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Abstract

Objective—The Fli-1 transcription factor is implicated in the pathogenesis of systemic lupus 

erythematosus (SLE) in both human patients and animal models. Dysregulation of interleukin 6 

(IL-6) is also associated with SLE. We investigated whether Fli-1 directly regulates the expression 

of IL-6.

Methods—Sera were collected from wild-type and Fli-1 heterozygous (Fli-1+/−) MRL/lpr mice 

and the concentration of IL-6 was measured by ELISA. Expression of IL-6 in the kidney was 

measured by real-time PCR. T cells were isolated from wild-type and Fli-1+/− MRL/lpr mice and 

stimulated with CD3/CD28 beads, and the concentration of IL-6 in the supernatants was measured 

by ELISA. MS1 endothelial cells were transfected with Fli-1 and control siRNA, and the 

production of IL-6 was compared after lipopolysaccharides (LPS) stimulation. A chromatin 

immunoprecipitation (ChIP) assay was performed to determine whether Fli-1binds to the IL-6 

promoter region. Transient transfections with the NIH 3T3 cell line were performed to study if 

Fli-1 regulates the expression of IL-6.

Results—Fli-1+/− MRL/lpr mice had significantly decreased IL-6 in sera and reduced expression 

of IL-6 in kidneys compared to wild-type littermates. The T cells isolated from Fli-1+/− MRL/lpr 

mice produced less IL-6. Inhibiting the expression of Fli-1 in endothelial cells resulted in reduced 

production of IL-6. The ChIP assay revealed direct binding of Fli-1 to three regions within the 

IL-6 promoter. Fli-1 activated transcription from the IL-6 promoter in a dose-dependent manner.
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Conclusion—Fli-1 directly regulates IL-6 expression as one of possible mechanisms for the 

protective effect in lupus of decreased Fli-1 expression.

Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that often affects 

multiple organs with inflammation (1–2). Lupus nephritis in SLE patients is a major cause 

of mortality; nearly 60% of SLE patients develop lupus nephritis in the course of their 

illness (1–2). During lupus nephritis disease development, many inflammatory cells 

including T cells, B cells, monocytes and macrophages infiltrate into the glomerular and 

tubulointerstitial area of the kidneys and generate inflammatory cytokines and chemokines 

(3–4). The infiltration of inflammatory cells into the kidney has a critical role in lupus 

nephritis progression (5–7).

It is well documented that inflammatory cytokines and chemokines have a significant role in 

the development of SLE and lupus nephritis (7–9). In SLE development, Type I and II 

interferons (IFNs), interleukin 6 (IL-6), interleukin 1 (IL-1), tumor necrosis factor α (TNF-

α), interleukin 10 (IL-10), interleukin 17 (IL-17), interleukin 21 (IL-21), and transforming 

growth factor β (TGF-β) are all key players (10). IL-6 has immunomodulatory effects on a 

wide range of biological activities (11). Previous studies have demonstrated that IL-6 is 

associated with T cell activation, γ-globulin production by B cells, osteoclast activation, 

hematopoiesis (platelet production), acute-phase protein induction in the liver, and 

mesangial cell proliferation in the kidney (11–16). Elevated serum IL-6 levels were 

observed in human SLE patients and correlated with disease activity (17–18). Additionally, 

high IL-6 expression in the kidney is reported in lupus nephritis patients (19). In murine 

models of lupus, elevation of serum IL-6 concentration are found in MRL/MpJ Faslpr/lpr 

(MRL/lpr) mice, and IL-6-deficient MRL/lpr mice showed delayed progression of lupus 

nephritis and prolonged survival (20–21). However it is not well known how IL-6 

expression is regulated in a lupus-like proinflammatory environment.

Similar to IL-6, high levels of the transcription factor, Fli-1, in both patients and murine 

models, has been associated with the pathogenesis of lupus and dysfunction of the immune 

system (22, 23). Fli-1 belongs to the Ets gene family (24), which has been very well 

conserved; members have been discovered in Drosophila, sea urchin, Xenopus, chicken, 

mouse, and human (25–26). The consensus GGA(A/T) core motif, also known as the Ets-

binding site, is the target region that Fli-1 and all other Ets family members can bind. 

Members of this large gene family affect gene transcription through both activation and 

suppression of target genes (25–26), many of which are critical for the control of cellular 

proliferation, differentiation, and apoptosis. In particular, endothelial cells, fibroblasts and 

hematopoietic lineages, including T and B cells possess high expression levels of Fli-1 (25–

27). Mice die during the embryonic stage due to hemorrhages in the neural tube after 

targeted constitutive disruption of the Fli-1 gene likely due to thrombocytopenia and 

vascular deficiency (28). Development of a lupus-like disease has been observed in Fli-1 

transgenic mice that overexpress the Fli-1 protein (23). Previously, we generated Fli-1 

heterozygous (Fli-1+/−) mice in murine models of lupus, MRL/lpr and NZM2410, and 

demonstrated that mice with decreased expression of Fli-1 have profound, prolonged 
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survival with significantly reduced lupus nephritis (29–30). Additionally it has been 

observed that peripheral blood lymphocytes (PBLs) from SLE patients have significantly 

increased expression of Fli-1, which has been linked to activity of the disease (22). We 

recently discovered that expression of the inflammatory chemokine Chemokine (C-C motif) 

ligand 2 (CCL2, also known as monocyte chemotactic protein-1, MCP-1) in endothelial 

cells is directly regulated by Fli-1 (31). In this study we investigated whether Fli-1 affects 

lupus disease development by regulating the expression of IL-6 in a murine model of lupus. 

We found that Fli-1+/− MRL/lpr mice had significantly decreased IL-6 protein 

concentrations in serum and reduced IL-6 mRNA expression in kidneys compared to wild-

type littermates. Inhibiting the expression of Fli-1 with siRNA resulted in decreased IL-6 

production in endothelial cells after lipopolysaccharide (LPS) stimulation. Furthermore, we 

found that Fli-1 directly binds to the IL-6 promoter region by chromatin 

immunoprecipitation (ChIP) assay and Fli-1 activated transcription from the IL-6 promoter 

in a dose-dependent manner. Thus, Fli-1 is an essential regulator for the expression of IL-6 

and expression of Fli-1 impacts lupus disease development by regulating IL-6 expression in 

a murine model of lupus.

Materials and Methods

Mice

MRL/lpr mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Fli-1+/− 

MRL/lpr mice were generated by backcrossing with Fli-1+/− C57BL/6 (B6) mice for more 

than 12 generations as previously reported and used together with wild-type littermates in 

this study (29). All mice were housed under pathogen-free conditions at the animal facility 

of the Ralph H. Johnson Veterans Affairs Medical Center and all animal experiments were 

approved by the Institutional Animal Care and Use Committee.

Cells

Murine endothelial MS1 cells were purchased from the American Type Culture Collection 

(ATCC) and maintained with Dulbecco’s Modified Eagle’s Medium (DMEM) medium 

(Mediatech Inc., Manassas, VA) with 10% fetal bovine serum (FBS). The mouse embryonic 

fibroblast NIH3T3 cell line was grown in DMEM with 10% FBS and 1% penicillin/

streptomycin. Human primary endothelial cells were purchased from Lonza Inc. (Allendale, 

NJ).

Genotyping of the mice by PCR

For genotyping, PCR was used to detect fragments of the wild-type Fli-1 and Fli-1+/− allele, 

as previously described (29). The primers for PCR were as follows: Fli-1 exon IX /forward 

primer (positions 1156 to 1180), GACCAACGGGGAGTTCAAAATGACG; Fli-1 exon IX/

reverse primer (positions 1441 to 1465), GGAGGATGGGTGAGACGGGACAAAG; and 

Pol II /reverse primer, GGAAGTAGCCGTTATTAGTGGAGAGG. DNA was isolated from 

tail snips (4-week old mice) using a QIAamp Tissue Kit (Qiagen, Germantown, MD). PCR 

analyses were performed under the following conditions: 1 cycle at 95°C for 5 min, 

followed by 36 repeating cycles at 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min 
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followed by 72°C for 7 min. A 309-bp fragment indicates the presence of the wild-type 

allele, and a 406-bp fragment is amplified from the mutant allele.

Measurement of cytokine IL-6

IL-6 concentrations in mouse serum or medium supernatants were determined by ELISA 

(eBioscience, San Diego, CA). The assays were performed using the manufacturer’s 

instructions.

Fli-1 specific siRNA transfection into endothelial cells

Fli-1 specific siRNA and negative control siRNA were purchased from Invitrogen and 

transfected into the MS1 cells using lipofectamine according to the manufacturer’s 

instructions (Life Technologies/Invitrogen, Grand Island, NY). After transfection, MS1 cells 

were stimulated by LPS (1μg/ml, Sigma-Aldrich, St. Louis, MO) and the supernatant was 

collected at the following time points 0, 2, 4, 6 and 24 hours after LPS stimulation. 

Collected supernatants were analyzed by ELISA to determine IL-6 concentration.

Measurement of IL-6 expression in kidneys by real-time PCR

Total RNA was prepared from part of a fresh kidney for real-time PCR analysis. A total of 

1μg of RNA was used to synthesize cDNA using the RT2 First Strand Kit (Qiagen). Real-

time PCR was performed according to the manufacturer’s instructions, in triplicate using the 

RT2 SYBR Green Rox qPCR Mastermix (Qiagen). The IL-6 primers used were: forward, 

5′-GTTCTCTGGGAAATCGTGGA-3′, reverse, 5′-TGTACTCCAGGTAGCTATGG-3′. 

PCR was performed using the CFX Connect Real-Time PCR Detection System (Bio-Rad, 

Hercules, CA), the housekeeping gene GAPDH was used as the control, and relative 

expression analysis was conducted using the program provided by SABiosciences. The 

cycling conditions for all genes were: pre-incubation at 95°C for 10 min, followed by 40 

cycles of denaturation at 95°C for 15 seconds, and annealing and extension at 60°C for 1 

min, with a single data acquisition at the end of each extension.

T cell isolation and stimulation by CD3/CD28 activator

T cells were negatively isolated from Fli-1+/− and wild-type MRL/lpr mice using the T cell 

negative Dynabeads isolation kit (Life Technologies, Grand Island, NY) following 

instructions from the manufacture. Purified T cells were seeded in 24-well plates at a 

concentration of 1×106 cells in RPMI 1640 medium with 10% fetal bovine serum and 

stimulated with CD3/CD28 activator microbeads (Life Technologies). The supernatants 

were collected 1 to 3 days after stimulation and ELISA was used to determine the IL-6 

concentrations.

ChIP assay

ChIP assay was performed as we described previously using an anti-Fli-1 rabbit polyclonal 

antibody and control IgG (32). The primers used in the ChIP assay are not shown, but can be 

made available upon request to the corresponding author. After immunoprecipitation by 

Fli-1 specific antibody and normal IgG controls, the DNA was purified and amplified by 

PCR according to manufacturer’s instructions (Qiagen).
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Reporter and Expression Constructs

PCR primers were designed to directionally clone the full length IL-6 promoter region, 

-1231bp upstream of the transcription start site, into the pGL3 basic vector upstream of the 

Luciferase gene (Promega, Madison, WI). The primers were designed using the 5′UTR of 

the murine IL-6 gene obtained from the Ensembl genome browser (Ensembl Gene ID 

ENSMUSG00000025746) (33). The forward primer 5′ AAG GTA CCA TAT CTG GAG 

ACA GG 3′ contains a KpnI restriction enzyme site (underlined) and the reverse primer 5′ 

AAT AAA GCT TAG CGG T TT CTG GAA TTG 3′ a HindIII restriction enzyme site 

(underlined). The promoter was PCR amplified from genomic DNA isolated from a B6 

mouse. The PCR program used to amplify the 1231bp sequence was as follows: 94°C for 3 

min.; thirty cycles of 94°C for 30 sec, 52°C for 30 sec, 72°C for 1 min; 72°C for 5 min; held 

at 4°C until the program was stopped. The mouse Fli-1 expression vector was obtained from 

Dr. Dennis Watson (Medical University of South Carolina) and confirmed by DNA 

sequencing. Briefly, the Fli-1 gene containing a 5′ kozak sequence and Flag tag, was cloned 

into the pcDNA3.0 expression vector (Life Technologies), which is under the control of a 

CMV promoter. The Fli-1 expression vector has been described previously (34). All of the 

constructs were confirmed by DNA sequencing (Genewiz, South Plainfield, NJ).

DNA Transfection

NIH3T3 cells were seeded at 4×105 cells per well in 6 well plates, one day prior to 

transfection. Transfections were performed using the Fugene 6 transfection reagent 

(Promega) following the manufacturer’s instructions. For all of the transfection experiments 

2μg of the reporter constructs pGL3/basic and pGL3/IL6 were used. For the Fli-1 dose 

response, increasing amounts (0.025μg, 0.05μg, 0.1μg, 0.25μg, 0.5μg, and 1μg) of the Fli-1 

expression construct were transfected into the cells. The pcDNA3.0 construct was added to 

all transfection experiments when necessary to ensure that equimolar amounts of total DNA 

were transfected into the cells. Luciferase activity was measured using the Dual-luciferase 

reporter assay system (Promega) and the Luminoskan Ascent Microplate Luminometer 

(Thermo Fisher Scientific, Waltham, MA). Transfection activity was normalized to the 

activity of the co-transfected Renilla luciferase construct. Fold activation was calculated 

based on the activity over the pGL3/basic vector and the values are reported as mean ± SE.

Statistical analysis

The unpaired Student’s t test was used to determine significant differences between two 

groups. A p < 0.05 was considered to be statistically significant. The Mann-Whitney U-test 

was also used when appropriate.

Results

Significantly reduced serum IL-6 concentrations in Fli-1+/− MRL/lpr mice compared to wild-
type littermates

To assess whether the expression level of the transcription factor Fli-1 affects IL-6 

production, we measured serum IL-6 concentrations in Fli-1+/− (n=9) and wild-type (n=13) 
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littermates at the age of 22 weeks. As shown in Fig.1, the serum IL-6 concentrations in the 

Fli-1+/− MRL/lpr mice were significantly lower compared to wild-type littermates.

Reduced IL-6 mRNA expression in kidneys from Fli-1+/− MRL/lpr mice compared to wild-
type littermates

Since lupus nephritis is the major cause of death in human patients and murine models of 

lupus, including MRL/lpr mice, and we previously reported that Fli-1+/− MRL/lpr mice have 

significant, prolonged survival with reduced renal scores (29), we next examined the mRNA 

expression of IL-6 in kidneys from Fli-1+/− and wild-type MRL/lpr mice. Kidneys were 

removed from mice at the age of 22 weeks and expression of IL-6 was measured by RT-

PCR. As shown in Fig. 2, the expression of IL-6 in kidneys from Fli-1+/− MRL/lpr mice was 

significantly decreased compared to that from wild-type littermates (p<0.05). We examined 

IL-6 expression in kidneys using immunohistochemical staining. The expression of IL-6 was 

mainly observed in the glomerulus of MRL/lpr mice. Interstitial IL-6 expression was also 

observed but to a lesser extent, along with expression in small arteries and capillaries (data 

not shown).

T cells isolated from Fli-1+/− MRL/lpr mice produced significantly lower IL-6 after 
stimulation

To further verify that Fli-1 affects IL-6 expression, we isolated T cells including CD4+ and 

CD8+ cells from Fli-1+/− and wild-type MRL/lpr mice at the age of 16 weeks by negative 

selection as described in the Materials and Methods section. Double negative T cells 

(B220+) were excluded by this isolation. As we have reported previously, there were no 

differences in T cell subtype populations between Fli-1+/− and wild-type MRL/lpr mice 

(29). The T cells were stimulated with CD3/CD28 beads and the supernatants were 

collected. IL-6 concentrations were measured by ELISA. As shown in Fig. 3, T cells 

isolated from Fli-1+/− MRL/lpr mice produced significantly less IL-6, 24, 48 and 72 hours 

after stimulation compared to the T cells from wild-type littermates. To test if expression of 

Fli-1 affects IL-6 production in T cells from a normal strain of mice, we isolated T cells 

from Fli-1+/− B6 mice and their wild-type littermates at the age of 8 weeks. T cells from 

Fli-1+/− B6 mice produced reduced IL-6 after CD3/CD28 bead stimulation (at 2 days, T 

cells from wild-type, 39.5±3.6 pg/ml versus T cells from Fli-1+/− mice, 28.0±1.4 pg/ml, p< 

0.05; at 3 days, T cells from wild-type, 55.9±3.3 pg/ml versus T cells from Fli-1+/− mice, 

28.9±4.5 pg/ml, p< 0.05; at 7 days, T cells from wild-type, 146.0±26.4 pg/ml versus T cells 

from Fli-1+/− mice, 75.4±9.2 pg/ml, p<0.05; n=5 in each group).

Inhibition of Fli-1 by siRNA led to decreased secretion of IL-6 in endothelial cells

Since IL-6 expression was predominantly located in glomeruli and the expression of Fli-1 

was observed only in endothelial cells located in the glomeruli, we investigated whether 

Fli-1 regulates the expression of IL-6 in endothelial cells (31, 35). Fli-1 specific siRNA was 

transfected into the MS1 endothelial cell line and expression of the Fli-1 protein was 

reduced around 90% as reported previously (31). As shown in Fig. 4, IL-6 expression levels 

were undetectable prior to LPS stimulation. MS1 cells transfected with Fli-1 siRNA 

produced significantly lower levels of IL-6 compared to MS1 cells transfected with control 
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siRNA 2, 4, 6 and 24 hours after LPS stimulation (Fig. 4). To determine whether Fli-1 also 

regulates IL-6 expression in human endothelial cells, we transfected Fli-1 specific siRNA 

and negative control siRNA into human primary endothelial cells. The endothelial cells 

transfected with Fli-1 siRNA demonstrated significantly decreased expression of Fli-1 and 

produced less IL-6 compared to the cells transfected with negative siRNA after stimulation 

with 0.1 μg/ml LPS (before the stimulation, control siRNA treated cells 203.8±15.5 pg/ml 

versus Fli-1 siRNA treated cells, 153.9±8.0 pg/ml, p<0.05; at 2 hours after LPS stimulation, 

control siRNA, 285.0±33.53 pg/ml versus Fli-1 siRNA, 168.4±4.6 pg/ml, p<0.05, n=4 in 

each group, p<0.05).

Fli-1 binds directly to the promoter region of IL-6

Next, we performed a ChIP assay to determine whether Fli-1 binds directly to the promoter 

region of IL-6. As shown in Fig. 5A, many putative Fli-1 binding sites were identified in the 

mouse IL-6 gene promoter. Nine primer pairs were designed to cover the putative Fli-1 

binding sites as shown in Fig. 5A. After immunoprecipitating DNA from the MS1 

endothelial cell line by either the Fli-1 specific antibody or the control IgG antibody, the 

crosslinked protein/DNA complexes were amplified by RT-PCR to calculate amount of 

ChIP DNA isolated. As shown in Fig. 5B, ChIP3, ChIP4 and ChIP 6 sites were significantly 

enriched with specific Fli-1 antibodies compared to normal IgG controls. All other ChIP 

sites were not significantly enriched with specific Fli-1 antibodies (fold change was less than 

1.3).

Fli-1 drives transcription from the IL-6 promoter

To confirm that Fli-1 directly regulates the expression of IL-6, the murine IL-6 promoter 

was PCR amplified from genomic DNA and cloned into the pGL3 basic reporter construct. 

Transient transfection assays were performed in order to demonstrate that Fli-1 regulates the 

expression of IL-6. As shown in Fig. 6, the transfection results clearly demonstrate that Fli-1 

drives transcription from the IL-6 promoter in a dose-dependent manner. As little as 50ng of 

Fli-1 is needed to significantly activate transcription from the IL-6 promoter.

Discussion

We previously demonstrated that reduced expression of Fli-1 had a profound impact on 

disease development in murine models of lupus, including MRL/lpr and NZM2410 mice 

(29–30). Fli-1+/− MRL/lpr mice had significantly prolonged survival with decreased renal 

pathology (29). Enhanced expression of IL-6 is associated with the development of SLE in 

both human patients and murine models of lupus (11, 17–21). In this study, for the first time, 

we demonstrated that Fli-1 is a critical regulator of IL-6 in a murine model of lupus and 

likely affects disease development by regulating this critical cytokine.

Expression of IL-6 is associated with autoimmune disease progression in rheumatoid 

arthritis and SLE. Elevated serum IL-6 levels were found in human lupus patients and 

concentrations correlated with disease activity (18, 36–37). Similarly, MRL/lpr mice 

showed high serum IL-6 levels (20). In this report, we show that Fli-1+/− MRL/lpr mice, 

with decreased expression of Fli-1 protein, had significantly lower serum IL-6 compared to 
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wild-type littermates (Fig. 1). IL-6 is implicated in development of lupus nephritis (37–38). 

Higher expression of IL-6 reported in lupus nephritis and expression of IL-6 is correlated 

with interstitial immune cell infiltration (19). Furthermore, administration of the anti-IL-6 

receptor antibody (tocilizumab) improves lupus disease in lupus prone mice (39–41). We 

also found the expression of IL-6 was significantly deceased in the kidneys from Fli-1+/− 

MRL/lpr mice compared to wild-type littermates (Fig. 2). We have previously reported that 

kidneys from Fli-1+/− MRL/lpr mice had significantly less inflammatory infiltrating 

inflammatory cells (29). By comparison, both Fli-1+/− MRL/lpr mice and IL-6-deficient 

MRL/lpr have prolonged survival, significantly reduced proteinuria and renal pathological 

scores with decreased infiltration of inflammatory cells (21, 29). Furthermore, we 

demonstrated recently that a significantly increased number of green florescence protein 

(GFP) expressing inflammatory cells infiltrated the kidneys of wild-type MRL/lpr mice 

compared to Fli-1+/− MRL/lpr mice after injection of inflammatory cells from congenic GFP 

transgenic MRL/lpr mice (42). Lower IL-6 expression in kidneys from Fli-1+/− MRL/lpr 

mice likely contributes to the decreased infiltration of inflammatory cells as lupus mice 

deficient in IL-6 had a significant reduction in renal inflammatory cells.

Many types of cells produce IL-6 including osteoblasts, macrophages, B cells, T cells, 

synoviocytes, endothelial cells and fibroblasts (11). In a previous report, IL-6 expression 

was increased in the area of glomerular and tubular inflammation and caused tubular atrophy 

(43). We found strong expression of IL-6 localized to the glomerulus in MRL/lpr mice, 

while lower levels of expression was observed in the interstitium, small arteries and 

capillaries (data not shown). Since previous results have shown that Fli-1 is mainly 

expressed in glomerular endothelial cells, arterioles and interstitial capillaries, but not in 

mesangial cells and podocytes (31, 35), we inhibited the expression of Fli-1 in endothelial 

cells to investigate the effect on production of IL-6 after LPS stimulation. As shown in Fig. 

4, inhibiting Fli-1 in endothelial resulted in significantly decreased production of IL-6 after 

LPS stimulation.

The transcriptional regulation of IL-6 is complex and several transcription factors are 

involved (44–45). In the human IL-6 promoter, functional cis-regulatory elements include 

interferon regulatory factor 1 (IRF-1), activator protein 1 (AP-1), nuclear factor kappa B 

(NFkB), CCAAT-enhancer binding proteins (C/EBP), specificity protein 1 (Sp1), nuclear 

factor IL-6 (NF-IL6), the multiple response element (MRE) and the cAMP response element 

(CRE) (44–45). Clear evidence of transcription regulation of IL-6 by several of these 

transcription factors was demonstrated in mesangial cells (45), where Fli-1 is not expressed. 

The promoter region of the mouse IL-6 gene is highly conserved (>80% similarity to the 

human promoter) and transcription factor binding sites, including CRE and AP-1, were also 

conserved between the two promoters (46). Within the mouse promoter there are two 

conserved motifs that may be associated with interferon inducibility that have the cognate 

motif of Ets binding sites GGAA (46). In this study we demonstrated that Fli-1 binds to 

three regions identified by ChIP assay within the murine promoter (Fig. 5, ChIP 3, -344 to 

-195; ChIP 4, -419 to -281; ChIP 6, -820- -613). Since the ChIP 3 and ChIP 4 sites are very 

close, further detailed analysis into the precise sites within the IL-6 promoter to which Fli-1 

binds will be performed in future studies. Interestingly, the highest binding is within the 

Sato et al. Page 8

Arthritis Rheumatol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



ChIP3 region, the region that corresponds to the conserved GGAA motifs described above 

(Fig. 5, 46). Figure 6 demonstrates that Fli-1 activates transcription from the IL-6 promoter, 

validating that Fli-1 is involved in the regulation of the IL-6 gene. At higher doses, 

activation of the IL-6 promoter decreases, although even at the highest dose, Fli-1 still 

significantly activates transcription above control (Fig.5). This effect may be due to 

increased competition for the available DNA binding sites or possibly the recruitment of 

other cofactors. Ets family members are known to regulate transcription through protein-

protein interactions (26). Fli-1 has been shown to activate or repress transcription from both 

the collagen α2 promoter and the HIV-1 core enhancer depending on interactions with 

different cofactors (47–48). That Fli-1 regulates transcription of the IL-6 promoter is 

particularly interesting given that Fli-1 expression is up-regulated by IL-6 through the JAK2 

signaling pathway in a pre-osteoblastic cell line (49). This may suggest a possible feedback 

loop between the two factors. Transcriptional regulation of IL-6 is reported to be cell-

specific (45). In this study, we found that T cells isolated from Fli-1+/− MRL/lpr mice 

produced significantly reduced IL-6 compared to T cells isolated from wild-type littermates 

(Fig. 3). Additionally, inhibiting expression of Fli-1 in endothelial cells led to decreased 

IL-6 production (Fig. 4). Thus, Fli-1 is likely a positive regulator of IL-6 in T cells and 

endothelial cells. We also demonstrated that Fli-1 regulates IL-6 production in human 

endothelial cells, which suggests expression of Fli-1 is likely play a role in human disease 

development.

CCL2 may upregulate the production of IL-6 in kidney tubular epithelial cells (50). We 

previously reported that significantly decreased expression of CCL2 was observed in 

Fli-1+/− MRL/lpr mice and Fli-1+/− NZM2410 mice compared to wild-type littermates (30, 

31). Furthermore, we demonstrated that Fli-1 directly binds to the promoter of CCL2 in 

endothelial cells isolated from kidneys of Fli-1+/− NZM2410 mice. These mice also had 

significantly lower production of CCL2 compared to wild-type NZM2410 mice (31). Thus, 

decreased expression of CCL2 in kidneys from Fli-1+/− MRL/lpr may also contribute to the 

decreased expression of IL-6 compared to wild-type littermates.

In conclusion, we present here the first evidence that the Fli-1 transcription factor regulates 

the expression of IL-6. We believe the decreased production of IL-6 in Fli-1+/− MRL/lpr 

mice compared to wild-type MRL/lpr mice contributes, in part, to the prolonged survival 

and significantly reduced renal disease observed in Fli-1+/− MRL/lpr mice. The results of 

this study identify the Fli-1 transcription factor as a novel, critical regulator of IL-6 

transcription and bring new insight into understanding the complex mechanisms involved in 

the pathogenesis of lupus disease.
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Fig. 1. Decreased IL-6 concentration in serum from Fli-1+/− MRL/lpr mice compared to wild-
type littermates
The serum was collected from Fli-1+/− MRL/lpr mice (n=9) and wild-type littermates (n=13) 

at the age of 22 weeks. IL-6 concentrations were detected by ELISA and are presented as 

pg/ml. * p< 0.05.
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Fig. 2. Reduced expression of IL-6 in kidneys from Fli-1+/− MRL/lpr mice compared to wild-type 
littermates
Total RNA was isolated from kidneys of mice at the age of 22 weeks (Fli-1+/−, n = 9, wild-

type, n=13). Total RNA was transcribed to cDNA using the SuperScript First-Strand 

Synthesis System (Life Technologies/Invitrogen). Real-time polymerase chain reaction was 

performed in triplicate with the appropriate primers. The data presented are the mean ± SD. 

*p < 0.05.
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Fig. 3. Decreased IL-6 production in T cells isolated from Fli-1+/− MRL/lpr mice compared to 
wild-type littermates
T cells were negatively isolated from spleens of Fli-1+/− (n=6) or wild-type littermates (n=6) 

at the age of 16 weeks using the T cell negative Dynabead isolation kit. The T cells were 

cultured in 24-well plates at a concentration of 1×106/ml cells. The supernatants were 

collected 1 to 3 days after stimulation with CD3/CD28 activator microbeads and ELISA was 

used to determine the IL-6 concentrations. The data presented are the mean ± SD. * p<0.05.
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Fig. 4. Inhibition of Fli-1 expression using siRNA resulted in significantly decreased production 
of IL-6 in endothelial cells
MS1 endothelial cells were transfected with Fli-1 specific siRNA or negative control 

siRNA. Supernatants were collected after stimulation with LPS at different time points as 

indicated in figure. IL-6 concentrations were measured by ELISA. The data presented are 

the mean ± SD. * indicates p< 0.05.
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Fig. 5. ChIP analysis of Fli-1 binding to the IL-6 promoter
The putative Fli-1 binding sites in the promoter region of the mouse IL-6 gene and the 

location of the primers used in the ChIP assay are shown in (A). MS1 endothelial cells were 

cross-linked with formaldehyde, chromatin was isolated from the cells and 

immunoprecipitated with specific Fli-1 or control IgG antibodies. The genomic fragments 

associated with the immunoprecipitated DNA were amplified by RT-PCR using primers 

specifically designed to cover putative Ets binding sites (The sequences of primers are 

available upon request to the corresponding author). PCR products were separated by 

agarose gel electrophoresis and visualized by ethidium bromide staining. Input represents 

1% total cross-linked, reversed chromatin before immunoprecipitation. Fold changes were 

calculated by RT-PCR, ChIP1, ChIP2, ChIP5, and ChIP 7–9 sites were not significantly 

enriched with a specific antibody against Fli-1 (less than 1.3 fold change, not shown in the 

figure) (B). Data are representative of five independent experiments.
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Fig. 6. Fli-1 drives transcription from the IL-6 promoter
NIH3T3 cells were transfected with a Fli-1 expression construct and /the pGL3/IL6 reporter 

construct using the Fugene 6 transfection reagent (Promega). Transcriptional activation of 

the pGL3/IL6 reporter construct is shown as fold activation over the empty pGL3 basic 

vector. All transfections were carried out at equimolar concentrations. Increasing amounts of 

the Fli-1 expression construct (0.025, 0.05, 0.1, 0.25, 0.5, to 1μg) were transfected into 

NIH3T3 cells. Values shown are the mean + SE for three replicate experiments (n=9).* 

p<0.05, **p<0.01.
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