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Abstract 39 

Sjögren’s syndrome (SS) is an autoimmune disease characterized by inflammation, 40 

lymphoid infiltration, and destruction of the salivary glands. Although many 41 

genome-wide association studies have revealed disease-associated risk alleles, the 42 

functions of the majority of these alleles are unclear. Here, we show previously 43 

unrecognized roles of GTF2I molecules by using two SS-associated SNPs, rs73366469 44 

and rs117026326 (GTF2I SNPs). We found that the risk alleles of GTF2I SNPs 45 

increased GTF2I expression and enhanced NF-B activation in human salivary gland 46 

cells via the NF-B p65 subunit. Indeed, the knockdown of GTF2I suppressed 47 

inflammatory responses in mouse endothelial cells and in vivo. Conversely, the 48 

overexpression of GTF2I enhanced NF-B reporter activity depending on its 49 

p65-binding N-terminal leucine-zipper domain. GTF2I is highly expressed in the human 50 

salivary gland cells of SS patients expressing the risk alleles. Consistently, the risk 51 

alleles of GTF2I SNPs were strongly associated with activation of the IL-6 amplifier, 52 

which is hyperactivation machinery of the NF-B pathway, and lymphoid infiltration in 53 

the salivary glands of SS patients. These results demonstrated that GTF2I expression in 54 

salivary glands is increased in the presence of the risk alleles of GTF2I SNPs, resulting 55 

in activation of the NF-B pathway in salivary gland cells. They also suggest that 56 

GTF2I could be a new therapeutic target for SS.57 



Introduction 58 

Sjögren’s syndrome (SS) is an inflammatory autoimmune disease that is characterized 59 

by sicca symptoms such as dry eyes and dry mouth. Lymphocyte infiltration in the 60 

salivary glands or lacrimal glands of SS patients is often reported (1,2). However, how 61 

T cells and B cells accumulate and induce inflammation in the secretory glands during 62 

SS development has not been shown. Moreover, the roles of secretary gland cells in the 63 

development of SS are just beginning to be investigated.  64 

Inflammatory cytokines are likely involved in the development of SS. Studies have 65 

reported an increased concentration of inflammatory cytokines including TNF, IL-6, 66 

and IL-17A in the tear fluid of SS patients (3) and an elevation of IL-17A levels in both 67 

the serum and salivary glands (4). However, a detailed molecular mechanism explaining 68 

how cytokines and chemokines are upregulated in the salivary glands and how they 69 

induce inflammation development during SS development has not been shown.  70 

We previously found that IL-6, TNF and IL-17A stimulations enhance the expression 71 

of inflammatory cytokines and chemokines in nonimmune cells followed by the 72 

development of inflammatory diseases (5,6). This synergistic effect is mediated by the 73 

simultaneous activation of NF-B and STAT3 in the cells. IL-6 is an exclusive STAT3 74 

stimulator, but several NF-B stimulators have been observed during inflammation 75 

development, including in two CD4+ T cell-mediated disease models, EAE and EAU 76 

(5,7). Accordingly, the IL-6 amplifier describes the molecular mechanism that activates 77 

this synergistic effect (5). Since its original discovery, evidence of the IL-6 amplifier 78 

has been found in many mouse disease models and patient samples of arthritis, multiple 79 

sclerosis, psoriasis, uveoretinitis, and chronic rejection, and also human samples from 80 

patients suffering from many of the same and other inflammatory diseases (6,8-23).  81 

A later genome-wide screening to identify the genes that regulate the IL-6 amplifier 82 

found about 1,200 positive regulators and 500 target genes (5,18). The candidate 83 

regulatory genes included eight genes that were identified in GWAS studies of primary 84 

SS patients (BLK, CXCR5, IL-12A, IRF5, STAT4, TNIP, TNFAIP3, and GTF2I) 85 

(24-27). In particular, little is known about the role of GTF2I in autoimmune diseases 86 

including SS.  87 

In the present work, we show that SS patients with the risk alleles show more GTF2I 88 

expression and more NF-B and STAT3 activation in salivary gland cells and more 89 

accumulation of lymphocytes, most likely via chemokine expression, in salivary glands. 90 

Mechanistic analysis showed that GTF2I in nonimmune cells enhanced the recruitment 91 

of transcriptional regulators to the promoters of NF-κB target genes including various 92 

chemokines as well as IL-6. By directly binding to NF-B p65, GTF2I activated the 93 

NF-B pathway to induce inflammation. These results suggest GTF2I in salivary gland 94 

cells could be a potential therapeutic target for SS.95 



Material and Methods 96 

Mouse strains 97 

C57BL/6 mice were purchased from Japan SLC. F759 mice that possess a human gp130 98 

variant (S710L) were previously established (6). F759 mice were backcrossed with 99 

C57BL/6 mice for more than 10 generations. All mice were maintained under specific 100 

pathogen-free conditions according to the protocol of Hokkaido University. All of the 101 

protocols for mouse experiments were approved by the Institutional Animal Care and 102 

Use Committee of Hokkaido University under the approval of research No. 20-0003, 103 

and the experiments were performed following the guidelines of the Committee. The 104 

mice used in the experiments were 6-8-weeks old. 105 

 106 

Human salivary gland sample preparation and GTF2I SNP genotyping 107 

Human samples from labial gland biopsies were used under protocols approved by the 108 

Human Ethics Committee of Hokkaido University Hospital and Tsukuba University 109 

Hospital under the approval of research No. 014-0466. Labial gland tissue specimens 110 

were acquired by lip biopsy, fixed by PAXgene Tissue Containers (QIAGEN) for 2 h, 111 

and stored in PAXgene Tissue Stabilizer (QIAGEN) at -20˚C until use. The diagnosis of 112 

SS was based on the American College of Rheumatology/European League Against 113 

Rheumatism classification criteria for primary SS (28). Genotyping of the GTF2I SNPs 114 

was performed as follows. Human salivary gland samples were excised (about 6 mg) 115 

and used for checking the existence of two SNPs (rs117026326 and rs73366469), which 116 

were highly observed in SS, rheumatoid arthritis and systemic lupus erythematosus 117 

patients (Supplementary Figure 1A) (24-26). Genome DNA was extracted with a 118 

DNA/RNA Mini Kit (QIAGEN) according to the manufacturer’s protocol. PCR and 119 

SNP-specific sequencing were performed using KOD Fx (TOYOBO) and the BigDye 120 

Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems). The sequences of the 121 

primers specific for the two types of SNPs are shown in Table 1. 122 

 123 

Cell lines and stimulation conditions 124 

A type 1 collagen+ mouse endothelial cell line (BC-1) was obtained from Dr. M. 125 

Miyasaka (Osaka University). Primary human synoviocytes were purchased from 126 

ScienCell Research Laboratories and immortalized with the transfection of SV40 large 127 

T antigen. A human salivary gland cell line was obtained from Dr. I. Matsumoto 128 

(Tsukuba University). All of the cell lines were cultured in Dulbecco’s modified eagle 129 

medium (DMEM; Thermo Fisher Scientific) with 10% fetal bovine serum (FBS; 130 

Thermo Fisher Scientific) without antibiotics at 37˚C under 5% CO2.  131 

For cytokine stimulation, the cells were plated in 96-well plates, 6-well plates or a 132 

100-mm dish, stimulated with human IL-6 (100 ng/ml; Toray Industries) plus human or 133 

mouse soluble IL-6 receptor (IL-6R; 100 ng/ml; R&D Systems) and/or human or mouse 134 

IL-17A (50 ng/ml; R&D Systems); human or mouse TNF (100 ng/ml; PeproTech); 135 

LPS (100 ng/ml; Sigma Aldrich); CpG (5 µM; Novus biologicals); poly (I:C) (200 136 

ng/ml; R&D Systems); or R848 (500 ng/ml; Sigma Aldrich) after 2-24 h of serum 137 

starvation. Stimulation times are described in the figure legends.  138 

 139 

Antibodies 140 

The following antibodies (Abs) were used for the western blotting, immunoprecipitation 141 

(IP), chromatin immunoprecipitation (ChIP), confocal microscopy, and 142 



immunohistochemistry: anti-GTF2I (ab88864 for western blotting, Abcam), 143 

anti-GTF2I-C-terminal (ab135619 for immunohistochemistry, Abcam), anti-p65 (C-20, 144 

Santa Cruz), anti-phospho-p65 (Ser536 93H1, Cell Signaling Technology), anti-IB 145 

(Cell Signaling Technology), anti-phospho-IB (Ser32/36 5A5, Cell Signaling 146 

Technology), anti-STAT3 (Cell Signaling Technology), anti-phospho-STAT3 (Cell 147 

Signaling Technology), anti-FLAG M2 (Sigma Aldrich), anti-c-Myc (Sigma Aldrich), 148 

anti-acetyl H3K9 antibody (Sigma Aldrich), anti-trimethyl H3K27 antibody (Sigma 149 

Aldrich), Alexa Fluor 488 goat anti-rabbit IgG (H+L) (Invitrogen), Alexa-Fluor 546 150 

goat-anti-mouse IgG (H+L) (Invitrogen), and Hoechst 33342 trihydrochloride trihydrate 151 

(Life Technologies). 152 

153 



Immunohistochemistry 154 

Human salivary gland tissues were embedded in paraffin and sectioned at a thickness of 155 

5 µm. The sections were deparaffinized using xylene and dehydrated using ethanol. 156 

Heat-induced antigen retrieval was performed with sodium citrate. Endogenous 157 

peroxidase activity was blocked with 3% H2O2. The treated sections were rinsed and 158 

incubated 1 h for blocking with goat serum (Vector laboratories) in TBS-0.1% Tween. 159 

Subsequently, the sections were incubated with anti-phospho-NF-B p65, 160 

anti-phospho-STAT3, anti-GTF2I, or control antibodies overnight at 4˚C. After washing, 161 

the secondary biotinylated anti-rabbit IgG or anti-mouse IgG antibodies (Vector 162 

laboratories) were added. The ImmPACT DAB Kit (Vector laboratories) was used to 163 

detect the antigens. Sections were also stained with hematoxylin and eosin. 164 

Quantification was performed by ImageJ software. 165 

 166 

Cytokine-induced arthritis in F759 mice   167 

The joints were injected with lentivirus carrying two kinds of shRNA specific for mouse 168 

Gtf2i (n = 4, each) or a scrambled sequence (Sigma-Aldrich, n = 8) on days 0, 2, and 4. 169 

IL-17A (R&D Systems) and IL-6 (Toray Industries) or saline were injected into the 170 

ankle joints of F759 mice as previously described (10-14,16,18,21) on days 5, 7, and 9. 171 

The clinical assessment of arthritis in mice injected with the cytokines and/or 172 

shRNA-carrying lentivirus were done as previously described (10-13,16,18,21). In brief, 173 

the severity of the arthritis was determined based on two bilaterally assessed 174 

parameters: (1) swelling in the ankle and (2) restricted mobility of the ankle joints. The 175 

severity of each parameter was graded on a scale of 0–3, where 0 indicates no change; 1, 176 

mild change; 2, medium change; and 3, severe change. Averages for a single point in 177 

one leg ankle joint from each mouse were used for the clinical assessments. Synovial 178 

tissue fragments were separated using Liberase TM (100 μg/ml; Sigma-Aldrich) in 179 

RPMI in a 37 °C water bath for 30 min (n=3, each group). 180 

 181 

Real-time PCR 182 

The 7300 fast real-time PCR system (Applied Biosystems) and SYBR Green PCR 183 

master mix (Kapa Biosystems) were used to quantify the expression levels of target 184 

mRNA and internal control mRNA (hypoxanthine phosphoribosyltransferase (HPRT) 185 

for mouse cell lines, and glycerol-3-phosphatase dehydrogenase (GAPDH) for human 186 

cell lines or human tissue samples). The cells were plated in 12-well plates (1 x 105 187 

cells/well) and stimulated with 100 ng/ml of human IL-6 (Toure) plus 100 ng/ml of 188 

soluble IL-6R (R&D Systems), 50 ng/ml of mouse IL-17A (R&D Systems) or 50 ng/ml 189 

of TNF (PeproTech) for 3 h after 2 h of serum starvation. Total RNA was prepared 190 

from the cells using a GenElute mammalian total RNA Kit and DNase I 191 

(Sigma-Aldrich). The PCR primer pairs used for the real-time PCR are described in 192 

Table 2. The conditions for real-time PCR were 40 cycles at 94˚C for 15 sec followed 193 

by 40 cycles at 60˚C for 60 sec. The relative mRNA expression levels were normalized 194 

to the levels of HPRT or GAPDH mRNA expression.  195 

 196 

Enzyme-linked immunosorbent assay (ELISA)  197 

The IL-6 concentration in the cell-culture supernatant after stimulation with IL-6 and 198 

IL-17A or TNF was determined with an ELISA Kit (BD Biosciences) according to the 199 

manufacturer’s protocol. The detection range was 15.625-1000 pg/ml. Concentrations 200 



were calculated using a standard curve generated with specific standards provided by 201 

the manufacturer. Each sample was measured in duplicate. 202 

 203 

MTT assay 204 

Cell growth was determined with thiazolyl blue tetrazolium bromide according to the 205 

manufacturer’s protocol (Sigma-Aldrich). 206 

207 



 208 

GTF2I shRNA knockdown cells 209 

BC-1 cells were cultured on day 1 in a 96-well flat-bottom plate (1000 cells/well) in 100 210 

µl of DMEM containing 10% FBS. The medium was replaced on day 2 with a DMEM 211 

containing lentivirus carrying 1 µl of gene-specific shRNA (nontarget shRNA, Sigma 212 

Mission SHC002V; GTF2I shRNA-1, TRCN0000086101, 213 

CCGGGACCCTGATTACTATCAGTATCTCGAGATACTGATAGTAATCAGGGTC214 

TTTTTG; and GTF2I shRNA-2, TRCN0000086102, 215 

CCGGCCAGCAGAAGATTCTACTCAACTCGAGTTGAGTAGAATCTTCTGCTGG216 

TTTTTG; Sigma Aldrich), 10% FBS, and 8 µg/ml Polybrene. On day 3, 200 µl of 217 

DMEM containing 10% FBS and 5 µg/ml puromycin was added to each well. 218 

 219 

Human small interfering RNAs 220 

Small interfering RNAs (siRNAs) were transfected into HeLa cells or immortalized 221 

human synoviocytes using Lipofectamine RNAiMAX (Thermo Fisher Scientific). To 222 

verify the knockdown efficiency, RT-PCR analysis of the respective target was 223 

performed. The sequences for the sense oligonucleotides of the most effective 224 

knockdown constructs are as follows: human si-GTF2I (SASI_Hs02_00332037; 225 

Sigma-Aldrich), human si-p65 (SASI_Hs01_00171090; Sigma–Aldrich), and human 226 

si-nontarget (Sigma Mission SIC-001s; Sigma-Aldrich). 227 

 228 

Western blotting 229 

Control (MOCK), GTF2I knockdown cells, and cells which were transfected with 230 

GTF2I or its mutants were lysed with lysis buffer (50 mM Tris-HCL [pH 7.4], 150 mM 231 

NaCl, 1% Nonidet p-40, and 3 mM EDTA) containing 1/100 volume of protease 232 

inhibitor and phosphatase inhibitor cocktails (Sigma Aldrich). SDS-PAGE was 233 

subsequently performed, and the proteins were transferred to a polyvinylidene fluoride 234 

membrane (Merck Millipore). Immunoblotting was performed according to the 235 

manufacturer’s protocols. 236 

 237 

Luciferase reporter assay 238 

Plasmid vectors encoding GTF2I or its mutant lacking the leucin zipper domain (LZ), 239 

pGL4.32 [luc2P/NF-B-RE/Hygro] (Promega), and pGL4.74 [hRluc/TK] (Promega) 240 

were transfected to HEK293T cells with polyethyleneimine. Cells were stimulated for 6 241 

h with the indicated cytokines after 24 h of transfection. The luciferase activities of the 242 

total cell lysates were measured using the Dual Luciferase Reporter Assay System 243 

(Promega).  244 

 245 

Confocal laser scanning microscopy 246 

To show the translocation of p65, Control (MOCK) and GTF2I-knockdown cells were 247 

stimulated with TNF for 0, 15, and 30 min on µ-Slides (Ibidi). To show the 248 

intracellular localization of GTF2I, human synoviocytes and HeLa cells were stimulated 249 

with or without TNF. The cells were fixed in 4% paraformaldehyde for 20 min, 250 

permeabilized with Perm/Wash solution (Cytofix/Cytoperm Kit, BD Biosciences), and 251 

incubated with anti-NF-B p65 or anti-GTF2I antibody for 1 h. After being washed 252 

with Perm/Wash solution, the cells were incubated with anti-rabbit Alexa Fluor 253 

488-conjugated secondary antibody, anti-mouse Alexa Fluor 546-conjugated secondary 254 



antibody, and Hoechst 33342 nuclear stain for 1 h. The cells were then observed by the 255 

confocal microscopy LSM5 Pascal system (Carl Zeiss) to assess the translocation of 256 

NF-B p65 to the nucleus. 257 

 258 

Immunoprecipitation 259 

Cells were suspended in lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% 260 

Nonidet P-40, 3 mM EDTA) and precleared with 30 µl of protein G-sepharose 261 

(pharmacia). The supernatant was mixed with 30 µl of FLAG beads (Sigma-Aldrich), 262 

followed by rotation for 2 h at 4˚C. For the phosphorylation of NF-B p65, the 263 

supernatant was mixed with 2 µg of anti-NF-B p65 antibody followed by incubation 264 

with rotation overnight at 4˚C. The immunoprecipitate was eluted with FLAG peptide 265 

(Sigma Aldrich). The immunoprecipitated samples were boiled in SDS sample buffer 266 

for 5 min at 95˚C and used for western blotting.  267 

 268 

ChIP assay 269 

Control and GTF2I-knockdown cells were stimulated with TNF for 60 min. The cells 270 

were fixed with 1% PFA and lysed with lysis buffer (10 mM Tris-HCl [pH 7.5], 140 271 

mM NaCl, 1% Triton X-100, 1 mM EDTA, and 1% SDS). The lysate was sonicated to 272 

prepare chromatin DNA. Immunoprecipitation was performed with Dynabeads protein 273 

G (Life Technologies), and anti-NF-B p65 antibody, anti-p300 antibody, anti-Pol II 274 

antibody, anti-GTF2I antibody or control IgG were added. DNA purification was 275 

performed with 10% Chelex 100 (Bio-Rad). Real-time PCR was performed with IL-6, 276 

CCL5, and CCL20 promoter primer pairs that included a p65 binding site. The PCR 277 

primer sequences are described in Table 3. 278 

 279 

RNA sequence analysis 280 

Control and GTF2I-knockdown BC-1 cells were stimulated with TNF for 3 h. Total 281 

RNA was isolated with a TRIzol. cDNAs were synthesized with the NEBNext Ultra 282 

RNA Library Prep Kit for Illumina (NEB Biolabs, Inc., Ipswich, MA) according to the 283 

manufacturer's instruction. Sequencing data were obtained using the HiSeq 1500 system 284 

(Illumina), which could read a 50-bp sequence (single-ended 50-base pair reads). 285 

Hierarchical clustering and heat mapping of the data were performed with MeV 286 

(http://www.tm4.org/mev/). Data were analyzed with Strand NGS (Strand Genomics).  287 

Statistical analysis 288 

Student's two‐tailed t‐tests were used for the analysis of differences between two groups. 289 

One‐way analysis of variance with Bonferroni correction was used for multiple 290 

comparisons. Wilcoxon’s rank sum test was used for the analysis of clinical scores in 291 

the mouse model of arthritis and experiments using enough patient samples (n>6). 292 

Pearson’s correlation coefficient was used for analyzing correlations between two 293 

variables. P values less than 0.05 were considered significant.  294 

295 

http://www.tm4.org/mev/


Results 296 

GTF2I in nonimmune cells is involved in inflammation responses in vitro and in 297 

vivo 298 

We investigated how GTF2I activates the IL-6 amplifier in nonimmune cells. Two 299 

GTF2I-knockdown endothelial cells (BC-1 cells) were established by using two 300 

lentiviruses with GTF2I shRNAs. The knockdown efficiency was validated by the 301 

GTF2I mRNA expression (Figure 1A). IL-6 mRNA expression and protein secretion 302 

were suppressed in BC-1 cells with GTF2I-knockdown after IL-6 and IL-17A 303 

stimulation (Figures 1B and 1C). Cell viability was not significantly affected by 304 

GTF2I-knockdown (Figure 1C). We stimulated BC-1 cells treated with GTF2I shRNA 305 

and four TLR ligands and then analyzed the mRNA expressions of IL-6 and Mx1, an 306 

interferon-stimulatory gene. We found that GTF2I knockdown suppressed both IL-6 and 307 

Mx1 expression by LPS, CpG, and R848 via the TLR-Myd88 pathway, but not by poly 308 

(I:C) via the TLR-TRIF pathway (Supplementary Figure 2A and 2B). The knockdown 309 

of GTF2I in HSG cells also suppressed the mRNA expression of several inflammatory 310 

chemokines such as CCL2, CCL5, CCL20 and CXCL2 after IL-6 and IL-17A 311 

stimulation (Figure 1D). Similar results of immune suppression were observed in F759 312 

mice, which developed cytokine-induced arthritis in the ankle joints if treated in the 313 

ankle with lentiviruses encoding the GTF2I shRNA (Figure 1E and 1F). Taken together, 314 

these results demonstrated that GTF2I in nonimmune cells contributed to the 315 

inflammation response in vivo and in vitro.  316 

 317 

GTF2I in nonimmune cells is involved in activation of the NF-B pathway 318 

The IL-6 amplifier is activated by the simultaneous stimulation of NF-B and STAT3 319 

via inflammatory cytokines in nonimmune cells (5-7,17). GTF2I-knockdown 320 

nonimmune cells showed suppressed LCN2 expression, the target gene of the NF-B 321 

pathway, after IL-6 plus IL-17A stimulation, but no inhibition of STAT3, which is the 322 

target gene of the STAT3 pathway (Figure 2A). Consistently, the forced expression of 323 

GTF2I enhanced NF-B p65 promoter activity and IL-6 promoter activity (Figure 2B). 324 

These results demonstrated that GTF2I in nonimmune cells activates the NF-B 325 

pathway but not the STAT3 pathway.  326 

 327 

GTF2I in nonimmune cells is involved in nuclear NF-B activation by p65 binding 328 

GTF2I translocates to the nucleus in lymphocytes (29-32). We found that GTF2I was 329 

also localized in the nucleus regardless of stimulation in nonimmune cells including 330 

HeLa cells and human synoviocytes (Figures 2C and 2D). Consistent with these results, 331 

cytoplasmic events including the phosphorylation of IB and NF-B p65 and the 332 

nuclear translocation of NF-B p65 were not affected by GTF2I-knockdown after 333 

cytokine stimulation (Figure 3A and 3B). On the other hand, the recruitment of NF-B 334 

p65 to the promoter of IL-6 gene was significantly reduced after TNF stimulation in 335 

GTF2I-knockdown nonimmune cells (Figure 3C). Thus, GTF2I in nonimmune cells is 336 

involved in nuclear NF-B activation after cytokine stimulation. 337 

GTF2I is composed of a N-terminal leucine zipper (LZ) domain, two nuclear localizing 338 

signals, a basic region, and six repeat domains containing the helix-loop-helix motif 339 

(33,34) (Figure 3D). We found GTF2I associated with NF-B p65 via its LZ domain 340 

(Figure 3E). Functionally, deficiency of the LZ domain significantly reduced NF-B 341 



promoter activity in nonimmune cells (Figure 3F). Together, these results indicated that 342 

GTF2I enhances NF-B activation by p65 binding to its LZ domain in the nucleus of 343 

nonimmune cells. 344 

 345 

GTF2I in nonimmune cells enhances the recruitment of transcriptional regulators 346 

to the promoters of NF-κB target genes 347 

We hypothesized that NF-B p65 together with GTF2I increases the transcription of 348 

NF-B target genes after cytokine stimulation in nonimmune cells. Consistently, the 349 

recruitment of NF-κB p65 was significantly reduced not only to the promoter region of 350 

IL-6 (Figure 3C, Supplementary Figure 3A), but also to the promoter regions of CCL2 351 

and CCL5 in GTF2I-knockdown cells after cytokine stimulation (Figure 4A). Moreover, 352 

the recruitment of p300 and polymerase II (Pol II) was reduced on the promoter of IL-6 353 

after cytokine stimulation (Figure 4B and 4C). The recruitment of GTF2I itself to the 354 

IL-6 promoter increased after cytokine treatment (Figure 4D, Supplementary Figure 3B). 355 

Thus, GTF2I enhances the recruitment of transcriptional regulators such as p300 and 356 

Pol II to the promoters of NF-κB target genes in nonimmune cells. However, because 357 

there were no significant differences between mock or shRNA treated samples after 358 

60-min stimulation (Figure 4B and 4C), we cannot confidently conclude which of p300, 359 

Pol II, or GTF2I itself accumulates in the early phase and which accumulates in the late 360 

phase.  361 

We then performed ChIP assays on acetyl H3K9 and tri-methyl H3K27 as 362 

activation and suppressive markers of histones, respectively, and found that acetyl 363 

H3K9 was decreased and tri-methyl H3K27 increased in GTF2I-knockdown cells 364 

(Supplementary Figure 4A and 4B). We also found that the mRNA expressions of 365 

several histone modificatory enzymes including Gcn5, Hdac2, Ezh2, and Jmjd3 were 366 

decreased in GTF2I-knockdown cells (Supplementary Figure 4C). Thus, GTF2I is 367 

critical for the epigenetic changes of histones and the expression of histone modificatory 368 

enzymes after IL-6 amplifier activation. 369 

We found that GTF2I enhanced p65 binding to the promoters of NF-B target genes 370 

including IL-6 and chemokines after cytokine stimulation (Figure 3C and 4A) and that 371 

GTF2I functions at the promoter regions of NF-B target genes most likely by 372 

stabilizing the transcriptional complexes via binding with NF-B p65 in nonimmune 373 

cells (Figure 4B and 4C).  374 

We performed RNA-sequencing experiments using cells with or without GTF2I shRNA 375 

in the presence of absence of cytokine stimulation (Figure 5). Figure 5A and 5B show a 376 

volcano plot and GO analysis results, respectively. We confirmed that GTF2I is mainly 377 

involved in the NF-κB pathway and not the STAT3 pathway, because we found many 378 

but not all NF-κB targets were suppressed in cells with GTF2I-knockdown, but the 379 

majority of STAT3 targets were unaffected (Figure 5C and 5D). We also show the 380 

positions of IL-6, CCL2, CCL5, CCL20, CXCL20, and GTF2I, which are all NF-κB 381 

targets, as well as STAT3, which is a STAT3 target (Figure 5C and 5D). Consistently, we 382 

confirmed that STAT3 was recruited to the IL-6 promoter, a recruitment dependent on 383 

GTF2I (Figure 4D). These results suggest that a specific subset of promoters of NF-B 384 

target genes might be regulated by GTF2I. Additional work is required to identify these 385 

adaptor molecules in order to understand more about the inflammation induction in SS. 386 

 387 



GTF2I is highly expressed in SS patients having GTF2I SNPs and enhanced 388 

activation of the IL-6 amplifier in salivary gland cells 389 

To examine the effect of GTF2I SNPs on GTF2I expression in salivary gland cells, 390 

salivary gland samples from SS patients (n = 20) were divided into two groups based on 391 

the presence (n = 8) or absence (n = 12) of the risk alleles rs117026326 and rs73366469 392 

(GTF2I SNPs) (Supplementary Figure 1A). No patients expressed the risk alleles of 393 

either SNP alone in our cohort (Supplementary Figure 1B). Although we found no 394 

significant pathogenic changes between those with or without SNPs based on several 395 

criteria including the Greenspan Grade (Table 4), quantification by RT-PCR showed 396 

GTF2I expression was significantly higher in salivary glands isolated from SS patients 397 

with the risk alleles compared to individuals without (Figure 6A). Moreover, a higher 398 

expression of IL-6 and CCL2 was measured in the salivary gland cells of SS patients 399 

with the risk alleles (Figure 6B). In agreement with the elevated expressions of IL-6 and 400 

CCL2, lymphocyte infiltration levels were also higher (Figure 6C and 6D). IHC of the 401 

activation status of NF-κB p65 and STAT3 showed an increase in phosphorylated 402 

NF-κB p65 and phosphorylated STAT3 in the salivary gland cells with the risk alleles, 403 

and the protein levels of GTF2I were also increased in the salivary gland cells with the 404 

risk alleles (Figures 6E and 6F). On the other hand, GTF2I expression, NF-κB 405 

activation, and STAT3 activation in immune cells showed no SNP dependency in SS 406 

patients (Supplementary Figure 5A and 5B). Thus, the risk alleles of GTF2I SNPs 407 

enhance GTF2I expression and activation of the IL-6 amplifier in salivary gland cells, 408 

which is critical for the immune cell accumulation.409 



Discussion 410 

SS, like other autoimmune diseases, is proposed to be initiated by a combination of 411 

genetic and environmental factors. Although several studies have investigated changes 412 

in gene expressions in the minor salivary glands of SS patients, functional investigations 413 

of SNPs identified by GWAS studies have been limited. In this study, we demonstrate 414 

that two GTF2I SNPs, rs117026326 and rs73366469, caused an increase in the 415 

expressions of GTF2I, IL-6, and chemokines via the activation of NF-B and STAT3 in 416 

salivary gland cells and were associated with lymphocyte infiltration in the salivary 417 

glands, most likely via chemokine expression. In agreement, GTF2I overexpression 418 

enhanced NF-κB activation, while GTF2I-knockdown decreased chemokine expression 419 

even with stimulation by IL-6 and IL17A in nonimmune cells. Thus, GTF2I plays a role 420 

in the SS pathogenesis by enhancing NF-B activation in salivary gland cells.  421 

 422 

Other genes located in the same locus as GTF2I may contribute to SS development. 423 

Indeed, a fine mapping study reported that the association with SS seen at this locus was 424 

most likely explained by a missense variant, p.Arg90H, in the neighbouring NCF1 gene 425 

(35). Thus, it is possible that other genes including NCF1 might regulate GTF2I 426 

expression indirectly. However, we demonstrated that GTF2I increased in the presence 427 

of the risk alleles and that it enhances the activation of the NF-B pathway in 428 

nonimmune cells, which is critical for inflammation development. Thus, we propose 429 

that the risk alleles play a role in the development of inflammatory diseases via GTF2I. 430 

More study is required to understand how the SNPs increase the expression of GTF2I 431 

and also the role of other genes on the pathogenesis.  432 

 433 

Importantly, GTF2I mRNA and protein levels were increased in salivary gland cells 434 

having the risk alleles compared with samples from non-risk allele patients. Moreover, 435 

many salivary gland cells with the risk alleles showed activation of the IL-6 amplifier 436 

based on p65 and STAT3 phosphorylation, higher expressions of NF-B targets such as 437 

IL-6 and chemokines, and more infiltration of lymphocytes in the salivary glands. 438 

Therefore, we hypothesized that the risk alleles of GTF2I SNPs function in nonimmune 439 

cells but not in immune cells of the blood to develop SS. These results suggest GTF2I in 440 

salivary gland cells is a key molecule for maintaining the chronic inflammation in SS 441 

pathophysiology and is also a potential therapeutic target.442 
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 604 

Figure 1. GTF2I in nonimmune cells is involved in inflammation induction in vitro 605 

and in vivo 606 

(A-B) Mouse BC-1 cells were transduced with lentiviruses that encoded shRNA 607 

specific for GTF2I or a control. GTF2I-knockdown cells were stimulated with human 608 

IL-6 plus soluble IL-6R and/or IL-17A for 3 h. The mRNA expressions of GTF2I (A) 609 

and IL-6 (B) were measured.  610 

(C) GTF2I-knockdown cells were treated with IL-6 plus soluble IL-6R and/or IL-17A 611 

for 24 h. The culture supernatant was collected and assessed with ELISA specific for 612 

mouse IL-6. Cell survival was also evaluated based on mitochondrial activity using 613 

TCO reagent (closed squares).  614 

(D) Human HeLa cells were treated with siRNA specific for GTF2I (si-GTF2I) or 615 

control. The knockdown efficiency of GTF2I mRNA levels was assessed. The mRNA 616 

expressions of several inflammatory chemokines (CXCL2, CCL2, CCL5, CCL20) were 617 

measured.   618 

(E) The knockdown efficiency of GTF2I mRNA levels in F759 mice ankle joints was 619 

assessed (n=3, each group).  620 

(F) Clinical arthritis scores from the hind limb of F759 mice after the injection of a 621 

lentivirus carrying GTF2I shRNA (gtf2i sh1 or gtf2i sh2) or a control lentivirus (NTC) 622 

to the ankle joint on days 0, 2, and 4, and the subsequent administration of IL-6 and 623 

IL-17 on days 5, 7, and 9.  624 

Mean scores ± SEM are shown. Data are representative of three independent 625 

experiments, each with four subjects. *p<0.05, ** p <0.01, *** p <0.001. 626 

 627 

 628 

Figure 2. GTF2I is involved in activation of the NF-κB pathway in nonimmune 629 

cells. 630 

(A) GTF2I-knockdown BC-1 cells were stimulated with IL-6 plus IL-6R and IL-17A, 631 

and the mRNA expressions of LCN2 (left) and STAT3 (right) were measured.  632 

(B) Luciferase assay using NF-κB p65 binding sites (left) or the IL-6 promoter (right) in 633 

HEK 293T cells with or without GTF2I overexpression in the presence or absence of 634 

TNF stimulation.  635 

(C,D) HSG cells (C) and human synoviocytes (D) were stimulated with TNF, and the 636 

localization of GTF2I (red) and NF-κB p65 (green) was investigated.  637 

Mean scores ± SEM are shown. Data are representative of three independent 638 

experiments, each with four or six subjects. *p<0.05, ** p <0.01, *** p <0.001. 639 

 640 

 641 

Figure 3. GTF2I in nonimmune cells is involved in nuclear NF-κB activation by 642 

p65 binding  643 

(A) GTF2I-knockdown and control cells were treated with TNF. Phosphorylated 644 

NF-κBp65, phosphorylated I, I, GTF2I, and tubulin levels were measured.  645 

(B) GTF2I-knockdown and control cells were stimulated with TNF, and the cellular 646 

localization of NF-κB p65 (red) was observed. Nuclear counterstaining was performed 647 

(blue). The bar graph shows the percentages of cells with NF-κB p65 localized in the 648 

cytoplasm or the nucleus. 649 



(C) NF-κB p65 recruitment to the IL-6 promoter with TNF was assessed using ChIP 650 

assays in MOCK and GTF2I-knockdown cells.  651 

(D) Schematic illustration of GTF2I proteins. BR, basic region; C, C-terminus; LZ, 652 

leucine zipper; N, N-terminus; NLS, nuclear localizing signal; R1-R6, helix-loop-helix 653 

motifs.  654 

(E) Plasmids encoding wild-type GTF2I, GTF2I DLZ, or mock vector were transfected. 655 

Whole cell lysates were immunoprecipitated with anti-FLAG Ab and p65 Ab, followed 656 

by immunoblot analysis with anti-FLAG and anti-NF-κB p65 antibodies. 657 

(F) NF-κB promoter activity in HEK293T cells transfected as in (D) was assessed in the 658 

presence of TNF stimulation.  659 

Mean scores ± SEM are shown. Data are representative of three independent 660 

experiments, each with four subjects. ** p <0.01, *** p <0.001. 661 

 662 

 663 

Figure 4. GTF2I enhances the recruitment of transcriptional regulators to NF-κB 664 

promoters in nonimmune cells. 665 

(A) NF-κB p65 recruitment to CCL2 and CCL5 promoters with or without 180 min of 666 

IL-6 and IL-17 stimulation was assessed using ChIP assays in MOCK and 667 

GTF2I-knockdown cells (sh1 and sh2). 668 

(B) P300 recruitment to the IL-6 promotor with 0, 60, 120, or 180 min of IL-6 and 669 

IL-17 stimulation was assessed using ChIP assays in MOCK and GTF2I-knockdown 670 

cells. 671 

(C) Pol II recruitment to the IL-6 promotor with 0, 60, 120, or 180 min of IL-6 and 672 

IL-17 stimulation was assessed using ChIP assays in MOCK and GTF2I-knockdown 673 

cells. 674 

(D) STAT3 recruitment to the IL-6 promotor with 0, 60, 120, or 180 min of IL-6 and 675 

IL-17 stimulation was assessed using ChIP assays in MOCK and GTF2I-knockdown 676 

cells. 677 

Mean scores ± SEM are shown. Data are representative of three independent 678 

experiments, each with four subjects. *p<0.05; ** p <0.01; *** p <0.001. 679 

 680 

Figure 5. A specific subset of NF-κB target genes is regulated by GTF2I. 681 

(A) Results of RNA-sequencing data from GTF2I-knockdown and control BC-1 cells. 682 

Log Fold changes >1 or <-1 were considered significant. 683 

(B) Down-regulated pathways in GTF2I-knockdown BC-1 cells according to Gene 684 

Ontology enrichment analysis. 685 

(C) Scatter plot of p65 target gene expressions based on the RNA-sequencing data from 686 

GTF2I-knockdown and control BC-1 cells. The x-axis is the log2 fold change of 687 

GTF2I-knockdown cells. The y-axis is the log2 fold change of IL-6 and IL-17 688 

stimulation. 689 

(D) Scatter plot of STAT3 target gene expressions based on the RNA sequence data 690 

from GTF2I-knockdown and control BC-1 cells. The axes are the same as in (C). 691 

 692 

 693 

Figure 6. GTF2I enhanced the activation of NF-κB p65 and STAT3 in salivary 694 

gland cells. 695 



(A) GTF2I mRNA levels in the salivary glands of SS patients with (SNP +) or without 696 

(SNP -) the risk loci of the GTF2I SNPs are shown as relative expression levels to 697 

GAPDH. GTF2I risk SNPs were evaluated by using salivary gland RNA from 20 SS 698 

patients at Tsukuba University Hospital.  699 

(B) The mRNA levels of IL-6 and CCl2 in the salivary glands of the same SS patients 700 

are shown as relative expression levels to GAPDH.  701 

(C) Hematoxylin and eosin staining were performed in the salivary glands of the same 702 

SS patients. Lymphocyte infiltration in the salivary glands is shown. Scale bars, 100 703 

µm. 704 

(D) Quantification of (C) using image J software.  705 

(E) Serial sections of salivary glands from healthy donors and patients at Hokkaido 706 

University Hospital with or without the risk alleles were stained with anti-GTF2I 707 

antibody, anti-phospho-NF-κB p65 antibody, and anti-phospho-STAT3 antibody. 708 

Scale bars, 10 µm.  709 

(F) Quantification of (E) using Image J software.  710 

Median ± interquartile ranges in (A) and (B) or mean scores ± SEM in (D) and (F) 711 

are shown. *p < 0.05; **p<0.01. 712 

 713 

Supplementary Figure 1. GTF2I SNPs and SS samples 714 

(A) Schematic illustration of the location of the SNPs (rs73366469 and rs117026326) 715 

and GTF2I, GTF2IRD1 and GTF2IRD2 genes in chromosome 7. 716 

(B) Genotypes of the two SNPs in SS samples. Heterozygotes and homozygotes of the 717 

risk locus are indicated by ± and +, respectively. 718 

 719 

Supplementary Figure 2. GTF2I in nonimmune cells is involved in Toll-like 720 

receptor-induced inflammation in vitro 721 

(A-B) GTF2I-knockdown BC-1 cells were stimulated with LPS, poly (I:C), CpG, or 722 

R848 for 3 h. The mRNA expressions of IL-6 (A) and Mx-1 (B) were measured.  723 

Mean scores ± SEM are shown. Data are representative of three independent 724 

experiments, each with three subjects. *p<0.05, ** p <0.01, *** p <0.001. 725 

 726 

Supplementary Figure 3. GTF2I enhances the recruitment of transcriptional 727 

regulators to NF-κB promoters in salivary gland cells. 728 

(A) NF-κB p65 recruitment to the IL-6 promoter after 0, 60, 120 or 180 min of IL-6 and 729 

IL-17 stimulation was assessed using ChIP assays in MOCK and GTF2I-knockdown 730 

HSG cells 24 hr after siRNA administration. 731 

(B) GTF2I recruitment to the IL-6 promoter after 0, 60, 120 or 180 min of IL-6 and 732 

IL-17 stimulation was assessed using ChIP assays in HSG cells. 733 

Mean scores ± SEM are shown. Data are representative of two independent 734 

experiments, each with three subjects. *p<0.05, ** p <0.01. 735 

 736 

Supplementary Figure 4. GTF2I induces epigenetic change through histone 737 

modulator expression. 738 



(A-B) Acetyl H3K9 recruitment (A) and tri-methyl H3K27 recruitment (B) to the IL-6 739 

promotor with or without 180 min of IL-6 and IL-17 stimulation was assessed using 740 

ChIP assays in MOCK and GTF2I-knockdown cells. 741 

(C) The mRNA expressions of a H3K9 acetyltransferase (Gcn5), a histone deacetylase 742 

(Hdac2), a H3K27 N-methyltransferase (Ezh2), and a histone H3K27 demethylase 743 

(Jmjd3) were assessed in MOCK and GTF2I-knockdown cells. 744 

Mean scores ± SEM are shown. Data are representative of three independent 745 

experiments, each with three or four subjects. *p<0.05, ** p <0.01, *** p <0.001. 746 

 747 

Supplementary Figure 5. GTF2I contribution to the activation of NF-κB p65 and 748 

STAT3 in salivary gland cells and infiltrating immune cells. 749 

(A) Representative images of GTF2I, phospho-p65, and phospho-STAT3 intensity in 750 

infiltrating immune cells in SS salivary glands with SNPs. Scale bars, 10 µm. 751 

(B) The percentage of immune cells positive for GTF2I, phospho-p65, and 752 

phospho-STAT3 and infiltrating the salivary glands tissue from patients with or without 753 

SNPs at Hokkaido University Hospital. 754 

Mean ± SEM are shown. NS, not significant. 755 

 756 
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Figure 3
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