattern had significantly higher ferritin levels (median 1769 ug/mL, IQR 641.5-
7525 pg/mL vs. median 972 pug/mL, IQR 267-2425 ug/mL, p < 0.05), significantly higher
serum IL-18 levels (median 2023.5 pg/mL, IQR 389.7-8020.8 pg/mL vs. 567.6 pg/mL, IQR
242.8-1262.5 pg/mL), and significantly higher ATG16L1 expression levels (median 2.5, IQR
1.20-7.8 vs. median 0.7, IQR 0.2-1.5, p = 0.001). However, no significant differences were
observed in LC3-II expression levels or serum levels of IL-13, TNF-«, or IL-6 between the
two patient subgroups.
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Figure 2. (A-G) Serum levels of IL-13, IL-6, IL-17A, IL-18, and TNF-a and mRNA levels of LC3-II and ATGL16L1 in
patients with AOSD and healthy controls with different haplotypes.
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Asillustrated in Table 4, multivariate regression analysis indicated that the AA/CC/TT
haplotype was a positive predictor of the systemic pattern (OR 3.25, 95% CI 1.15-9.14,
p = 0.026). Elevated alanine transaminase and C-reactive protein levels were also associated
with increased risk of the systemic pattern (OR 1.03, 95% CI 1.00-1.05, p = 0.018). However,
the occurrence of skin rash, arthritis, sore throat, lymphadenopathy, hepatosplenomegaly,
leukocytosis, disease activity scores, and levels of ferritin, IL-1, IL-6, IL-17A, IL-18, TNF-«,
LC3-II mRNA, or ATG16L mRNA expression was not predictive of the systemic pattern.
We also performed logistic regression analysis for the chronic articular pattern. Neither
clinical manifestations nor biomarkers above showed significance in the prediction of a
chronic articular pattern.

Table 4. Logistic regression analysis for the systemic pattern of adult-onset Still’s disease.

Univariate Analysis Multivariate Analysis

OR (95% CI) p Value OR (95% CI) p Value
Age 0.99 (0.97-1.02) 0.603
Gender
Male
Female 1.00 (0.40-2.53) 0.997
ATGI16L1
AGCTCT + GGTTCC ref. ref.
AACCTT 2.87 (1.08-7.69) 0.035 * 3.25 (1.15-9.14) 0.026 *
Rash 1.07 (0.35-3.22) 0.907
Arthritis 0.00 (0.00- 0.997
Sore throat 1.87 (0.74-4.75) 0.188
Lymphadenopathy 2.32 (0.94-5.74) 0.068
hepatospenomegaly 2.25 (0.48-10.53) 0.303
Leukocytosis 1.24 (0.46-3.31) 0.667
Liver dysfunction 2.76 (1.03-7.38) 0.043 *
Disease activity score 1.08 (0.76-1.54) 0.662
ALT 1.03 (1.01-1.05) 0.013 * 1.03 (1.00-1.05) 0.018 *
WBC 1.00 (1.00-1.00) 0.718
Hemoglobin 0.90 (0.70-1.16) 0.427
Platelet 1.00 (1.00-1.00) 0.342
ESR 1.00 (0.99-1.01) 0.747
CRP 1.07 (1.00-1.15) 0.046 * 1.06 (0.98-1.15) 0.119
Ferritin 1.00 (1.00-1.00) 0.070
Serum levels of IL-1 (pg/mL) 1.00 (0.97-1.04) 0.957
Serum levels of IL-6 (pg/mL) 1.00 (1.00-1.00) 0.876
Serum levels of IL-17A (pg/mL) 1.00 (1.00-1.00) 0.050
Serum levels of IL-18 (pg/mL) 1.0003 (1.00-1.001) 0.040 *
Serum levels of TNF-a (pg/mL) 1.00 (1.00-1.00) 0.307
LC3-Il mRNA 1.01 (0.98-1.05) 0.402
ATG16L1 mRNA 1.00 (1.00-1.00) 0.760

ATGI16L1: Autophagy-related 16-like 1; ALT: alanine transaminase; WBC: White blood cell; ESR: Erythrocyte Sedimentation Rate: CRP:
C-reactive protein. Logistic regression; * p < 0.05.

We further analyzed the correlation between mRNA expression levels or serum cy-
tokine levels and ATG16L1 haplotypes in patients with ASOD. As illustrated in Figure 3,
significantly higher levels of ATG16L1 and LC3-II expression were observed in the AGCTCT
plus GGTTCC haplotypes (median 3.7, IQR 3.7-13.4 and 1.4, IQR 1.4-6.4, respectively)
compared with that in the AACCTT haplotype (median 1.8, IQR 1.8-3.1 and 0.5, IQR
0.5-1.4, respectively) in the systemic pattern subgroup. However, no significant differences
in serum cytokine levels were observed between the haplotype subgroups in patients with
the systemic pattern of AOSD. Moreover, no significant differences in serum cytokine
levels, ATG16L1 expression levels, or LC3-1I expression levels were observed between
haplotypes in patients with the chronic articular pattern of AOSD.
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Figure 3. (A-G) Serum levels of IL-13, TNF-«, IL-6, IL-17A, and IL-18, and mRNA levels of LC3-II and ATGL16L1 in

patients with AOSD carrying different haplotypes.
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4. Discussion

The present study is the first to investigate the associations of ATG polymorphisms
with disease susceptibility, clinical manifestations, and disease outcomes in patients with
AOSD, which is a rare autoinflammatory disease [35,36]. We identified a valuable ge-
netic variant, the AA/CC/TT haplotype of the ATG16L1 gene composed of three SNPs
(rs2241880, rs10210302, and rs1045100), as a genetic factor that is significantly associated
with the systemic pattern of AOSD by using direct sequencing. Regarding its functional
association, lower mRNA expression levels of LC3-1I and ATG16L1 were noted in patients
with AOSD carrying the AA/CC/TT haplotype than in those with the AGCTCT plus
GGTTCC haplotype. Given that ATG16L1 deficiency induces IL-1f3 and IL-18 produc-
tion [37], patients with AOSD carrying the AA/CC/TT haplotype may have impaired
autophagy and consequently high-grade systemic inflammation, as demonstrated by our
recent study [8]. However, our results should be validated in large cohorts of patients with
AOSD of different ethnicities. The ATG16L1 gene on 2q37.1 encodes a short coiled-coil
protein that interacts with ATG5 and ATG12 to form a 350-kDa multimeric complex that
plays a crucial role in autophagosome formation [15]. Consistent with this finding, our pre-
vious study revealed increased levels of the autophagosome, ATG, and LC3-II expression
in patients with AOSD compared with controls [8]. In the present study, the frequencies of
the GG/TT/CC or AG/CT/CT haplotype of ATG16L1 in patients with AOSD were sig-
nificantly different from those of controls, suggesting that ATG16L1 gene polymorphisms
are associated with AOSD susceptibility. Among patients with AOSD, those carrying the
AA/CC/TT haplotype had the lowest level of ATG16L1 and LC3-II mRNA expression. Our
results support the findings of a study demonstrating that ATG16L1-deficient macrophages
increased IL-13 and IL-18 levels [37]; additionally, Choe et al. revealed that macrophages
transfected with ATG16L1 siRNA under the stimulation of monosodium urate crystals
exhibited enhanced IL-1f3 expression [38]. These observations suggest that patients with
AQOSD carrying the AA/CC/TT haplotype may have impaired autophagy, leading to
high-grade systemic inflammation.

AOSD has diverse manifestations. Although Fc Rlla and Fc Illa polymorphisms
have been associated with elevated ferritin levels [39] and IL-18 polymorphism has been
associated with higher disease activity scores [40], no study had evaluated the association of
autophagy gene polymorphisms with clinical manifestations in patients with AOSD. In the
present study, patients with AOSD carrying the AA/CC/TT haplotype had a significantly
higher proportion of skin rash and a lower proportion of arthritis than those carrying the
other haplotypes. However, our results should be validated in a large cohort of patients
with AOSD.

The disease courses and prognosis of patients with AOSD vary considerably [22,23],
and none of the clinical or laboratory variables can predict disease course. Consistent
with a report indicating a difference in serum cytokines between patients with systemic
and chronic articular patterns [7], in our cohort, patients with the systemic pattern had
significantly higher serum ferritin and IL-18 levels than those with the chronic articular
pattern. Consistent with our findings that patients carrying the AA/CC/TT haplotype had
high-grade systemic inflammation, multivariate analysis indicated that the AA/CC/TT
haplotype was a positive predictor of the systemic pattern. Accordingly, we speculate that
ATGI16L1 haplotypes may help predict the AOSD disease course.

This study has some limitations. The sample size may be too small to definitively
conclude the associations of ATG16L1 haplotypes with disease course or clinical outcome.
However, a larger sample size may not be easily available because AOSD is a rare disease,
with an estimated prevalence of <1 per 100,000 people [35,36], placing it among orphan
diseases. Further, only six candidate genetic variants of six core autophagy pathway genes
were genotyped in this cohort. In addition, we did not enroll other ethnic groups or
evaluate the impact of environmental factors that may influence the manifestation of the
genetic phenotypes into disease phenotypes. Future studies should enroll larger cohorts
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of patients with AOSD of different ethnicities and conduct fine-mapping and functional
studies of other identified genetic variants.

5. Conclusions

The AA/CC/TT haplotype of the ATG16L1 gene may be linked to clinical manifes-
tations and the systemic pattern of the disease in patients with AOSD. Patients with the
AA/CC/TT haplotype had lower mRNA expression levels of LC3-1I and ATG16L1, sug-
gesting a relationship between ATG16L1 gene polymorphisms and the autophagy pathway
in AOSD.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ genes12060904 /51, Table S1: The examined single nucleotide polymorphisms (SNPs) of 12
candidate genes potentially involved in autophagy signaling pathway; Table S2: Demographics and
clinical manifestations of AOSD patients and health controls

Author Contributions: All authors made substantive intellectual contributions to the present study
and approved the final manuscript. W.-T.H. conceived and designed the study, analyzed data, and
drafted and revised the manuscript. S.-I.H. conceived the study, analyzed data, and drafted and
revised the manuscript. Y.-M.C., C.-W.H., H-H.C,, and K.-T.T. acquired clinical data and analyzed
data. T.-H.L. analyzed data and performed the statistical analysis. D.-Y.C. and T.-H.L. conceived the
study, generated the original hypothesis, designed the study, acquired clinical data, analyzed data,
and drafted and revised the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by a grant from China Medical University Hospital (DMR-110-
021), China Medical University (1095310A), and a grant (MOST 107-2314-B-039-053-MY3) from the
Ministry of Science and Technology, Taiwan.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the of Institutional Review Board of Taichung Veterans
General Hospital (approval number: CF11309).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: We thank Shiow-Jiuan Wey of the Chung Shan Medical University Hospital,
Taiwan, for manuscript editing and the Biostatistics Task Force of Taichung Veterans General Hospital.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bywaters, E.G.L. Still’s disease of the adults. Ann. Rheum. Dis. 1971, 30, 121-133. [CrossRef]

2. Kadavath, S.; Efthimiou, P. Adult-onset Still’s disease-pathogenesis, clinical manifestations, and new treatment options. Ann.
Med. 2015, 22, 1-9. [CrossRef]

3. Kastner, D.L.; Aksentijevich, I.; Goldbach-Mansky, R. Autoinflammatory disease reloaded: A clinical perspective. Cell 2010, 140,
784-790. [CrossRef]

4. Balow, J.E.; Ryan, J.G.; Chae, ].].; Booty, M.G.; Bulua, A.; Stone, D. Microarray-based gene expression profiling in patients with
cryopyrine-associated periodic syndromes defines a disease-related signature and IL-1-responsive transcripts. Ann. Rheum. Dis.
2013, 72, 1064-1070. [CrossRef]

5. Kawashima, M.; Yamamura, M.; Taniai, M.; Yamauchi, H.; Tanimoto, T.; Kurimoto, M.; Miyawaki, S.; Amano, T.; Takeuchi, T.;
Makino, H. Levels of interleukin-18 and its binding inhibitors in the blood circulation of patients with adult-onset Still’s disease.
Arthritis Rheum 2001, 44, 550-560. [CrossRef]

6.  Choi, J.H,; Suh, C.H,; Lee, YM.; Suh, YJ.; Lee, S.K.; Kim, S.S.; Nahm, D.H.; Park, H.S. Serum cytokine profiles in patients with
adult onset Still’s disease. ]. Rheumatol. 2003, 30, 2422-2427. [PubMed]

7. Chen, D.Y; Lan, ]J.L.; Lin, EJ.; Hsieh, T.Y. Proinflammatory cytokine profiles in the sera and in the pathological tissues of patients
with active untreated adult onset Still’s disease. |. Rheumatol. 2004, 31, 2189-2198. [PubMed]

8.  Hsieh, CW,; Chang, C.Y.; Chen, Y.M.; Chen, H.H.; Hung, W.T.; Gung, N.R.; Wey, S.].; Chen, D.Y. Impaired autophagic flux and its
related inflammation in adult-onset Still’s disease patients. Oncotarget 2017, 9, 110-121. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/genes12060904/s1
https://www.mdpi.com/article/10.3390/genes12060904/s1
http://doi.org/10.1136/ard.30.2.121
http://doi.org/10.3109/07853890.2014.971052
http://doi.org/10.1016/j.cell.2010.03.002
http://doi.org/10.1136/annrheumdis-2012-202082
http://doi.org/10.1002/1529-0131(200103)44:3&lt;550::AID-ANR103&gt;3.0.CO;2-5
http://www.ncbi.nlm.nih.gov/pubmed/14677188
http://www.ncbi.nlm.nih.gov/pubmed/15517632
http://doi.org/10.18632/oncotarget.23098
http://www.ncbi.nlm.nih.gov/pubmed/29416600

Genes 2021, 12, 904 12 of 13

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Sun, Q.; Fan, W.; Chen, K,; Ding, X.; Chen, S.; Zhong, Q. Identification of Barkor as a mammalian autophagy-specific factor for
Beclin 1 and class III phosphatidylinositol 3-kinase. Proc. Natl. Acad. Sci. USA 2008, 105, 19211-19216. [CrossRef] [PubMed]
Keller, C.W.; Fokken, C.; Turville, S.; Liinemann, A.; Schmidt, J.; Miinz, C.; Lunemann, J. TNF-« induces macroautophagy and
regulates MHC class II expression in human skeletal muscle cells. . Biol. Chem. 2011, 286, 3970-3980. [CrossRef]

Zhou, X.J.; Zhang, H. Autophagy in immunity: Implications in etiology of autoimmune/autoinflammatory diseases. Autophagy
2012, 8, 1286-1299. [CrossRef]

Koutouzov, S.; Mathian, A.; Dalloul, A. Type-I interferons and systemic lupus erythematosus. Autoimmun Rev. 2006, 5, 554-562.
[CrossRef]

Gros, E; Muller, S. Pharmacological regulators of autophagy and their link with modulators of lupus disease. Brit. ]. Pharmacol.
2014, 171, 4337-4359. [CrossRef] [PubMed]

Mizushima, N. Autophagy: Process and function. Genes Dev. 2007, 21, 2861-2873. [CrossRef]

Romanov, J.; Walczak, M.; Ibiricu, I.; Schuchner, S.; Ogris, E.; Kraft, C.; Martens, S. Mechanism and functions of membrane binding
by the Atg5-Atg12/Atgl6 complex during autophagosome formation. EMBO J. 2012, 31, 4304-4317. [CrossRef] [PubMed]
Hampe, J.; Franke, A.; Rosenstiel, P; Till, A.; Teuber, M.; Huse, K.; Albrecht, M.; Mayr, G.; De La Vega, EM.; Briggs, J.; et al. A
genome-wide association scan of nonsynonymous SNPs identifies a susceptibility variant for Crohn disease in ATG16L1. Nat.
Genet. 2007, 39, 207-211. [CrossRef] [PubMed]

Rioux, J.D.; Xavier, R.J.; Taylor, K.D,; Silverberg, M.S.; Goyette, P.; Huett, A.; Green, T.; Kuballa, P.; Barmada, M.M.; Datta, L.W.;
et al. Genome-wide association study identifies new susceptibility loci for Crohn disease and implicates autophagy in disease
pathogenesis. Nat. Genet. 2007, 39, 596-604. [CrossRef]

McDermott, M.E,; Aksentijevich, I.; Galon, J.; McDermott, E2M.; Ogunkolade, B.W.; Centola, M. Germline mutations in the
extracellular domains of the 55 kDa TNF receptor, TNFR1, define a family of dominantly inherited autoinflammatory syndromes.
Cell 1999, 97, 133-144. [CrossRef]

Yamaguchi, M.; Ohta, A.; Tsunematsu, T.; Kasukawa, R.; Mizushima, Y.; Kashiwagi, H.; Kashiwazaki, S.; Tanimoto, K.; Matsumoto,
Y.; Ota, T. Preliminary criteria for classification of adult Still’s disease. J. Rheumatol. 1992, 19, 424-430. [PubMed]

Rau, M,; Schiller, M.; Krienke, S.; Heyder, P; Lorenz, H.; Blank, N. Clinical manifestations but not cytokine profiles differentiate
adult-onset Still’s disease and sepsis. J. Rheumatol. 2010, 37, 2369-2376. [CrossRef]

Mavragani, C.P,; Spyridakis, E.G.; Koutsilieris, M. Adult-onset Still’s disease: From pathophysiology to targeted therapies. Int. |.
Inflamm. 2012, 2012, 879020. [CrossRef]

Gerfaud-Valentin, M.; Jamilloux, Y.; Iwaz, J.; Seve, P. Adult-onset Still’s disease. Autoimmun Rev. 2014, 13, 708-722. [CrossRef]
[PubMed]

Le Pham, D.; Kim, S.H.; Losol, P; Yang, E.M.; Shin, Y.S.; Ye, YM.; Park, H.S. Association of autophagy related gene polymorphisms
with neutrophilic airway inflammation in adult asthma. Korean J. Intern. Med. 2016, 31, 375-385. [CrossRef] [PubMed]

Chung, S.A,; Taylor, K.E.; Graham, R.R.; Nititham, J.; Lee, A.T.; Ortmann, W.A. Differential genetic associations for systemic
lupus erythematosus based on anti-dsDNA autoantibody production. PLoS Genet. 2011, 7, €1001323. [CrossRef]

Schuetz, ] M.; Daley, D.; Graham, J.; Berry, B.R.; Gallagher, R.P.; Connors, ].M.; Gascoyne, R.D.; Spinelli, ].J.; Brooks-Wilson, A.R.
Genetic variation in cell death genes and risk of non-Hodgkin lymphoma. PLoS ONE 2012, 7, €31560. [CrossRef] [PubMed]
Poon, A.H.; Chouiali, F; Tse, S.M.; Litonjua, A.A.; Hussain, S.N.; Baglole, C.J. Genetic and histologic evidence for autophagy in
asthma pathogenesis. J. Allergy Clin. Immunol. 2012, 129, 569-571. [CrossRef] [PubMed]

Chung, P.Y].; Beyens, G.; Guafiabens, N.; Boonen, S.; Papapoulos, S.; Karperien, M.; Eekhoff, M.; Van Wesenbeeck, L.; Jennes, K.;
Geusens, P; et al. Founder effect in different European countries for the recurrent P392L SQSTM1 mutation in Paget’s Disease of
Bone. Calcif. Tissue Int. 2008, 83, 34—42. [CrossRef] [PubMed]

Arnold, M.; Ellwanger, D.C.; Hartsperger, M.L.; Pfeufer, A.; Stiimpflen, V. Cis-acting polymorphisms affect complex traits through
modifications of microRNA regulation pathways. PLoS ONE 2012, 7, e36694. [CrossRef]

Lee, ].].; Essers, ].B.; Kugathasan, S.; Escher, ].C.; Lettre, G.; Butler, ].L.; Stephens, M.C.; Ramoni, M.E; Grand, R.J.; Hirschhorn, J.
Association of linear growth impairment in pediatric Crohn’s disease and a known height locus: A pilot study. Ann. Hum. Genet.
2010, 74, 497-498. [CrossRef]

Usategui-Martin, R.; Garcia-Aparicio, J.; Corral-Gudino, L.; Calero-Paniagua, I.; Del Pino-Montes, J.; Sarmiento, R.G. Polymor-
phisms in Autophagy Genes Are Associated with Paget Disease of Bone. PLoS ONE 2015, 10, e0128984. [CrossRef]
Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidium thiocyanate-phenol-chloroform extraction.
Anal. Biochem. 1987, 162, 156-159. [CrossRef]

Hung, S.I; Chung, WH,; Liu, Z.S.; Chen, C.H.; Hsih, M.S.; Hui, R.C.; Chu, C.Y.; Chen, Y.T. Common risk allele in aromatic
antiepilep-tic-drug induced Stevens-Johnson syndrome and toxic epidermal necrolysis in Han Chinese. Pharmacogenomics 2010,
11, 349-356. [CrossRef]

Glas, J.; Konrad, A.; Schmechel, S.; Dambacher, J.; Seiderer, J.; Schroff, F.; Wetzke, M.; Roeske, D.; Térok, H.-P.; Tonenchi, L.; et al.
The ATG16L1 gene variants rs2241879 and rs2241880 (T300A) are strongly associated with susceptibility to Crohn’s disease in the
German population. Am. |. Gastroenterol. 2008, 103, 682—-691. [CrossRef]

Lacher, M.; Schroepf, S.; Ballauff, A.; Lohse, P.; von Schweinitz, D.; Kappler, R.; Koletzko, S. Autophagy 16-like 1 rs2241880 G
allele is associated with Crohn’s disease in German children. Acta Paediatr. 2009, 98, 1835-1840. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.0810452105
http://www.ncbi.nlm.nih.gov/pubmed/19050071
http://doi.org/10.1074/jbc.M110.159392
http://doi.org/10.4161/auto.21212
http://doi.org/10.1016/j.autrev.2006.05.002
http://doi.org/10.1111/bph.12792
http://www.ncbi.nlm.nih.gov/pubmed/24902607
http://doi.org/10.1101/gad.1599207
http://doi.org/10.1038/emboj.2012.278
http://www.ncbi.nlm.nih.gov/pubmed/23064152
http://doi.org/10.1038/ng1954
http://www.ncbi.nlm.nih.gov/pubmed/17200669
http://doi.org/10.1038/ng2032
http://doi.org/10.1016/S0092-8674(00)80721-7
http://www.ncbi.nlm.nih.gov/pubmed/1578458
http://doi.org/10.3899/jrheum.100247
http://doi.org/10.1155/2012/879020
http://doi.org/10.1016/j.autrev.2014.01.058
http://www.ncbi.nlm.nih.gov/pubmed/24657513
http://doi.org/10.3904/kjim.2014.390
http://www.ncbi.nlm.nih.gov/pubmed/26701229
http://doi.org/10.1371/journal.pgen.1001323
http://doi.org/10.1371/journal.pone.0031560
http://www.ncbi.nlm.nih.gov/pubmed/22347493
http://doi.org/10.1016/j.jaci.2011.09.035
http://www.ncbi.nlm.nih.gov/pubmed/22040902
http://doi.org/10.1007/s00223-008-9137-2
http://www.ncbi.nlm.nih.gov/pubmed/18543015
http://doi.org/10.1371/journal.pone.0036694
http://doi.org/10.1111/j.1469-1809.2010.00606.x
http://doi.org/10.1371/journal.pone.0128984
http://doi.org/10.1016/0003-2697(87)90021-2
http://doi.org/10.2217/pgs.09.162
http://doi.org/10.1111/j.1572-0241.2007.01694.x
http://doi.org/10.1111/j.1651-2227.2009.01438.x
http://www.ncbi.nlm.nih.gov/pubmed/19659808

Genes 2021, 12, 904 13 of 13

35.

36.

37.

38.

39.

40.

Wakai, K.; Ohta, A.; Tamakoshi, A.; Ohno, Y.; Kawamura, T.; Aoki, R.; Kojima, M.; Lin, Y.; Hashimoto, S.; Inaba, Y.; et al. Estimated
prevalence and incidence of adult Still’s disease: Findings by a nationwide epidemiological survey in Japan. J. Epidemiol. 1997, 7,
221-225. [CrossRef]

Evensen, K.J.; Nossent, H.C. Epidemiology and outcome of adult-onset Still’s disease in Northern Norway. Scand |. Rheumatol.
2006, 35, 48-51. [CrossRef] [PubMed]

Saitoh, T.; Fujita, N.; Jang, M.H.; Uematsu, S.; Yang, B.-G.; Satoh, T.; Omori, H.; Noda, T.; Yamamoto, N.; Komatsu, M.; et al.
Loss of the autophagy protein Atg16L1 enhances endotoxin-induced IL-1 production. Nature 2008, 456, 264-268. [CrossRef]
[PubMed]

Choe, ].Y.; Jung, H.Y,; Park, K.Y.; Kim, S.K. Enhanced p62 expression through impaired proteasomal degradation is involved
in caspase-1 activation in monosodium urate crystal-induced interleukin-1b expression. Rheumatology 2014, 53, 1043-1053.
[CrossRef]

Oh, Y.B.; Ahn, ].Y,; Lee, H.S.; Kim, T.H.; Jun, ].B.; Jung, S. S Association between Fcy Ila and Illa polymorphism and clinical
manifestations in Korean patients with adult-onset Still’s disease. J. Korean Med. Sci. 2002, 17, 75-80. [CrossRef] [PubMed]
Chen, D.Y.; Chen, YM.; Chen, H.H.; Hsieh, C.W.; Lin, C.C.; Lan, J.L. Functional Association of Interleukin 18 Gene —-607(C/A)
Promoter Polymorphisms with Disease Course in Chinese Patients with Adult-onset Still’s Disease. J. Rheumatol. 2009, 36,
2284-2289. [CrossRef]


http://doi.org/10.2188/jea.7.221
http://doi.org/10.1080/03009740510026616
http://www.ncbi.nlm.nih.gov/pubmed/16467042
http://doi.org/10.1038/nature07383
http://www.ncbi.nlm.nih.gov/pubmed/18849965
http://doi.org/10.1093/rheumatology/ket474
http://doi.org/10.3346/jkms.2002.17.1.75
http://www.ncbi.nlm.nih.gov/pubmed/11850593
http://doi.org/10.3899/jrheum.090316

	Introduction 
	Materials and Methods 
	Participants 
	Single-Nucleotide Polymorphism Selection and Genotyping Using Direct Sequencing 
	Determination of the mRNA Levels of ATGs Using Quantitative PCR 
	Determination of Serum Levels of Proinflammatory Cytokines Using Enzyme-Linked Immunoabsorbent Assay 
	Statistical Analysis 

	Results 
	Clinical Characteristics of Patients with AOSD 
	Genotypes, Allele Frequencies, and Haplotypes: Comparing Patients with AOSD and Healthy Controls 
	Association of ATG16L1 Polymorphisms with ATG mRNA Expression Levels and Serum Cytokine Levels in Patients with AOSD 
	Association of Disease Outcomes with ATG16L1 Polymorphisms and Clinical Manifestations in Patients with AOSD 

	Discussion 
	Conclusions 
	References

