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Abstract. The transcription factor, interferon regulatory 
factor  5 (IRF5), is important in the induction of type  I 
interferon, proinflammatory cytokines and chemokines, and 
is involved in autoimmune diseases and tumourigenesis. 
However, the mechanisms underlying the transcriptional regu-
lation of wild‑type IRF5 remain to be fully elucidated. The 
present study was primarily designed to clarify whether speci-
ficity protein 1 (Sp1) was involved in the regulation of IRF5. 
Initially, the IRF5 promoter region was cloned and its promoter 
activity was examined using Hela and HEK 293 cells. Deletion 
analyses revealed that the region spanning ‑179 to +62 was the 
minimal promoter of IRF5. Bioinformatics analyses showed 
that this region contained three putative Sp1 binding sites, and 
mutational analyses revealed that all the Sp1 sites contributed 
to transcriptional activity. Secondly, the overexpression of 
Sp1 was found to increase the activity of the IRF5 promoter 
and the mRNA level of IRF5, determined using reporter gene 
assays and polymerase chain reaction analysis, respectively. 
By contrast, treatment with mithramycin and Sp1 small 
interfering RNA significantly reduced the activity of the IRF5 
promoter and the mRNA level of IRF5. Finally, the results 
of an electrophoretic mobility shift assay and a chromatin 
immunoprecipitation assay demonstrated that Sp1 bound to 
the promoter region of IRF5 in vitro and in vivo. These results 

suggested that the Sp1 transcription factor is the primary 
determinant for activating the basal transcription of the IRF5.

Introduction

The human interferon regulatory factor (IRF) family comprises 
nine cellular IRFs, each of which has pleiotropic biological 
functions (1). IRF5 is important in the induction of type I inter-
ferons (IFNs), proinflammatory cytokines and chemokines. 
Therefore, it is involved in innate and adaptive immunity (2‑5). 
There is increasing evidence showing that IRF5 occupies a 
prominent place among the genetic factors involved in the 
susceptibility to human systemic lupus erythematosus (SLE), 
Sjögren's syndrome and rheumatoid arthritis (6‑8). Previous 
studies have demonstrated that the expression, alternative 
splicing and protein levels of IRF5 were significantly elevated 
in primary purified peripheral blood mononuclear cells from 
patients with SLE (6,9).

As a significant factor mediating autoimmune diseases, 
IRF5 exhibits certain tumour‑suppressor properties, as it can 
induce p21, B cell lymphoma 2‑antagonist/killer 1, B cell 
lymphoma 2‑associated X protein and Caspase 8  (10‑12). 
The ectopic expression of IRF5 reduces the proliferation 
of chronic myeloid leukaemia cells in vitro as a target of 
BCR‑ABL kinase (13). The expression of IRF5 is reduced 
in gastric cancer, and is associated with progression 
and metastasis of breast cancer  (14,15). By contrast, the 
tumour‑promoting effect of IRF5 has also been reported. 
IRF5 is expressed at high levels in primary and immortalised 
thyroid carcinoma, but not in normal thyrocytes, whereas 
ectopic expression of IRF5 increases the proliferation of 
malignant thyroid cells (16). A high expression level of IRF5 
is specific to Hodgkin's lymphoma cells and is crucial for 
their survival (17). Different functions of IRF5 have been 
reported functions, as it exists as multiple alternatively 
spliced variants, each with distinct cell type‑specific expres-
sion and function (18).

In addition, genetic polymorphisms in IRF5, which lead to 
an increase in its expression, are associated with inflammatory 
and autoimmune diseases. Rs2004640, the first single‑nucle-
otide polymorphism (SNP) to be identified, is associated with 
the elevated expression of multiple isoforms of IRF5, and is 
an important genetic risk factor for SLE (19). Another SNP 
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(rs77571059, CGGGG indel) is found 64 bp upstream of the 
transcription start site (TSS) for exon 1A, which has four copies 
(4x) of the CGGGG repeat sequence. The CGGGG 4x variant 
allows additional binding of the Sp1 transcription factor and 
is associated with the increased expression of IRF5 (20). Sp1 
was the first among all the transcription factors to be identified 
and cloned, and is responsible for the transcription of several 
mammalian and viral genes with abundant GC boxes in their 
promoter region through three C2H2‑type zinc fingers in the 
C‑terminal domain (21). However, the transcriptional regula-
tion of IRF5, and whether Sp1 can regulate the expression of 
IRF5 remains to be fully elucidated.

In the present study, it was determined that the exogenous 
expression of Sp1 led to a significant increase in promoter 
activity and the mRNA expression of IRF5. These findings 
suggested that Sp1 positively regulated the transcription of 
IRF5 through binding to the minimal promoter region of IRF5 
and indicated a potential application of Sp1 as a target for 
treatment of IRF5 related diseases.

Materials and methods

Cell culture and reagents. Human embryonic kidney 
(HEK) 293 and Hela cells were obtained from American 
Type Culture Collection (Manassas, VA, USA). The cells 
were maintained in Dulbecco's high glucose modified Eagle's 
medium (DMEM) with 10% heat‑inactivated fetal bovine 
serum (FBS), supplemented with penicillin (100 U/ml) and 
streptomycin (100 µg/ml). Mithramycin was purchased from 
Sangon Biotech (Shanghai, China). Bovine serum albumin 
(BSA) was purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA).

Plasmids and small interfering RNA (siRNA). The DNA 
sequence (‑1,760 to +62) of the IRF5 promoter region was 
amplified by polymerase chain reaction (PCR) and digested 
with KpnI and BglII (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA), followed by being subcloned into the 
promoter‑less luciferase expression plasmid, pGL3‑Basic 
(Promega Corp., Madison, WI, USA). The resulting plasmid 
was termed pGL‑1760/+62. Truncated plasmids of the 
IRF5 promoter were constructed using pGL‑1760/+62 as 
a template. The potential transcription binding sites for 
Sp1 were identified using online software TFSEARCH 
version  1.3 (www.cbrc.jp/research/db/TFSEARCH.html) 
and JASPAR database version  5.0 (jaspar.genereg.net). A 
series of mutant plasmids of pGL‑179/+62 carrying a 
number of nucleotide substitutions (Mut‑Sp1‑A, Mut‑Sp1‑B 
Mut‑Sp1‑C, Mut‑Sp1‑A+B, Mut‑Sp1‑A+C, Mut‑Sp1‑B+C 
and Mut‑Sp1‑A+B+C) were constructed using a site‑directed 
mutagenesis kit (Takara Bio, Inc., Otsu, Japan). The names 
of the plasmids and corresponding olignucleotides are shown 
in Table I. The pN3‑empty and pN3‑Sp1 expression plasmids 
were donated by Dr Guntram Suske (University of Marburg, 
Marburg, Germany). The siRNAs were synthesised and high 
performance purified (GenePharma, Shanghai, China). The 
targeted sequence used to silence specific gene transcription 
was sense 5'‑AUC​ACU​CCA​UGG​AUG​AAA​UGA​TT‑3' for 
Sp1. The sequence of the control siRNA was 5'‑UUC​UCC​
GAA​CGU​GUC​ACG​UTT​‑3'.

Transient transfection and luciferase assays. Transient trans-
fection of the HEK 293 and Hela cells was performed using 
Lipofectamine™ 3000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. The cells were 
seeded into 96‑well plates (1.5x104/well) 24 h prior to transfec-
tion. For the Sp1 siRNA or Sp1 overexpression experiments, 
reporter plasmids containing siRNA for Sp1 or the Sp1 expres-
sion plasmid were cotransfected into the cells and harvested 
after 24 h. For the mithramycin experiment, 24 h following 
transfection with the reporter plasmids, the cells were treated 
with mithramycin (100 nM) or distilled water for 24 h to 
measure luciferase activity. Luciferase activity was detected 
using the Dual Reporter assay system (Promega Corp.). All 
experiments were performed independently in triplicate.

Electrophoretic mobility shift analysis (EMSA). Nuclear 
extracts were obtained using nuclear and cytoplasmic extrac-
tion reagents (Thermo Fisher Scientific, Inc.), according to 
the manufacturer's protocol. As the Sp1‑A and Sp1‑B binding 
sites overlapped, probe A comprised these two binding sites 
(‑85 to ‑48: 5'‑AGT​GGA​TTC​GCG​GGG​CGG​GGC​GGG​
GCA​CTG​CCC​GCG​C‑3') labeled with biotin, and probe B 
contained the Sp1‑C binding site (‑36 to ‑6: 5'‑AGC​AGC​TGC​
CCA​GGG​GCG​GGG​GCG​GCA​AGA​‑3'). The nuclear protein 
extract (10 µg) was incubated in binding buffer for 10 min at 
room temperature, following which the biotinylated probes 
were added, and the reaction mixture was incubated at room 
temperature for another 20 min. For the competition experi-
ments, unlabeled probes were added to the reaction mixture at 
100‑fold excess molar concentration. In the supershift assays, 
1.5 µg of Sp1 antibody (cat.  no.  sc‑59; 1:200; Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA) was preincubated 
for 20 min at room temperature. The binding reactions were 
assessed by electrophoresis through a 6% polyacrylamide 
gel, run for 1 h at 100 V, followed by transfer onto a nylon 
membrane at 300 mA for 30 min, cross‑linking for 5 min under 
UV light, and detection with biotin‑labeled DNA, according to 
the protocol of the Light Shift Chemiluminescent EMSA kit 
(Pierce Biotechnology, Inc., Rockford, IL, USA).

Chromatin immunoprecipitation (ChIP) assay. A ChIP 
assay was performed using the EZ‑Magna Chip™ A kit 
(cat.  no.  17‑408; EMD Millipore, Billerica, MA, USA) 
according to the manufacturer's protocol. A total of 1x107 Hela 
cells were fixed in 1% formaldehyde at room temperature 
for 10  min. The cell lysates were sonicated to generate 
200‑1,000 bp DNA fragments. The chromatin was immuno-
precipitated using anti‑acetyl histone H3 antibody (from kit; 
1:100; EMD Millipore), anti‑rabbit IgG antibody (from kit; 
1:100; EMD Millipore) and anti‑Sp1 antibody (1:50; Santa 
Cruz Biotechnology, Inc.). Following reverse cross‑linking 
and DNA purification, DNA from the input and immunopre-
cipitated samples was assayed using semi‑quantitative PCR 
with the following primers: Forward 5'‑TGG​CCC​GAG​GCT​
CAG​CCC​GGA​TCT​‑3' and reverse 5'‑TCC​GCC​AAC​CTG​
CCG​GGC​ACT​TCC​‑3'. The PCR products were analysed 
using 2% agarose gel electrophoresis.

qPCR. Total RNA of the HEK 293 cells was extracted using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
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and then reverse transcribed use the PrimeScript RT Master 
Mix Perfect Real Time kit (Takara Bio, Inc.). qPCR analysis 
was performed with the Applied Biosystems Step One Plus 
Real‑Time PCR system using SYBR Premix Ex Taq (Takara 
Bio, Inc.), the following thermocycling conditions were 
used: 95˚C for 5 min; 40 cycles at 95˚C for 15 sec, 60˚C 
for 1 min. The specificity of amplification was assessed for 
each sample by melting curve analysis. The expression of 
IRF5 was normalised to GAPDH and the relative expression 
was calculated using the comparative Cq method (22). The 
primers used were as follows: IRF5, forward 5'‑GGG​CTT​
CAA​TGG​GTC​AAC​G‑3' and reverse 5'‑GCC​TTC​GGT​GTA​
TTT​CCC​TG‑3', and GAPDH, forward 5'‑TGG​TAT​CGT​
GGA​AGG​ACT​CAT​GAC​‑3' and reverse 5'‑TGC​CAG​TGA​
GCT​TCC​CGT​TCAGC‑3'.

Statistical analysis. The results are expressed as the 
mean ± standard error of the mean. Statistical analysis was 
performed using Student t‑test with SPSS software (version 
20.0; IBM SPSS, Armonk, NY, USA). P<0.05 was considered 
to indicate a statistically significant difference.

Results

IRF5 minimal promoter is located in the region between 
‑179 and +62. To identify the IRF5 minimal promoter (Fig. 1A), 
a series of luciferase reporter plasmids containing 5' deletions of 
the putative (1,760/+62) promoter region were cloned and trans-
fected into Hela and HEK 293 cells (Fig. 1B and C). The luciferase 
assays revealed a 20‑22‑fold increase in the promoter activity of 
the pGL‑1,760/+62, compared with the empty vector, indicating 
a functional promoter in the ‑1,760/+62 region of IRF5. Deletion 
of the sequence between ‑1,760 and ‑179 increased the transcrip-
tional activity by 1.6‑2.0‑fold, compared with pGL‑1,760/+62 
(Fig. 1B), suggesting negative regulatory elements were located 
in the ‑1,760/‑179 region. When the promoter was deleted to 
position ‑40, transcriptional activity decreased significantly, by 
69% in the Hela cells and 73% in the HEK 293 cells, compared 
with pGL‑179/+62, which demonstrated that positive regulatory 
elements were located in the ‑179/‑40 region. Further 5' deletion 
in the ‑9 to +62‑generated plasmid (pGL‑9/+62) had a low level 
of promoter activity, indicating that the minimal promoter of 
IRF5 was located within the ‑179/+62 region relative to the TSS.

Table I. Oligonucleotide sequences used for the generation of reporter constructs.

Plasmid	 Primer sequence (5'‑3')

PGL‑1760	 Sense: 5'‑CGGGGTACCCTACCCATTCACATTTTCCCCATCC‑3'
	 Antisense: 5'‑GGAAGATCTGGGACCAAGCTGAGCTCTGC‑3'
PGL‑1080	 Sense: 5'‑CGGGGTACCTACACCTGCTGCCTGTTGACCAAT‑3'
	 Antisense: 5'‑GGAAGATCTGGGACCAAGCTGAGCTCTGC‑3'
PGL‑503	 Sense:5'‑CGGGGTACCCAGGGTTTGAGGATGAGAAAGGCAC‑3'
	 Antisense: 5'‑GGAAGATCTGGGACCAAGCTGAGCTCTGC‑3'
PGL‑179	 Sense: 5'‑CGGGGTACCAGGGCACCGCGCCGTCTGGCATCTC‑3'
	 Antisense: 5'‑GGAAGATCTGGGACCAAGCTGAGCTCTGC‑3'
PGL‑40	 Sense: 5'‑CGGGGTACCAGCAGCAGCTGCCCAGGGGCGG‑3'
	 Antisense: 5'‑GGAAGATCTGGGACCAAGCTGAGCTCTGC‑3'
PGL‑9	 Sense: 5'‑CGGGGTACCAGACGCGGAAGTGCCCGGCAG‑3'
	 Antisense: 5'‑GGAAGATCTGGGACCAAGCTGAGCTCTGC‑3'
Mut‑Sp1‑A	 Sense: 5'‑ATTCGCGGTTTTGGGCGGGGCACTGCC‑3'
	 Antisense: 5'‑CCACTCCGGGCCCCGCACTGACCTG‑3'
Mut‑Sp1‑B	 Sense: 5'‑GGGCGGGGTTTGGCACTGCCCGCGCCCGGAG‑3'
	 Antisense: 5'‑CGCGAATCCACTCCGGGCCCCGCACTG‑3'
Mut‑Sp1‑C	 Sense: 5'‑TGCCCAGGTTTTGGGGCGGCAAGACGCGGAAG‑3'
	 Antisense: 5'‑GCTGCTGCTGAGCTCCGGGCGCGGGCAG‑3'
Mut‑Sp1‑A+B	 Sense: 5' TTGGGTTTGGCACTGCCCGCGCCCGGAG‑3'
	 Antisense: 5'AACCGCGAATCCACTCCGGGCCCCGCAC‑3'
Mut‑Sp1‑A+C	 Sense: 5' ATTCGCGGTTTTGGGCGGGGCACTGCC‑3'
	 Antisense: 5'CCACTCCGGGCCCCGCACTGACCTG‑3'
Mut‑Sp1‑B+C	 Sense: 5'GGTTTGGCACTGCCCGCGCCCGGAGCTCAG‑3'
	 Antisense: 5'CCGCCCCGCGAATCCACTCCGGGCCCCG‑3'
Mut‑SP1‑A+B+C	 Sense: 5' TTGGGTTTGGCACTGCCCGCGCCCGGAG‑3'
	 Antisense: 5'AACCGCGAATCCACTCCGGGCCCCGCAC‑3'

Restriction endonuclease sequences are shown in bold. Sp1, specificity protein 1.
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Sp1 is a transcriptional activator in the minimal promoter 
region of IRF5. The sequence between ‑179 and ‑40 upstream 
of the TSS had putative binding sites for Sp1, determined using 
online software TFSEARCH version 1.3 and JASPAR database 
version 5.0 (Fig. 1A). To investigate the role of these sites in 
the regulation of IRF5, a series of plasmids with 3‑4 bp point 
mutations of Sp1 binding sites were constructed and transiently 
transfected into Hela and HEK 293 cells. As shown in Fig. 1C, 
mutations of Sp1‑A, Sp1‑B and Sp1‑C in the Hela cells reduced 
the promoter activity to 71, 68 and 37% of the pGL3‑179/+62 
promoter activity, respectively. Similarly, mutation of Sp1‑A, 
Sp1‑B and Sp1‑C in in HEK 293 cells decreased the promoter 

activity to 62, 60 and 33% of the pGL3‑179/+62 promoter, 
respectively. However, combinatorial mutations (double muta-
tions), had minimal additional effect on basal promoter activity. 
The triple mutation of Sp1‑A+B+C reduced the promoter activity 
more markedly. To determine whether Sp1 directly regulated 
the transcription of IRF5, an Sp1‑overexpression plasmid was 
introduced into Hela and HEK 293 cells. As shown in Fig. 2A 
and B, the overexpression of Sp1 enhanced the luciferase activity 
of pGL3‑179/+62 by 1‑fold in the Hela cells and 4‑fold in the 
HEK293 cells, respectively.

Silencing of Sp1 reduces IRF5 promoter activity. To further 
confirm the roles of Sp1 in the regulation of IRF5 promoter 
activity, the pGL‑179/+62 plasmid was cotransfected 
together with Sp1 siRNA or si‑control. As shown in Fig. 2C 
and D, repression of the endogenous expression of Sp1 
induced a marked decrease in promoter activity, by 57% in 
the Hela cells and 46% in the HEK 293 cells, respectively. 
Mithramycin is known to bind to the GC box and inhibit 
Sp1 binding (23). Treatment with mithramycin also led to a 
significant decrease in promoter activity, by 63% in the Hela 
cells and 61% in the HEK 293 cells, respectively (Fig. 2E 
and F).

Sp1 binds to the minimal promoter of IRF5 in  vitro and 
in vivo. To validate whether Sp1 bound to the IRF5 promoter 
in vitro, an EMSA was performed. As shown in Fig. 3A and B, 
the nuclear extracts from the Hela cells bound to the labeled 
wild‑type probe A and probe B, and formed shifted bands 
(lane 2). No shifted bands were observed when bovine serum 
albumin was substituted for the nuclear extracts (lane 1). The 
shifted bands were eliminated when incubated with 100‑fold 
excess unlabeled probe (lane  3). As shown in the lane 4, 
super‑shifted bands were produced when incubated with Sp1 
antibody, and the density of the corresponding shifted bands 
were reduced, indicating that Sp1 bound to multiple motifs 
in the IRF5 promoter in  vitro. In addition, a ChIP assay 
was performed to examine whether Sp1 interacted with the 
IRF5 promoter in vivo. The cross‑linked chromatin prepared 
from the Hela cells was immunoprecipitated with anti‑acetyl 
histone H3, anti‑IgG and anti‑Sp1 antibodies. The DNA 
precipitated in the complexes was then subjected to PCR with 
primers covering the regions of the IRF5 promoter sequence. 
As shown in Fig. 3C, the anti‑acetyl histone H3 and anti‑Sp1 
antibodies immunoprecipitated the sequence of the IRF5 
promoter, whereas the non‑specific IgG antibody failed to 
immunoprecipitate this sequence, suggesting that Sp1 was able 
to bind to the minimal promoter of IRF5 in vivo.

Sp1 regulates the mRNA expression level of IRF5. To further 
examine the role of Sp1 in regulating the expression of IRF5, 
siRNA, mithramycin or the Sp1‑overexpression vector were 
transfected into HEK293 cells. The mRNA levels of IRF5 were 
detected using qPCR analysis. As shown in Fig. 4A and B, 
siRNA and mithramycin reduced the mRNA levels of IRF5 
by 16 and 44%, respectively. By contrast, the overexpression 
of Sp1 resulted in a 1.45‑fold increase in the mRNA expres-
sion of IRF5, compared with the pN3‑empty negative control 
(Fig. 4C), indicating that Sp1 upregulated the mRNA expres-
sion level of IRF5.

Figure 1. Characterization of the Sp1 binding sites in the IRF5 promoter. 
(A) Sequence and putative Sp1 binding sites of the minimal promoter of IRF5. 
The putative Sp1 binding sites (Sp1‑A, Sp1‑B and Sp1‑C) are indicated at 
the regions highlighted. (B) Deletion analysis of the IRF5 promoter. Various 
IRF5 promoter plasmids were transfected into Hela and HEK 293 cell lines. 
After 24 h, the cells were harvested for a luciferase assay. (C) Site‑directed 
mutagenesis was performed using pGL‑179/+62 as the template. Various 
constructs were transfected into HeLa and HEK 293 cells, and the luciferase 
activity was determined (**P<0.01, ***P<0.001 and ****P<0.0001). IRF5, inter-
feron regulatory factor 5; Sp1, specificity protein 1; TSS, transcription start 
site.

  A

  B

  C
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Discussion

In our previous studies, cloning of IRF3 and its spliced 
variant promoters was performed, and it was identified that 
Sp1/Sp3 positively regulates the transcription of IRF3 through 

binding to the Sp1/NRF‑1 binding site in the core promoter 
region of IRF3 (24,25). The nine distinct alternatively spliced 
human IRF5 mRNAs (V1‑V9) were previously identified by 
Mancl et al (18), who showed that V1 and V3 had distinct TSSs, 
and these two discrete promoters were cloned. V5 and V6 were 

Figure 2. Regulation of IRF5 minimal promoter activity by Sp1 in Hela and HEK293 cells. Overexpression of Sp1 transactivated the human IRF5 promoter. 
(A) Hela and (B) HEK293 cells were cotransfected with pGL‑179/+62 and pN3‑empty or pN3‑Sp1. Luciferase activity was determined 24 h following transfec-
tion (*P<0.05). Downregulation of Sp1 by siRNA reduced IRF5 promoter activity. (C) Hela and (D) HEK293 cells were cotransfected with pGL‑179/+62 and 
Sp1‑siRNA (30 nM) or si‑control (30 nM). Luciferase activity was detected 24 h following transfection (*P<0.05). Mithramycin treatment downregulates IRF5 
promoter activity. (E) Hela and (F) HEK293 cells transfected with pGL‑179/+62 were grown for 24 h and treated with mithramycin (100 nM) for another 24 h, 
followed by analysis of luciferase activity (*P<0.05). IRF5, interferon regulatory factor 5 ; Sp1, specificity protein 1; siRNA, small interfering RNA.

  A   B

  C   D

  E   F
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expressed in peripheral blood mononuclear cells, whereas V7, 
V8 and V9 were expressed only in human cancer cells (18). 
In addition, Clark  et  al  (26) revealed that IRF5 has four 
promoters for its four first exons: 1A, 1B, 1C and 1D. These 
promoters were all found to contain Sp1 putative binding sites. 
When treated with imiquimod, a Toll‑like receptor 7 ligand, 
the mRNA levels of IRF5 were doubled, and the 1A and 1D 
promoter activities were increased.

In the present study, the 5'‑flanking region of the wild‑type, 
IRF5, which had the most integrated reference sequence 
(V5), was cloned, which was located between the V1 and 
V3 promoter. The pGL‑1760/+62 construct contained the 1A 
and 1D promoter without the 1B or 1C promoter, however, 

the pGL‑179/+62 construct contained only the 1A promoter, 
which possibly included the 4x variant of the CGGGG 
indel, but no Rs2004640. When subcloned into a luciferase 
reporter vector and transfected into Hela and HEK 293 cells, 
the 5'‑flanking region showed promoter activity, and the 
minimal promoter was demonstrated to be located within the 
‑179 to +62 region. Bioinformatics analyses suggested that the 
minimal promoter contained several canonical Sp1 binding 
sites. Accumulating evidence shows that Sp1 is critical for 
the transcriptional initiation of TATA‑less promoters (27,28). 
Currently, the Sp family consists of nine distinct proteins 
(Sp1‑9) (29), among which Sp1, Sp2, Sp3 and Sp4 comprise 
two major glutamine‑rich transactivation domains, which 

Figure 3. Sp1 specifically binds to the minimal promoter of IRF5. Electrophoretic mobility shift analysis showed Sp1 directly binding to multiple sites in the 
IRF5 promoter region in vitro. Nuclear protein extracts from the Hela cells were incubated with labeled (A) wild‑type probe A or (B) probe B, containing Sp1 
binding sites, in the presence of 100x competitor probe (lane 3) or in the absence of any competitor (lane 2). As a control, the nuclear extracts were substituted 
with BSA for the incubation with labeled wild‑type probe A or probe B (lane 1). The super‑shift assay was performed using anti‑Sp1 antibody (lane 4). The 
arrows show shifted and super‑shifted bands in lane 2 and lane 4, respectively. (C) A chromatin immunoprecipitation assay was used to examine the binding 
of Sp1 to the promoter of IRF5 in vivo. The anti‑histone H3 antibody and anti‑Sp1 antibody precipitated proteins bound in vivo to the amplified sequence of 
the IRF5 promoter, whereas anti‑IgG antibody failed to precipitate proteins bound in vivo in this sequence. Polymerase chain reaction products (158 bp) were 
visualised using agarose gel electrophoresis and ethidium bromide staining. IRF5, interferon regulatory factor 5 ; Sp1, specificity protein 1; BSA, bovine serum 
albumin. 
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are essential for transcriptional activation (28). They bind to 
GC/GT boxes via three C2H2‑type zinc fingers to regulate 
the expression of housekeeping, tissue‑specific and viral 
genes and are involved in several important aspects of 
cellular function (30). In the present study, three Sp1 binding 
sites were identified within the minimal promoter of IRF5. 
Of note, all the putative Sp1 sites were structurally identical 
to the consensus binding site (G/T)GGGCGG(G/A)(G/A)
(C/T) (31), although Sp‑C was located in the reverse strand.

Mutational analyses of the putative Sp1 sites revealed 
that individual mutations of the Sp1‑A, Sp1‑B or Sp1‑C sites 
reduced the activity of the promoter, and the most marked 
reduction was found in combinatorial mutation of the Sp1‑A, 
Sp1‑B and Sp1‑C sites. The EMSA and ChIP experiments 
demonstrated that Sp1 was able to bind to the promoter 
of IRF5 in  vitro and vivo, respectively. In addition, the 
overexpression of Sp1 increased promoter activity and the 
endogenous mRNA level of IRF5. The present study also 
identified that knockdown of Sp1 using siRNA technology 
resulted in a significant decrease in the transcriptional 
activity of the IRF5 promoter and the mRNA level of IRF5. 
The present study also showed that treatment of the Hela 
and HEK 293 cells with mithramycin led to a reduction in 
the promoter activity and mRNA expression of IRF5. Taken 

together, these results indicated that Sp1 was essential in the 
basal transcriptional regulation of IRF5.

Sp1 and Sp3 have the same binding sites, however, whether 
Sp3 regulates the expression of IRF5 remains to be elucidated. 
Post‑translational modifications of Sp1 and interactions with 
other transcription factors can also affect transcriptional 
activity, therefore, the further investigation of the underlying 
regulatory mechanism is required.

In conclusion, the present study found that the primary 
activating regulatory region of human IRF5 was located in its 
minimal promoter region between nucleotides ‑179 and +62. 
In addition, it was shown that Sp1 was able to bind to the 
multiple sites in IRF5 promoter region, and was involved in 
the transcriptional regulation of IRF5 at the basal level. These 
results may provide novel insight into the molecular mecha-
nisms underlying the regulation of IRF5.
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