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Abstract

FOXP1, known as a Forkhead-box (FOX) family protein, plays an important role in human

tumorigenesis. However, the function and molecular mechanism of FOXP1 in pancreatic

cancer (PC) remain unclear. Here, we report that PC patients with FOXP1 overexpression

had a higher survival rate compared to patients with low- FOXP1 expression. Additionally,

high expression of FOXP1 can markedly inhibit the growth of pancreatic cancer in vivo and

in vitro, whereas low expression of FOXP1 effectively promoted the tumorigenesis. Mecha-

nistically, FOXP1 could directly bind the IRF1 promoter, which triggered the transcriptional

activity of IRF1. Taken together, FOXP1 suppressed PC growth via IRF1-dependent man-

ner, serving as a potential prognostic biomarker for patients with PC.

Introduction

Pancreatic cancer (PC), as one of the most common gastrointestinal malignancies, is recog-

nized as the fourth leading cause of cancer-related deaths, along with the steadily rising inci-

dence in the worldwide [1,2]. Due to most cases diagnosed at an advanced or distant

metastatic stage, patients usually lost the opportunity for surgical resection, and remain the

5-year survival rate at only 6%~8% [3]. Thus, a deeper understanding of the molecular mecha-

nisms related to PC is of clinical significance, as it may not only help in understanding cancer

biology, but also provide the base to develop new therapeutic approaches.

FOXP1 known as a Forkhead-box (FOX) family protein has been mapped to chromosome

3p14.1.0 [4]. FOXP1 serves as DNA-binding protein to regulate transcription and DNA repair,

which is involved in cell differentiation, growth [5], longevity [6], as well as embryogenesis [7].

Interestingly, FOXP1 plays an important role in the prognosis of cancer patients, acting as a

tumor suppressor in some tumors but a cancer driver in others [6,8]. For instance, FOXP1

upregulation reveals a poor outcome in diffuse large B-cell lymphoma [9], gastric mucosa-

associated lymphoid tissue lymphoma [10] and hepatocellular carcinoma [11], but a good

prognosis in breast cancer [12].
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In this study, our aim was to explore the biological function and clinical significance of

FOXP1 in PC. FOXP1 upregulation can inhibit the growth of PC, showing a better overall sur-

vival of PC patients. Of note, FOXP1 is identified as a transcriptional target of IRF1. Thereby,

FOXP1 effectively suppressed the PC progression via IRF1-dependent manner, providing a

potential therapeutic target.

Methods

Tissue microarrays (TMAs) and immunohistochemistry (IHC)

Human formalin fixed paraffin embedded pancreatic cancer tissue microarray slides were

obtained from Zhuo li biotechnology Co., Ltd (Shanghai, China). Briefly, tumor and adjacent

normal tissues of PC patients were collected from January 2012 to December 2016. The aver-

age age of patients was 62.8 ± 10.1 y, ranging from 34 to 79 years. Following-up data from all

patients were collected. This study has been approved by the Medical Ethics Committee of our

institution.

TMAs were used to perform the clinic pathological assessment. FOXP1 expression was

detected with IHC. A total of eight samples were absent in the array. A final score from IHC

parameters was built according to the following criteria [13]: negative scores had a staining

intensity of 0 and 1+ in�10% of tumor cells; Positive scores were defined as at least weak

expression in tumor.

Cell culture

The HPDE, CFPAC1, SW1990, PANC1, and CAPAN1 cell lines were obtained from Chinese

Academy of Sciences (Shanghai, China). All pancreatic cancer cells were cultured in RPMI

Medium 1640 (Gibco, USA) containing 10% fetal calf serum (Gibco, USA), penicillin (100 uni-

tes/ml), streptomycin (100 μg/ml), and maintained at 37˚C in a humidified atmosphere with

5% CO2.

Plasmids, small interfering RNAs and transfection

Expression vectors encoding FOXP1 were constructed and inserted into the pcDNA3.1 vector

(oeFOXP1), while the empty pcDNA3.1 vectors were used as negative control (Vector).

pcDNA3.1 (+) vector for FOXP1 overexpression, and their corresponding negative controls

were all synthesized by GenePharma (Shanghai, China). Additionally, oeFOXP1 were trans-

fected into PANC1 cells. Briefly, cells were seeded on a six-well plate at a density of 5×105

cells/well. Transfection operation began after 24 h incubation at 37˚C in a humidified incuba-

tor. After 48 h transfection, the medium was replaced by fresh medium containing 0.5 mg/ml

G418 for screening the stable expression of FOXP1 (Fig 1).

The siRNA sequence targeting FOXP1 was synthesized by GenePharma (Shanghai, China).

The siRNA sequence targeting FOXP1 (siFOXP1) was 5’- GCAGUUAGAGCUACAGCUUTT -3’.

A nonspecific scrambled siRNA sequence (si-scramble) was 5’-CAGUACUUUUGUGUAGUA-
CAA-3’, serving as negative control. siFOXP1 were respectively transfected into PANC1 and

CFPAC1 cells according to the manufacture instructions.

Real-time polymerase chain reaction (RT-PCR)

RT-PCR was applied to detect the expression of FOXP1 mRNA. Briefly, total RNAs were

extracted from PC cells by using TRIZOL reagent (Yeasen, Shanghai, China). Then, RNA was

reversely transcribed into cDNAs, and GAPDH was used as the internal control. Each experi-

ment was repeated in triplicate. Fold change was calculated by 2–44Ct methods.
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Western blot

The whole-cell lysates were extracted by RIPA buffer mixture (Beyotime, Shanghai). Protein

was separated in 10% SDS-PAGE, and then transferred to PVDF membrane. The membrane

was respectively incubated with FOXP1 and IRF1 primary antibodies (CST, USA). GAPDH

acted as an endogenous protein for normalization.

Cell viability

The cell viability was determined using the cell counting Kit-8 (CCK-8) kit. Briefly, 1 × 104

cells were seeded into 96-well plates and inoculated at the indicated times (the 1st, 2nd, and 3rd

day). 10 μl of CCK-8 solution was added into each well for 3 h incubation, and the absorbance

at 450 nm was detected by using a spectrophotometer (Thermo, Waltham, MA, USA).

Transwell assay

The transwell assay was performed by using 24-well transwell plates (8 μm pore size, Corning,

NY, USA) with a matrigel-coated membrane for the invasion assays. Cells were seeded in the

upper compartment, and RPMI-1640 culture medium was added into the lower compartment.

Fig 1. FOXP1 was responsible for a good prognosis in PC patients. A-B: FOXP1high expression in 44 PC patients; C-D: FOXP1low

expression in 28 PC patients; E: Kaplan-Meier methods analyzed the survival rates of 72 PC patients with FOXP1high and FOXP1low

expression. The expression of FOXP1 was determined by an in-situ hybridization in 72 pairs of pancreatic tumor and matched adjacent

non-tumor tissues. �P<0.05; ��P<0.01 ���P<0.001.

https://doi.org/10.1371/journal.pone.0280794.g001
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After 24 h incubation, cells were fixed with 4% paraformaldehyde, and stained with 1% crystal

violet.

Clone formation assay

The clone formation assay was performed using 6-well plates in a density of 500 cells/well. The

cells were allowed to grow for 21 days, and cell colonies were counted by using an inverted

microscope.

Wound healing assay

The clone formation assay was performed by using 6-well plates in a density of 3×105 cells/ml.

At 0, 12 and 24 h after scratch, wound images were captured through the measurement of

wound width.

Luciferase reporter assay

Luciferase reporter assay was detected by using the Dual-Luciferase Reporter Assay kit (Pro-

mega, Madison, WI). After 48 h incubation, the transfected cells were lysed and assayed for

luciferase activity with a dual-luciferase reporter assay system. In brief, 293T cells were tran-

siently transfected with the different pGL3-Enhancer-wtIRF1 plasmids (Genepharma, Shang-

hai) together with FOXP1 siRNA or FOXP1-expressing plasmid. pRL-TK vector was used to

serve as internal control.

Chromatin immunoprecipitation assay (ChIP)

ChIP assay was performed by using a ChIP assay kit (Upstate Biotechnology, MA, USA) fol-

lowing manufacturer’s instructions. Briefly, cell was lysed, and chromatin was sonicated.

DNA-protein complexes were immunoprecipitated with FOXP1 and IRF1 antibodies. Mouse

immunoglobulin G (IgG) acted as a negative control. After removing RNA and protein, the

ChIP-derived DNA samples were subjected to polymerase chain reaction. The primers were

listed in below: IRF1-F, 5’TCTTCCCATCACAGCAAACC3’, and R, 5’AGCGCTCCCAATCC
ACC3’.

Tumor growth assays in vivo
BALB/C nude mice were obtained from the Shanghai Experimental Animal Centre (Shanghai,

China). The protocol was approved by the Institutional Animal Care and Use Committee of

Shanghai Rat & Mouse Biotech Co.,Ltd. Male Balb/c nude mice (4–6 weeks old, 20±2 g) were

kept under specific pathogen-free conditions. 2×106 PANC1 cells transduced with empty vec-

tor or FOXP1 overexpressing vector (oeFOXP1) were injected subcutaneously into left axilla

of each nude mouse (6 mice per group). Once tumors became palpable, growing xenografts

were measured with a caliper every three days. The volume of tumor was calculated using the

formula: V (mm3) = 1/2×length×width2. Mice for signs of pain were monitored during the

study. If necessary, buprenorphine was used to lessen their distress. All mice were euthanized

with anaesthetic pentobarbital sodium by intraperitoneal injection, and then sacrificed 33 days

after inoculation. The tumor were harvested, imaged and weighed.

Statistical analysis

All data were processed with SPSS version 20 software and presented as mean ± standard devi-

ation for multiple. Kaplan-Meier method was carried out to estimate the survival rates. Student
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t test or One-way analysis was used for parametric variables. Mann-Whitney was performed

for non-parametric variables. p<0.05 was considered as statistically significant.

Results

FOXP1 is responsible for a good prognosis in PC patients

To assess the expression level of FOXP1 in PC, immunohistochemistry was applied to assay

FOXP1 expression in 72 paired samples. Of note, FOXP1 showed an obvious increase in PC

tissues of 44 patients related to their matched normal pancreatic tissues (Fig 1A and 1B), serv-

ing as FOXP1high group. A decrease in PC tissues of 28 patients was found as compared to

their normal tissues, acting as FOXP1low group (Fig 1C and 1D). After comparing the average

expression of FOXP1 between tumor and normal tissue, an obvious increase in PC tissues is

found as compared to the normal pancreatic tissues (P = 0.046). Then, Kaplan-Meier analysis

was applied to determine the relationship between FOXP1 expression and clinicopathological

characteristics, indicating a better prognosis in PC patients with the FOXP1high group (Fig 1E).

Thus, the high expression of FOXP1 is associated with a good prognosis in PC patients.

Fig 2. FOXP1 inhibited the growth of pancreatic cancer in vivo. A: Tumors growth volume; B and C: Tumor weight at 33 days (vector

vs. oeFOXP1, p<0.0001); D: Histopathology (magnification ×200); E: TUNEL stain (magnification ×400). �P<0.05; ��P<0.01
���P<0.001.

https://doi.org/10.1371/journal.pone.0280794.g002
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FOXP1 inhibits tumor growth in vivo
To further investigate the effect of FOXP1 on the tumor growth, a subcutaneous tumor xeno-

graft model in nude mice was established by injecting FOXP1-upregulated PANC1 cells. After

21 days, the oeFOXP1 group had a dramatically decreased tumor growth compared with the

control group (27.4±10.3mm3 vs. 62.2±10.7mm3, p<0.01). On day 33, tumors growth between

these two groups reached a maximum contrast (Fig 2A). Consistent with tumor volume, the

tumor weights (Fig 2B and 2C) further demonstrated that FOXP1 expression could hinder

tumor growth. Histopathology in high-FOXP1 expression was indicative of the massive cancer

cell remission, including tumor nucleus fragmentation, deformation, cell disorder arrange-

ment, coagulative necrosis and intercellular blank etc (Fig 2D). As shown in Fig 2E, lower level

of immunofluorescence was found in oeFOXP1 group, suggesting that FOXP1 significantly

decreased the DNA damage in tissues. Together, high-expressed FOXP1 efficiently inhibit the

growth of pancreatic cancer in vivo.

Fig 3. The expression level of FOXP1 protein in pancreatic cancer cells. A: FOXP1 protein level in five pancreatic cancer cell lines; B:

FOXP1 protein level in CFPAC1 after siFOXP1 (control vs. siFOXP1, p = 0.0025); C: FOXP1 protein level in PANC1 after siFOXP1 and

oeFOXP1 (control vs. siFOXP1, p = 0.0064; control vs. oeFOXP1, p = 0.0162). �P<0.05; ��P<0.05; ���P<0.001.

https://doi.org/10.1371/journal.pone.0280794.g003
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FOXP1 inhibits the growth in vitro
The expression level of FOXP1 protein was assayed in five pancreatic cancer cell lines, indicat-

ing a slight expression in PANC1 cells but an obvious increase in the other four cells (Fig 3A).

To confirm the role of FOXP1, the siRNA knockdown of FOXP1 was performed in

CFPAC1 cell lines. Western blot exhibited a dramatically decreased expression of FOXP1 after

siFOXP1 knockdown (Fig 3B). Transwell assay (Fig 4A) and colony formation assay (Fig 4B)

validated that the silenced FOXP1 expression could effectively boost the invasion and prolifer-

ation of CFPAC1 cells. Next, the siRNA knockdown and overexpression of FOXP1 was per-

formed in PANC1 cell lines by pcDNA3.1-FOXP1 and siFOXP1 (Fig 3C). Transwell assay (Fig

5A) and colony formation assay (Fig 5B) exhibited that high-FOXP1 expression inhibited the

invasion and proliferation of PANC1 cell. CCK-8 assay showed that cell viability in PANC1

cells was obviously decreased after FOXP1 overexpression (Fig 5D). Wound healing assay indi-

cated a significant inhibition of cellular migration by FOXP1 and gemcitabine (Fig 5C). Con-

versely, after silencing the FOXP1 expression, transwell assay (Fig 4C) and colony formation

assay (Fig 4D) showed that the low expression of FOXP1 could promote the growth of PANC1

cells. Together, FOXP1 positively inhibit the development and progression of pancreatic can-

cer cells.

Fig 4. Low-FOXP1 expression promoted the proliferation, migration, and invasion of PANC1 and CFPAC1 cells. A: Transwell

assay in CFPAC1 cells (si-scramble vs. siFOXP1, p = 0.0032); B: Colony formation assay in CFPAC1 cells (si-scramble vs. siFOXP1,

p = 0.0040); C: Transwell assay in PANC1 cells (si-scramble vs. siFOXP1, p = 0.0049); D: Colony formation assay in PANC1 cells (si-

scramble vs. siFOXP1, p = 0.0040). Transwell assays were detected after incubation at 37˚C for 24 h. Colony formation assays were

detected after incubation at 37˚C for 21 days. �P<0.05; ��P<0.05; ���P<0.001.

https://doi.org/10.1371/journal.pone.0280794.g004
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FOXP1 is associated with IRF1 expression

To identify the FOXP1 downstream targets in pancreatic cancer, 10 previously reported genes,

that are regulated by FOXP1 and simultaneously contribute to breast, liver, and ovarian can-

cer, were tested [4,6,14]. RT-PCR was applied to assess the alterations of mRNA levels of 10

genes between the oeFOXP1 and control group. The IRF1 mRNA was obviously increased in

the oeFOXP1 group, but not the other gene mRNA (Fig 6A). This result indicated that FOXP1

may be responsible for IRF1 regulation in pancreatic cancer.

To further determine the correlation between IRF1 and FOXP1, CFPAC1 (high-FOXP1

expression) and PANC1 cell lines (low-FOXP1 expression) were selected. Firstly, the expres-

sion level of IRF1 was determined in CFPAC1 and PANC1 cell lines, respectively. IRF1 high

expression was found in CFPAC1, but low expression in PANC1 (Fig 6B). Second, the FOXP1

was knockout in CFPAC1. The result showed a decrease in IRF1 expression along with FOXP1

knockout (Fig 6C). Third, the expression level of FOXP1 was increased and/or decreased in

PANC1 cell lines. IRF1 protein level was upregulated in the oeFOXP1, but downregulated in

the siFOXP1 (Fig 6D). These data confirmed a close correlation between IRF1 and FOXP1.

Fig 5. High-FOXP1 expression inhibited the proliferation, migration, and invasion of PANC1 cell. A: Transwell assay; B: Colony

formation assay (107±5 in vectors vs 80±8 in oeFOXP1, p = 0.0058); C: Wound healing assay (185±27 in vectors at 24h vs 274±18 in

oeFOXP1 at 24h, p = 0.0088); D: CCK8 assays (1.34±0.01 in vectors vs 1.03±0.01 in oeFOXP1, p<0.0001; 1.34±0.01 in vectors vs 0.70

±0.01 in gemcitabine, p<0.0001). Transwell assay were detected after incubation at 37˚C for 24 h. Colony formation assays were

detected after incubation at 37˚C for 21days. Wound healing assays were detected after incubation at 37˚C for 0, 12, 24 h. CCK8 assays

were detected after incubation at 37˚C for 0, 24, 48, 72 h, and PANC1 cell was treated with 5 μmol/L gemcitabine. �P<0.05; ��P<0.05;
���P<0.001.

https://doi.org/10.1371/journal.pone.0280794.g005
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Additionally, after indexing the transcription factor database, FOXP1 binding site was likely

located in the region of GGTTGAAAAACAGAG in the IRF1 promoter (S1 and S2 Tables).

Thereby, FOXP1 has a potential ability to bind to the IRF1 promoter region in pancreatic

cancer.

FOXP1 increases IRF1 transcription activity

To determine the IRF1 transcription mediated by FOXP1, dual luciferase reporter assays were

enforced by generating pGL3-Enhancer-wtIRF1 and internal control plasmid pRL-TK. The

relative luciferase activity exhibited an obvious increase in oeFOXP1 group (Fig 7A), but an

obvious decrease in siFOXP1 group (Fig 7B). Thus, FOXP1 may be involved in regulating

IRF1 transcription activity.

FOXP1 binds to the IRF1 promoter region

To confirm the FOXP1 binding sites in the promoter region of the IRF1 gene, pGL3-Enhan-

cer-mutIRF1 and ChIP assays was preformed. The relative luciferase activity in mutIRF1 did

not show a significant boost and/or reduce after oeFOXP1 and siFOXP1 (Fig 7C and 7D),

revealing a potential binding site between FOXP1 and IRF1. ChIP assays demonstrated that

anti-Flag antibody could effectively access and capture the binding site of FOXP1, but not iso-

type IgG (Fig 7E). The results verified the physical binding of FOXP1 to IRF1 promoter.

Fig 6. FOXP1 expression level was a close correlation with IRF1. A: Identification of significantly affected genes by FOXP1 in

pancreatic cancer cell; B: IRF1 expression level in CFPAC1 and PANC1 cell lines (p = 0.0484); C: IRF1 protein level in CFPAC1 after

siFOXP1 transfection (si-scramble vs. siFOXP1, p = 0.0103); D: IRF1 protein level in PANC1 increased after oeFOXP1 siFOXP1 and

transfection (vector vs. oeFOXP1, p = 0.0156; si-scramble vs. siFOXP1, p = 0.0404).

https://doi.org/10.1371/journal.pone.0280794.g006
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Therefore, FOXP1 could directly bind to the IRF1 specific promoter region (S1 and S2 Tables)

and effectively regulate IRF1 transcription.

Discussion

In the present study, we found that FOXP1 expression level in 44 PC tissues was obviously ele-

vated, but not in 28 PC tissues. Interestingly, PC patients with FOXP1 overexpression exhib-

ited a better prognosis than those patients with FOXP1 downregulation. Of note,

FOXP1-bound IRF1 promoter was found by luciferase and ChIP assays, suggesting a possibly

Fig 7. FOXP1 directly bound to the IRF1 promoter region. A: IRF1 promoter activity in oeFOXP1 and WT-IRF1 (p<0.0001); B: IRF1

promoter activity in siFOXP1 and WT-IRF1 (p<0.0001); C: IRF1 promoter activity in oeFOXP1 and MUT-IRF1 (p = 0.2253); D: IRF1

promoter activity in siFOXP1 and MUT-IRF1 (p = 0.1146). E: FOXP1 could directly bind to the IRF1 specific promoter region. The

relative luciferase activity and ChIP assays performed in 293T cells. #P>0.05; �P<0.05; ��P<0.05; ���P<0.001.

https://doi.org/10.1371/journal.pone.0280794.g007
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of elevating the expression level of IRF1 that inhibited tumor cell growth and invasion. There-

fore, we concluded that FOXP1 served as a tumor suppressor in PC progression.

Emerging research showed the dual functions of FOXP1 protein in specific cancer types.

FOXP1 was known as a tumor promoter with a poor prognosis in follicular lymphoma [15],

primary cutaneous large B-cell lymphomas (PCLBCL) [16,17], gastric mucosa-associated lym-

phoid tissue lymphoma (MALT) [10] and diffuse large B-cell lymphoma (DLBCL) [9,18–20].

The signaling pathways maybe attribute to the G1/S phase arrest and decreased phosphoryla-

tion of retinoblastoma protein [21], suppression of MHC class II expression and activation of

Wnt/βcatenin signaling [22,23], interaction between FOXP1 and estrogen receptor beta or

alpha in the nuclear [12,24], and activation of chromosome translocations via immunoglobu-

lin heavy chain enhancers [11,25]. In contrary, FOXP1 worked also as a tumor suppressor

with good prognosis in breast cancer [8] and lung carcinoma [26]. Mechanistically, FOXP1

gene generally mapped to a tumor suppressor locus at 3p14.1, repressed AR-induced tran-

scriptional activity or histone modification [27], and interacted between FOXP1 and NFAT1

[28].

To date, it is still unclear whether FOXP1 protein works as an oncogenic or tumor suppres-

sive role in PC. In a previous study, FOXP1 provoked the formation of multiple polyploid

lesions in PC patients [29]. FOXP1 knockdown can reduce the expression of N-cadherin, dis-

playing a reversed epithelial morphology [29]. However, our study found that FOXP1 acted as

a tumor suppressor in PC progression. FOXP1 upregulation inhibited tumor cell growth,

whereas FOXP1 knockdown had a opposite result. The discrepancy may be attribute to the

dual role of FOXP1 in PC, tumor-promoting and tumor-suppressive function.

FOXP1, as a transcription factor, consists of a FOX domain, a leucine zipper domain, a

C2H2-type zinc finger domain, and a poly-Gln region [30]. FOXP1 regulates the expression

and transcriptional activity of many genes, which are involved in different stages of tumor,

such as initiation, promotion and progression. To determine the FOXP1 downstream targets,

we screened a series of genes that are critically important for tumor progression and highly

correlated with FOXP1 expression [4,6,14]. IRF1 in PANC1 cell lines was markedly upregu-

lated by FOXP1, indicating a positive correlation between IRF1 and FOXP1.

Originally, IRF1 is thought to be a transcription factor that triggered the expression of β-

interferon. With more in-depth research, IRF1 could also regulate the expression of target

genes via activating the tumor suppressor p53 [31], binding with its cofactor P300 [31] or

interferon stimulated response elements [32,33], and processing antigens for presentation by

cytotoxic T cells and repairing the major histocompatibility complex I [34]. It has been estab-

lished that IRF1 works as a tumor suppressor in various tumor, including gastric cancer,

esophageal cancer, breast cancer, and renal cell carcinoma [35,36]. Notably, we found that

FOXP1 could directly bind to the IRF1 specific promoter region. Collectively, FOXP1 as a

tumor suppressor inhibited PC progression by triggering the transcriptional activity of IRF1.

In summary, we unveiled that FOXP1 acted as a tumor suppressor in PC progression.

Mechanistically, FOXP1 directly bound to the IRF1 promoter region, enhancing IRF1 tran-

scriptional activity.
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