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Abstract

Sjogren’s syndrome (SS) is an autoimmune disease characterized by inflammation,
lymphoid infiltration, and destruction of the salivary glands. Although many
genome-wide association studies have revealed disease-associated risk alleles, the
functions of the majority of these alleles are unclear. Here, we show previously
unrecognized roles of GTF2I molecules by using two SS-associated SNPs, rs73366469
and rs117026326 (GTF2l SNPs). We found that the risk alleles of GTF2I SNPs
increased GTF2I expression and enhanced NF-kB activation in human salivary gland
cells via the NF-xB p65 subunit. Indeed, the knockdown of GTF2l suppressed
inflammatory responses in mouse endothelial cells and in vivo. Conversely, the
overexpression of GTF2l enhanced NF-xB reporter activity depending on its
p65-binding N-terminal leucine-zipper domain. GTF2I is highly expressed in the human
salivary gland cells of SS patients expressing the risk alleles. Consistently, the risk
alleles of GTF2l SNPs were strongly associated with activation of the IL-6 amplifier,
which is hyperactivation machinery of the NF-xB pathway, and lymphoid infiltration in
the salivary glands of SS patients. These results demonstrated that GTF2I expression in
salivary glands is increased in the presence of the risk alleles of GTF2I SNPs, resulting
in activation of the NF-xB pathway in salivary gland cells. They also suggest that
GTF2I could be a new therapeutic target for SS.
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Introduction

Sjogren’s syndrome (SS) is an inflammatory autoimmune disease that is characterized
by sicca symptoms such as dry eyes and dry mouth. Lymphocyte infiltration in the
salivary glands or lacrimal glands of SS patients is often reported (1,2). However, how
T cells and B cells accumulate and induce inflammation in the secretory glands during
SS development has not been shown. Moreover, the roles of secretary gland cells in the
development of SS are just beginning to be investigated.

Inflammatory cytokines are likely involved in the development of SS. Studies have
reported an increased concentration of inflammatory cytokines including TNFa., IL-6,
and IL-17A in the tear fluid of SS patients (3) and an elevation of IL-17A levels in both
the serum and salivary glands (4). However, a detailed molecular mechanism explaining
how cytokines and chemokines are upregulated in the salivary glands and how they
induce inflammation development during SS development has not been shown.

We previously found that IL-6, TNFa, and IL-17A stimulations enhance the expression
of inflammatory cytokines and chemokines in nonimmune cells followed by the
development of inflammatory diseases (5,6). This synergistic effect is mediated by the
simultaneous activation of NF-«xB and STATS3 in the cells. IL-6 is an exclusive STAT3
stimulator, but several NF-xB stimulators have been observed during inflammation
development, including in two CD4+ T cell-mediated disease models, EAE and EAU
(5,7). Accordingly, the IL-6 amplifier describes the molecular mechanism that activates
this synergistic effect (5). Since its original discovery, evidence of the IL-6 amplifier
has been found in many mouse disease models and patient samples of arthritis, multiple
sclerosis, psoriasis, uveoretinitis, and chronic rejection, and also human samples from
patients suffering from many of the same and other inflammatory diseases (6,8-23).

A later genome-wide screening to identify the genes that regulate the IL-6 amplifier
found about 1,200 positive regulators and 500 target genes (5,18). The candidate
regulatory genes included eight genes that were identified in GWAS studies of primary
SS patients (BLK, CXCRS5, IL-12A, IRF5, STAT4, TNIP, TNFAIP3, and GTF2l)
(24-27). In particular, little is known about the role of GTF2I in autoimmune diseases
including SS.

In the present work, we show that SS patients with the risk alleles show more GTF2I
expression and more NF-kB and STATS3 activation in salivary gland cells and more
accumulation of lymphocytes, most likely via chemokine expression, in salivary glands.
Mechanistic analysis showed that GTF2I in nonimmune cells enhanced the recruitment
of transcriptional regulators to the promoters of NF-xB target genes including various
chemokines as well as IL-6. By directly binding to NF-«xB p65, GTF2I activated the
NF-kB pathway to induce inflammation. These results suggest GTF2I in salivary gland
cells could be a potential therapeutic target for SS.



96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

Material and Methods

Mouse strains

C57BL/6 mice were purchased from Japan SLC. F759 mice that possess a human gp130
variant (S710L) were previously established (6). F759 mice were backcrossed with
C57BL/6 mice for more than 10 generations. All mice were maintained under specific
pathogen-free conditions according to the protocol of Hokkaido University. All of the
protocols for mouse experiments were approved by the Institutional Animal Care and
Use Committee of Hokkaido University under the approval of research No. 20-0003,
and the experiments were performed following the guidelines of the Committee. The
mice used in the experiments were 6-8-weeks old.

Human salivary gland sample preparation and GTF2l SNP genotyping

Human samples from labial gland biopsies were used under protocols approved by the
Human Ethics Committee of Hokkaido University Hospital and Tsukuba University
Hospital under the approval of research No. 014-0466. Labial gland tissue specimens
were acquired by lip biopsy, fixed by PAXgene Tissue Containers (QIAGEN) for 2 h,
and stored in PAXgene Tissue Stabilizer (QIAGEN) at -20°C until use. The diagnosis of
SS was based on the American College of Rheumatology/European League Against
Rheumatism classification criteria for primary SS (28). Genotyping of the GTF2l SNPs
was performed as follows. Human salivary gland samples were excised (about 6 mg)
and used for checking the existence of two SNPs (rs117026326 and rs73366469), which
were highly observed in SS, rheumatoid arthritis and systemic lupus erythematosus
patients (Supplementary Figure 1A) (24-26). Genome DNA was extracted with a
DNA/RNA Mini Kit (QIAGEN) according to the manufacturer’s protocol. PCR and
SNP-specific sequencing were performed using KOD Fx (TOYOBO) and the BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). The sequences of the
primers specific for the two types of SNPs are shown in Table 1.

Cell lines and stimulation conditions

A type 1 collagen® mouse endothelial cell line (BC-1) was obtained from Dr. M.
Miyasaka (Osaka University). Primary human synoviocytes were purchased from
ScienCell Research Laboratories and immortalized with the transfection of SV40 large
T antigen. A human salivary gland cell line was obtained from Dr. I. Matsumoto
(Tsukuba University). All of the cell lines were cultured in Dulbecco’s modified eagle
medium (DMEM; Thermo Fisher Scientific) with 10% fetal bovine serum (FBS;
Thermo Fisher Scientific) without antibiotics at 37°C under 5% COx.

For cytokine stimulation, the cells were plated in 96-well plates, 6-well plates or a
100-mm dish, stimulated with human IL-6 (100 ng/ml; Toray Industries) plus human or
mouse soluble IL-6 receptor (IL-6R; 100 ng/ml; R&D Systems) and/or human or mouse
IL-17A (50 ng/ml; R&D Systems); human or mouse TNFa (100 ng/ml; PeproTech);
LPS (100 ng/ml; Sigma Aldrich); CpG (5 uM; Novus biologicals); poly (I:C) (200
ng/ml; R&D Systems); or R848 (500 ng/ml; Sigma Aldrich) after 2-24 h of serum
starvation. Stimulation times are described in the figure legends.

Antibodies
The following antibodies (Abs) were used for the western blotting, immunoprecipitation
(IP), chromatin  immunoprecipitation  (ChIP), confocal microscopy, and
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immunohistochemistry: anti-GTF2l (ab88864 for western blotting, Abcam),
anti-GTF2I-C-terminal (ab135619 for immunohistochemistry, Abcam), anti-p65 (C-20,
Santa Cruz), anti-phospho-p65 (Ser536 93H1, Cell Signaling Technology), anti-lkBa.
(Cell Signaling Technology), anti-phospho-lkBo (Ser32/36 5A5, Cell Signaling
Technology), anti-STAT3 (Cell Signaling Technology), anti-phospho-STAT3 (Cell
Signaling Technology), anti-FLAG M2 (Sigma Aldrich), anti-c-Myc (Sigma Aldrich),
anti-acetyl H3K9 antibody (Sigma Aldrich), anti-trimethyl H3K27 antibody (Sigma
Aldrich), Alexa Fluor 488 goat anti-rabbit IgG (H+L) (Invitrogen), Alexa-Fluor 546
goat-anti-mouse IgG (H+L) (Invitrogen), and Hoechst 33342 trihydrochloride trihydrate
(Life Technologies).
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Immunohistochemistry

Human salivary gland tissues were embedded in paraffin and sectioned at a thickness of
5 um. The sections were deparaffinized using xylene and dehydrated using ethanol.
Heat-induced antigen retrieval was performed with sodium citrate. Endogenous
peroxidase activity was blocked with 3% H20». The treated sections were rinsed and
incubated 1 h for blocking with goat serum (Vector laboratories) in TBS-0.1% Tween.
Subsequently, the sections were incubated with anti-phospho-NF-xB p65,
anti-phospho-STATS3, anti-GTF2I, or control antibodies overnight at 4°C. After washing,
the secondary biotinylated anti-rabbit IgG or anti-mouse IgG antibodies (Vector
laboratories) were added. The ImmPACT DAB Kit (Vector laboratories) was used to
detect the antigens. Sections were also stained with hematoxylin and eosin.
Quantification was performed by ImageJ software.

Cytokine-induced arthritis in F759 mice

The joints were injected with lentivirus carrying two kinds of shRNA specific for mouse
Gtf2i (n = 4, each) or a scrambled sequence (Sigma-Aldrich, n = 8) on days 0, 2, and 4.
IL-17A (R&D Systems) and IL-6 (Toray Industries) or saline were injected into the
ankle joints of F759 mice as previously described (10-14,16,18,21) on days 5, 7, and 9.
The clinical assessment of arthritis in mice injected with the cytokines and/or
shRNA-carrying lentivirus were done as previously described (10-13,16,18,21). In brief,
the severity of the arthritis was determined based on two bilaterally assessed
parameters: (1) swelling in the ankle and (2) restricted mobility of the ankle joints. The
severity of each parameter was graded on a scale of 0-3, where 0 indicates no change; 1,
mild change; 2, medium change; and 3, severe change. Averages for a single point in
one leg ankle joint from each mouse were used for the clinical assessments. Synovial
tissue fragments were separated using Liberase TM (100 pg/ml; Sigma-Aldrich) in
RPMI in a 37 °C water bath for 30 min (n=3, each group).

Real-time PCR

The 7300 fast real-time PCR system (Applied Biosystems) and SYBR Green PCR
master mix (Kapa Biosystems) were used to quantify the expression levels of target
mRNA and internal control mRNA (hypoxanthine phosphoribosyltransferase (HPRT)
for mouse cell lines, and glycerol-3-phosphatase dehydrogenase (GAPDH) for human
cell lines or human tissue samples). The cells were plated in 12-well plates (1 x 10°
cells/well) and stimulated with 100 ng/ml of human IL-6 (Toure) plus 100 ng/ml of
soluble IL-6R (R&D Systems), 50 ng/ml of mouse IL-17A (R&D Systems) or 50 ng/ml
of TNFa (PeproTech) for 3 h after 2 h of serum starvation. Total RNA was prepared
from the cells using a GenElute mammalian total RNA Kit and DNase |
(Sigma-Aldrich). The PCR primer pairs used for the real-time PCR are described in
Table 2. The conditions for real-time PCR were 40 cycles at 94°C for 15 sec followed
by 40 cycles at 60°C for 60 sec. The relative mRNA expression levels were normalized
to the levels of HPRT or GAPDH mRNA expression.

Enzyme-linked immunosorbent assay (ELISA)

The IL-6 concentration in the cell-culture supernatant after stimulation with IL-6 and
IL-17A or TNFa was determined with an ELISA Kit (BD Biosciences) according to the
manufacturer’s protocol. The detection range was 15.625-1000 pg/ml. Concentrations
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were calculated using a standard curve generated with specific standards provided by
the manufacturer. Each sample was measured in duplicate.

MTT assay
Cell growth was determined with thiazolyl blue tetrazolium bromide according to the
manufacturer’s protocol (Sigma-Aldrich).
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GTF21 shRNA knockdown cells

BC-1 cells were cultured on day 1 in a 96-well flat-bottom plate (1000 cells/well) in 100
pl of DMEM containing 10% FBS. The medium was replaced on day 2 with a DMEM
containing lentivirus carrying 1 pul of gene-specific ShRNA (nontarget sShRNA, Sigma

Mission SHCO002V; GTF2I SshRNA-1, TRCNO0000086101,
CCGGGACCCTGATTACTATCAGTATCTCGAGATACTGATAGTAATCAGGGTC
TTTTTG; and GTF2I SshRNA-2, TRCNO0000086102,

CCGGCCAGCAGAAGATTCTACTCAACTCGAGTTGAGTAGAATCTTCTGCTGG
TTTTTG; Sigma Aldrich), 10% FBS, and 8 pg/ml Polybrene. On day 3, 200 ul of
DMEM containing 10% FBS and 5 pg/ml puromycin was added to each well.

Human small interfering RNAs

Small interfering RNAs (siRNAs) were transfected into HelLa cells or immortalized
human synoviocytes using Lipofectamine RNAIMAX (Thermo Fisher Scientific). To
verify the knockdown efficiency, RT-PCR analysis of the respective target was
performed. The sequences for the sense oligonucleotides of the most effective
knockdown constructs are as follows: human si-GTF2l (SASI_Hs02_ 00332037;
Sigma-Aldrich), human si-p65 (SASI_Hs01_00171090; Sigma—Aldrich), and human
si-nontarget (Sigma Mission SIC-001s; Sigma-Aldrich).

Western blotting

Control (MOCK), GTF2I knockdown cells, and cells which were transfected with
GTF2I or its mutants were lysed with lysis buffer (50 mM Tris-HCL [pH 7.4], 150 mM
NaCl, 1% Nonidet p-40, and 3 mM EDTA) containing 1/100 volume of protease
inhibitor and phosphatase inhibitor cocktails (Sigma Aldrich). SDS-PAGE was
subsequently performed, and the proteins were transferred to a polyvinylidene fluoride
membrane (Merck Millipore). Immunoblotting was performed according to the
manufacturer’s protocols.

Luciferase reporter assay

Plasmid vectors encoding GTF2I or its mutant lacking the leucin zipper domain (ALZ),
pGL4.32 [luc2P/NF-kB-RE/Hygro] (Promega), and pGL4.74 [hRIuc/TK] (Promega)
were transfected to HEK293T cells with polyethyleneimine. Cells were stimulated for 6
h with the indicated cytokines after 24 h of transfection. The luciferase activities of the
total cell lysates were measured using the Dual Luciferase Reporter Assay System
(Promega).

Confocal laser scanning microscopy

To show the translocation of p65, Control (MOCK) and GTF2I-knockdown cells were
stimulated with TNFa for 0, 15, and 30 min on p-Slides (lbidi). To show the
intracellular localization of GTF2I, human synoviocytes and HeL a cells were stimulated
with or without TNFa. The cells were fixed in 4% paraformaldehyde for 20 min,
permeabilized with Perm/Wash solution (Cytofix/Cytoperm Kit, BD Biosciences), and
incubated with anti-NF-xB p65 or anti-GTF2l antibody for 1 h. After being washed
with Perm/Wash solution, the cells were incubated with anti-rabbit Alexa Fluor
488-conjugated secondary antibody, anti-mouse Alexa Fluor 546-conjugated secondary
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antibody, and Hoechst 33342 nuclear stain for 1 h. The cells were then observed by the
confocal microscopy LSM5 Pascal system (Carl Zeiss) to assess the translocation of
NF-xB p65 to the nucleus.

Immunoprecipitation

Cells were suspended in lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1%
Nonidet P-40, 3 mM EDTA) and precleared with 30 pl of protein G-sepharose
(pharmacia). The supernatant was mixed with 30 pul of FLAG beads (Sigma-Aldrich),
followed by rotation for 2 h at 4°C. For the phosphorylation of NF-xB p65, the
supernatant was mixed with 2 pg of anti-NF-xB p65 antibody followed by incubation
with rotation overnight at 4°C. The immunoprecipitate was eluted with FLAG peptide
(Sigma Aldrich). The immunoprecipitated samples were boiled in SDS sample buffer
for 5 min at 95°C and used for western blotting.

ChIP assay

Control and GTF2I-knockdown cells were stimulated with TNFa for 60 min. The cells
were fixed with 1% PFA and lysed with lysis buffer (10 mM Tris-HCI [pH 7.5], 140
mM NaCl, 1% Triton X-100, 1 mM EDTA, and 1% SDS). The lysate was sonicated to
prepare chromatin DNA. Immunoprecipitation was performed with Dynabeads protein
G (Life Technologies), and anti-NF-xB p65 antibody, anti-p300 antibody, anti-Pol 1l
antibody, anti-GTF2l antibody or control 1gG were added. DNA purification was
performed with 10% Chelex 100 (Bio-Rad). Real-time PCR was performed with 1L-6,
CCL5, and CCL20 promoter primer pairs that included a p65 binding site. The PCR
primer sequences are described in Table 3.

RNA sequence analysis

Control and GTF2I-knockdown BC-1 cells were stimulated with TNFa for 3 h. Total
RNA was isolated with a TRIzol. cDNAs were synthesized with the NEBNext Ultra
RNA Library Prep Kit for lllumina (NEB Biolabs, Inc., Ipswich, MA) according to the
manufacturer's instruction. Sequencing data were obtained using the HiSeq 1500 system
(Ilumina), which could read a 50-bp sequence (single-ended 50-base pair reads).
Hierarchical clustering and heat mapping of the data were performed with MeV
(http://www.tm4.org/mev/). Data were analyzed with Strand NGS (Strand Genomics).

Statistical analysis

Student's two-tailed t-tests were used for the analysis of differences between two groups.
One-way analysis of variance with Bonferroni correction was used for multiple
comparisons. Wilcoxon’s rank sum test was used for the analysis of clinical scores in
the mouse model of arthritis and experiments using enough patient samples (n>6).
Pearson’s correlation coefficient was used for analyzing correlations between two
variables. P values less than 0.05 were considered significant.
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Results

GTF2I in nonimmune cells is involved in inflammation responses in vitro and in
Vivo

We investigated how GTF2I activates the IL-6 amplifier in nonimmune cells. Two
GTF2l-knockdown endothelial cells (BC-1 cells) were established by using two
lentiviruses with GTF2l shRNAs. The knockdown efficiency was validated by the
GTF2I mRNA expression (Figure 1A). IL-6 mRNA expression and protein secretion
were suppressed in BC-1 cells with GTF2I-knockdown after IL-6 and IL-17A
stimulation (Figures 1B and 1C). Cell viability was not significantly affected by
GTF2l-knockdown (Figure 1C). We stimulated BC-1 cells treated with GTF2I shRNA
and four TLR ligands and then analyzed the mRNA expressions of IL-6 and Mx1, an
interferon-stimulatory gene. We found that GTF2I knockdown suppressed both IL-6 and
Mx1 expression by LPS, CpG, and R848 via the TLR-Myd88 pathway, but not by poly
(I:C) via the TLR-TRIF pathway (Supplementary Figure 2A and 2B). The knockdown
of GTF21 in HSG cells also suppressed the mRNA expression of several inflammatory
chemokines such as CCL2, CCL5, CCL20 and CXCL2 after IL-6 and IL-17A
stimulation (Figure 1D). Similar results of immune suppression were observed in F759
mice, which developed cytokine-induced arthritis in the ankle joints if treated in the
ankle with lentiviruses encoding the GTF2I shRNA (Figure 1E and 1F). Taken together,
these results demonstrated that GTF2l in nonimmune cells contributed to the
inflammation response in vivo and in vitro.

GTF2l in nonimmune cells is involved in activation of the NF-xB pathway

The IL-6 amplifier is activated by the simultaneous stimulation of NF-xB and STAT3
via inflammatory cytokines in nonimmune cells (5-7,17). GTF2I-knockdown
nonimmune cells showed suppressed LCN2 expression, the target gene of the NF-xB
pathway, after IL-6 plus IL-17A stimulation, but no inhibition of STAT3, which is the
target gene of the STAT3 pathway (Figure 2A). Consistently, the forced expression of
GTF2I enhanced NF-xB p65 promoter activity and IL-6 promoter activity (Figure 2B).
These results demonstrated that GTF2l in nonimmune cells activates the NF-xB
pathway but not the STAT3 pathway.

GTF2l in nonimmune cells is involved in nuclear NF-xB activation by p65 binding
GTF2I translocates to the nucleus in lymphocytes (29-32). We found that GTF2I was
also localized in the nucleus regardless of stimulation in nonimmune cells including
HeLa cells and human synoviocytes (Figures 2C and 2D). Consistent with these results,
cytoplasmic events including the phosphorylation of IkBa. and NF-xB p65 and the
nuclear translocation of NF-kB p65 were not affected by GTF2I-knockdown after
cytokine stimulation (Figure 3A and 3B). On the other hand, the recruitment of NF-xB
p65 to the promoter of IL-6 gene was significantly reduced after TNFa stimulation in
GTF2l-knockdown nonimmune cells (Figure 3C). Thus, GTF2l in nonimmune cells is
involved in nuclear NF-kB activation after cytokine stimulation.

GTF2I is composed of a N-terminal leucine zipper (LZ) domain, two nuclear localizing
signals, a basic region, and six repeat domains containing the helix-loop-helix motif
(33,34) (Figure 3D). We found GTF2I associated with NF-xB p65 via its LZ domain
(Figure 3E). Functionally, deficiency of the LZ domain significantly reduced NF-xB
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promoter activity in nonimmune cells (Figure 3F). Together, these results indicated that
GTF2I enhances NF-xB activation by p65 binding to its LZ domain in the nucleus of
nonimmune cells.

GTF2l1 in nonimmune cells enhances the recruitment of transcriptional regulators
to the promoters of NF-kB target genes

We hypothesized that NF-kB p65 together with GTF2I increases the transcription of
NF-kB target genes after cytokine stimulation in nonimmune cells. Consistently, the
recruitment of NF-xB p65 was significantly reduced not only to the promoter region of
IL-6 (Figure 3C, Supplementary Figure 3A), but also to the promoter regions of CCL2
and CCL5 in GTF2I-knockdown cells after cytokine stimulation (Figure 4A). Moreover,
the recruitment of p300 and polymerase Il (Pol 1) was reduced on the promoter of IL-6
after cytokine stimulation (Figure 4B and 4C). The recruitment of GTF2I itself to the
IL-6 promoter increased after cytokine treatment (Figure 4D, Supplementary Figure 3B).
Thus, GTF2I enhances the recruitment of transcriptional regulators such as p300 and
Pol Il to the promoters of NF-kB target genes in nonimmune cells. However, because
there were no significant differences between mock or shRNA treated samples after
60-min stimulation (Figure 4B and 4C), we cannot confidently conclude which of p300,
Pol I, or GTF2I itself accumulates in the early phase and which accumulates in the late
phase.

We then performed ChIP assays on acetyl H3K9 and tri-methyl H3K27 as
activation and suppressive markers of histones, respectively, and found that acetyl
H3K9 was decreased and tri-methyl H3K27 increased in GTF2I-knockdown cells
(Supplementary Figure 4A and 4B). We also found that the mRNA expressions of
several histone modificatory enzymes including GenS, Hdac2, Ezh2, and Jmjd3 were
decreased in GTF2I-knockdown cells (Supplementary Figure 4C). Thus, GTF2I is
critical for the epigenetic changes of histones and the expression of histone modificatory
enzymes after IL-6 amplifier activation.

We found that GTF2I enhanced p65 binding to the promoters of NF-kB target genes
including IL-6 and chemokines after cytokine stimulation (Figure 3C and 4A) and that
GTF2l functions at the promoter regions of NF-kB target genes most likely by
stabilizing the transcriptional complexes via binding with NF-xB p65 in nonimmune
cells (Figure 4B and 4C).

We performed RNA-sequencing experiments using cells with or without GTF2I shRNA
in the presence of absence of cytokine stimulation (Figure 5). Figure 5A and 5B show a
volcano plot and GO analysis results, respectively. We confirmed that GTF2I is mainly
involved in the NF-kB pathway and not the STAT3 pathway, because we found many
but not all NF-xB targets were suppressed in cells with GTF2I-knockdown, but the
majority of STAT3 targets were unaffected (Figure 5C and 5D). We also show the
positions of IL-6, CCL2, CCLS5, CCL20, CXCL20, and GTF2I, which are all NF-«xB
targets, as well as STAT3, which is a STAT3 target (Figure 5C and 5D). Consistently, we
confirmed that STAT3 was recruited to the IL-6 promoter, a recruitment dependent on
GTEF2I (Figure 4D). These results suggest that a specific subset of promoters of NF-xB
target genes might be regulated by GTF2I. Additional work is required to identify these
adaptor molecules in order to understand more about the inflammation induction in SS.
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GTF2l is highly expressed in SS patients having GTF2l SNPs and enhanced
activation of the IL-6 amplifier in salivary gland cells

To examine the effect of GTF2l SNPs on GTF2I expression in salivary gland cells,
salivary gland samples from SS patients (n = 20) were divided into two groups based on
the presence (n = 8) or absence (n = 12) of the risk alleles rs117026326 and rs73366469
(GTF2I SNPs) (Supplementary Figure 1A). No patients expressed the risk alleles of
either SNP alone in our cohort (Supplementary Figure 1B). Although we found no
significant pathogenic changes between those with or without SNPs based on several
criteria including the Greenspan Grade (Table 4), quantification by RT-PCR showed
GTF2I expression was significantly higher in salivary glands isolated from SS patients
with the risk alleles compared to individuals without (Figure 6A). Moreover, a higher
expression of 1L-6 and CCL2 was measured in the salivary gland cells of SS patients
with the risk alleles (Figure 6B). In agreement with the elevated expressions of IL-6 and
CCL2, lymphocyte infiltration levels were also higher (Figure 6C and 6D). IHC of the
activation status of NF-kB p65 and STAT3 showed an increase in phosphorylated
NF-kB p65 and phosphorylated STAT3 in the salivary gland cells with the risk alleles,
and the protein levels of GTF2I were also increased in the salivary gland cells with the
risk alleles (Figures 6E and 6F). On the other hand, GTF2I expression, NF-kB
activation, and STAT3 activation in immune cells showed no SNP dependency in SS
patients (Supplementary Figure 5A and 5B). Thus, the risk alleles of GTF2l SNPs
enhance GTF2l expression and activation of the IL-6 amplifier in salivary gland cells,
which is critical for the immune cell accumulation.
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Discussion

SS, like other autoimmune diseases, is proposed to be initiated by a combination of
genetic and environmental factors. Although several studies have investigated changes
in gene expressions in the minor salivary glands of SS patients, functional investigations
of SNPs identified by GWAS studies have been limited. In this study, we demonstrate
that two GTF2l SNPs, rs117026326 and rs73366469, caused an increase in the
expressions of GTF2I, IL-6, and chemokines via the activation of NF-xB and STAT3 in
salivary gland cells and were associated with lymphocyte infiltration in the salivary
glands, most likely via chemokine expression. In agreement, GTF2I overexpression
enhanced NF-kB activation, while GTF2l-knockdown decreased chemokine expression
even with stimulation by IL-6 and IL17A in nonimmune cells. Thus, GTF2I plays a role
in the SS pathogenesis by enhancing NF-«xB activation in salivary gland cells.

Other genes located in the same locus as GTF2l may contribute to SS development.
Indeed, a fine mapping study reported that the association with SS seen at this locus was
most likely explained by a missense variant, p.Arg90H, in the neighbouring NCF1 gene
(35). Thus, it is possible that other genes including NCF1 might regulate GTF2I
expression indirectly. However, we demonstrated that GTF2I increased in the presence
of the risk alleles and that it enhances the activation of the NF-kB pathway in
nonimmune cells, which is critical for inflammation development. Thus, we propose
that the risk alleles play a role in the development of inflammatory diseases via GTF2I.
More study is required to understand how the SNPs increase the expression of GTF2I
and also the role of other genes on the pathogenesis.

Importantly, GTF2I mRNA and protein levels were increased in salivary gland cells
having the risk alleles compared with samples from non-risk allele patients. Moreover,
many salivary gland cells with the risk alleles showed activation of the IL-6 amplifier
based on p65 and STAT3 phosphorylation, higher expressions of NF-kB targets such as
IL-6 and chemokines, and more infiltration of lymphocytes in the salivary glands.
Therefore, we hypothesized that the risk alleles of GTF21 SNPs function in nonimmune
cells but not in immune cells of the blood to develop SS. These results suggest GTF2I in
salivary gland cells is a key molecule for maintaining the chronic inflammation in SS
pathophysiology and is also a potential therapeutic target.
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Figure 1. GTF2I in nonimmune cells is involved in inflammation induction in vitro
and in vivo

(A-B) Mouse BC-1 cells were transduced with lentiviruses that encoded shRNA
specific for GTF2I or a control. GTF2I-knockdown cells were stimulated with human
IL-6 plus soluble IL-6R and/or IL-17A for 3 h. The mRNA expressions of GTF2l (A)
and IL-6 (B) were measured.

(C) GTF2l-knockdown cells were treated with 1L-6 plus soluble IL-6R and/or IL-17A
for 24 h. The culture supernatant was collected and assessed with ELISA specific for
mouse IL-6. Cell survival was also evaluated based on mitochondrial activity using
TCO reagent (closed squares).

(D) Human HeLa cells were treated with siRNA specific for GTF2I (si-GTF2I) or
control. The knockdown efficiency of GTF2I mRNA levels was assessed. The mRNA
expressions of several inflammatory chemokines (CXCL2, CCL2, CCL5, CCL20) were
measured.

(E) The knockdown efficiency of GTF2I mRNA levels in F759 mice ankle joints was
assessed (n=3, each group).

(F) Clinical arthritis scores from the hind limb of F759 mice after the injection of a
lentivirus carrying GTF21 shRNA (gtf2i shl or gtf2i sh2) or a control lentivirus (NTC)
to the ankle joint on days 0, 2, and 4, and the subsequent administration of I1L-6 and
IL-17 on days 5, 7, and 9.

Mean scores = SEM are shown. Data are representative of three independent
experiments, each with four subjects. *p<0.05, ** p <0.01, *** p <0.001.

Figure 2. GTF2I is involved in activation of the NF-kB pathway in nonimmune
cells.

(A) GTF2l-knockdown BC-1 cells were stimulated with IL-6 plus IL-6R and IL-17A,
and the mRNA expressions of LCN2 (left) and STAT3 (right) were measured.

(B) Luciferase assay using NF-xkB p65 binding sites (left) or the IL-6 promoter (right) in
HEK 293T cells with or without GTF2I overexpression in the presence or absence of
TNFa stimulation.

(C,D) HSG cells (C) and human synoviocytes (D) were stimulated with TNFa, and the
localization of GTF2I (red) and NF-«kB p65 (green) was investigated.

Mean scores £ SEM are shown. Data are representative of three independent
experiments, each with four or six subjects. *p<0.05, ** p <0.01, *** p <0.001.

Figure 3. GTF2I in nonimmune cells is involved in nuclear NF-kB activation by
p65 binding

(A) GTF21-knockdown and control cells were treated with TNFa.. Phosphorylated
NF-kBp65, phosphorylated IkBa, IkBa, GTF2I, and tubulin levels were measured.
(B) GTF2I-knockdown and control cells were stimulated with TNFa, and the cellular
localization of NF-kB p65 (red) was observed. Nuclear counterstaining was performed
(blue). The bar graph shows the percentages of cells with NF-kB p65 localized in the
cytoplasm or the nucleus.
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(C) NF-xB p65 recruitment to the IL-6 promoter with TNFa, was assessed using ChIP
assays in MOCK and GTF2l-knockdown cells.

(D) Schematic illustration of GTF2I proteins. BR, basic region; C, C-terminus; LZ,
leucine zipper; N, N-terminus; NLS, nuclear localizing signal; R1-R6, helix-loop-helix
motifs.

(E) Plasmids encoding wild-type GTF2I, GTF2l DLZ, or mock vector were transfected.
Whole cell lysates were immunoprecipitated with anti-FLAG Ab and p65 Ab, followed
by immunoblot analysis with anti-FLAG and anti-NF-xB p65 antibodies.

(F) NF-xB promoter activity in HEK293T cells transfected as in (D) was assessed in the
presence of TNFa stimulation.

Mean scores = SEM are shown. Data are representative of three independent
experiments, each with four subjects. ** p <0.01, *** p <0.001.

Figure 4. GTF2I enhances the recruitment of transcriptional regulators to NF-kB
promoters in nonimmune cells.

(A) NF-kB p65 recruitment to CCL2 and CCL5 promoters with or without 180 min of
IL-6 and IL-17 stimulation was assessed using ChIP assays in MOCK and
GTF2l-knockdown cells (shl and sh2).

(B) P300 recruitment to the IL-6 promotor with 0, 60, 120, or 180 min of IL-6 and
IL-17 stimulation was assessed using ChIP assays in MOCK and GTF2I-knockdown
cells.

(C) Pol Il recruitment to the IL-6 promotor with 0, 60, 120, or 180 min of IL-6 and
IL-17 stimulation was assessed using ChIP assays in MOCK and GTF2I-knockdown
cells.

(D) STAT3 recruitment to the IL-6 promotor with 0, 60, 120, or 180 min of IL-6 and
IL-17 stimulation was assessed using ChIP assays in MOCK and GTF2I-knockdown
cells.

Mean scores £ SEM are shown. Data are representative of three independent
experiments, each with four subjects. *p<0.05; ** p <0.01; *** p <0.001.

Figure 5. A specific subset of NF-«xB target genes is regulated by GTF2I.

(A) Results of RNA-sequencing data from GTF2I-knockdown and control BC-1 cells.
Log Fold changes >1 or <-1 were considered significant.

(B) Down-regulated pathways in GTF21-knockdown BC-1 cells according to Gene
Ontology enrichment analysis.

(C) Scatter plot of p65 target gene expressions based on the RNA-sequencing data from
GTF2I-knockdown and control BC-1 cells. The x-axis is the log2 fold change of
GTF2I-knockdown cells. The y-axis is the log2 fold change of IL-6 and IL-17
stimulation.

(D) Scatter plot of STAT3 target gene expressions based on the RNA sequence data
from GTF2I-knockdown and control BC-1 cells. The axes are the same as in (C).

Figure 6. GTF2l enhanced the activation of NF-kB p65 and STAT3 in salivary
gland cells.
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(A)GTF2I mRNA levels in the salivary glands of SS patients with (SNP +) or without
(SNP -) the risk loci of the GTF2I SNPs are shown as relative expression levels to
GAPDH. GTF2I risk SNPs were evaluated by using salivary gland RNA from 20 SS
patients at Tsukuba University Hospital.

(B) The mRNA levels of IL-6 and CCI2 in the salivary glands of the same SS patients
are shown as relative expression levels to GAPDH.

(C) Hematoxylin and eosin staining were performed in the salivary glands of the same
SS patients. Lymphocyte infiltration in the salivary glands is shown. Scale bars, 100
pm.

(D) Quantification of (C) using image J software.

(E) Serial sections of salivary glands from healthy donors and patients at Hokkaido
University Hospital with or without the risk alleles were stained with anti-GTF2I
antibody, anti-phospho-NF-«xB p65 antibody, and anti-phospho-STAT3 antibody.
Scale bars, 10 pm.

(F) Quantification of (E) using Image J software.

Median = interquartile ranges in (A) and (B) or mean scores = SEM in (D) and (F)
are shown. *p < 0.05; **p<0.01.

Supplementary Figure 1. GTF2I SNPs and SS samples

(A) Schematic illustration of the location of the SNPs (rs73366469 and rs117026326)
and GTF2l, GTF2IRD1 and GTF2IRD2 genes in chromosome 7.

(B) Genotypes of the two SNPs in SS samples. Heterozygotes and homozygotes of the

risk locus are indicated by £ and +, respectively.

Supplementary Figure 2. GTF2I in nonimmune cells is involved in Toll-like
receptor-induced inflammation in vitro

(A-B) GTF2l-knockdown BC-1 cells were stimulated with LPS, poly (I:C), CpG, or
R848 for 3 h. The mRNA expressions of IL-6 (A) and Mx-1 (B) were measured.

Mean scores £ SEM are shown. Data are representative of three independent
experiments, each with three subjects. *p<0.05, ** p <0.01, *** p <0.001.

Supplementary Figure 3. GTF2I enhances the recruitment of transcriptional
regulators to NF-kB promoters in salivary gland cells.

(A) NF-kB p65 recruitment to the IL-6 promoter after 0, 60, 120 or 180 min of IL-6 and
IL-17 stimulation was assessed using ChIP assays in MOCK and GTF2I-knockdown
HSG cells 24 hr after sSiRNA administration.

(B) GTF2I recruitment to the IL-6 promoter after 0, 60, 120 or 180 min of IL-6 and
IL-17 stimulation was assessed using ChIP assays in HSG cells.

Mean scores £ SEM are shown. Data are representative of two independent
experiments, each with three subjects. *p<0.05, ** p <0.01.

Supplementary Figure 4. GTF2I induces epigenetic change through histone
modulator expression.
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(A-B) Acetyl H3K9 recruitment (A) and tri-methyl H3K27 recruitment (B) to the IL-6
promotor with or without 180 min of IL-6 and IL-17 stimulation was assessed using
ChlIP assays in MOCK and GTF2l-knockdown cells.

(C) The mRNA expressions of a H3K9 acetyltransferase (Gcnb), a histone deacetylase
(Hdac?2), a H3K27 N-methyltransferase (Ezh2), and a histone H3K27 demethylase
(Jmjd3) were assessed in MOCK and GTF2I-knockdown cells.

Mean scores £ SEM are shown. Data are representative of three independent
experiments, each with three or four subjects. *p<0.05, ** p <0.01, *** p <0.001.

Supplementary Figure 5. GTF2I contribution to the activation of NF-kB p65 and
STAT3 in salivary gland cells and infiltrating immune cells.

(A) Representative images of GTF2I, phospho-p65, and phospho-STAT3 intensity in
infiltrating immune cells in SS salivary glands with SNPs. Scale bars, 10 pm.

(B) The percentage of immune cells positive for GTF2l, phospho-p65, and
phospho-STATS3 and infiltrating the salivary glands tissue from patients with or without
SNPs at Hokkaido University Hospital.

Mean £ SEM are shown. NS, not significant.
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Figure 3
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Figure 4

0.00-
IL-6+IL-17 -

MOCK

0.020+

0.015+

t]

0.010+

inpu

I/

IP: Poll

0.005+

S
IL-6+IL-17 (@

CCL2 promoter

*kk

shl

IL-6 promoter

0.000 L Fli

.(\ .(\
&
S o

CCL5 promoter IL-6 promoter
0.0101 e mock
0.020- - m shGTF2I
ik 0.008- .
0.015 . S - &
10— @5 0.006-
[Te] ‘5‘ o g- L ]
Q 1 e -
o2 e &S 0.0041
o= -
0.005- . . 0.002- ﬁ .
0.000- 0.000 8, M i i_ﬂ.,.-_
) IL-6+IL-17 - + -+ + & & & &
v IL-6+IL-17 o & & &
sh2 MOCK shl sh2 o N W
e mock D IL-6 promoter IL-6 promoter
4+ 81 **
m shGTF2I e MOCK
* *
. - 3 m shGTF2I 6 =0
+ L : 1
N
Ea L=
n . = > .
nE? 52
. N -
A el B ' 2 ‘
. ol F] mlol aa i |l ol e moma | [
& & O O & & P < @
& IL-6+IL-17 & & & & S § % $
) Q IL-6+IL-17 & & & &
N & K & of & oS &



Figure 5

A

-log10 (P value)

w
wn

w

2.5

Irf8

]
Cxcl11

11-6
11-18bp
Lcn2

~ Ccndl

Stat3,

-4

Log2 FC[(IL-6+IL-17 stimulation)/ (no stimulation)]

-2 0 2 4 6
Log2 Fold change

p65 target genes

11-6 12

R=-0.15

Log2 FC[GTF2I knockdown/MOCK]

Socs3, Bcl2, Mycbp

response to external stimulus

chemotaxis

regulation of cell proliferation in bone
marrow

gland development

cell migration

positive regulation of transcription from
RNA polymerase Il promoter

0
5 STAT3 target genes
< 12
E R=-0.025
2 8 Stat3
o
£
= 4
° (]
©
2 —=
= 4 -2 2 %
S -4
2
7
[{e]
=,' -8
)
[T
N -12
(=]
o
-

Log2FC [GTF2I knockdown/MOCK]

4
Log10(1/P)



Figure 6
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