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Abstract

Interferon lambda 3 (IFN-λ3 or IFNL3, formerly IL28B), a type III interferon, modulates immune 

responses during infection/inflammation. Several human studies have reported an association of 

single nucleotide polymorphisms (SNP) in the IFNL3 locus with expression level of IFNL3. 

Previous genetic studies, in the context of hepatitis C virus infections, had predicted three 

regulatory SNPs: rs4803219, rs28416813 and rs4803217 that could have functional/causal roles. 

Subsequent studies confirmed this prediction for rs28416813 and rs4803217. A dinucleotide TA-

repeat variant (rs72258881) has also been reported to be regulating the IFN-λ3 promoter. In this 

study, we tested all these genetic variants using a sensitive reporter assay. We show that the minor/

ancestral alleles of both rs28416813 and rs4803217, together have a strong inhibitory effect on 

reporter gene expression. We also show an interaction between the two principal transcription 

factors regulating IFNL3 promoter: IRF7 and NF-kB RelA/p65. We show that IRF7 and p65 

physically interact with each other. By using a transient ChIP assay, we show that presence of p65 

increases the promoter occupancy of IRF7, thereby leading to synergistic activation of the IFNL3 

promoter. We reason that, in contrast to p65, a unique nature of IRF7 binding to its specific DNA 

sequence makes it more sensitive to changes in DNA phasing. As a result, we see that IRF7, but 

not p65-mediated transcriptional activity is affected by the phase changes introduced by the TA-

repeat polymorphism. Overall, we see that three genetic variants: rs28416813, rs4803217 and 

rs72258881 could have functional roles in controlling IFNL3 gene expression.
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1 Introduction

Genome-wide association studies (GWAS) carried out in the year 2009 to identify the 

genetic determinants behind response to interferon (IFN) alpha-based (conventional) therapy 

in chronic hepatitis C virus (HCV) infections has remained one of the most successful 

GWAS carried out on a human complex genetic disease [1–3]. This exercise also helped to 

revive a new field in innate immune biology, that of the IFN lambda (IFN-λ) or the Type III 

IFN family. It comprises of four members in humans (IFN-λ1, 2, 3 and 4), all located in 

tandem on chromosome 19 in a region spanning ~55 kb [4]. The first three members which 

are closer in homology to each other were discovered in 2003 [5–6], while the fourth 

member, a recent addition, was discovered in the context of follow-up studies that were 

conducted to identify the causal variants behind the HCV GWAS [7]. Until the discovery of 

IFN-λ4 [7] by P-Olsson et al., (2013), it was widely believed that the causal variants behind 

the HCV GWAS were somehow regulating the expression and/or activity of IFN-λ3 which 

happened to be the gene nearest to the strongest signalgenerating single nucleotide 

polymorphisms (SNP) rs12979860 and rs8099917 in the GWAS [8]. However, the discovery 

of IFN-λ4 has to a large extent, successfully answered many questions about the causal 

mechanism behind IFN-λ locus variants and HCV persistence following therapy [9]. While 

several lines of evidence have surfaced that implicates IFN-λ4 as the prime causal 

mechanism behind persistence of HCV following either the conventional (IFN a-Ribavirin) 

or the new age (direct-acting antiviral) therapy [9–12], it is still not clear how spontaneous 

clearance of HCV infections is genetically regulated by the IFN-λ locus. In what is referred 

to as the IFN-λ4-HCV paradox, expression of a relatively active form of IFN-λ4 is 

detrimental for the clearance of HCV following conventional or even the new age therapy 

[13]. This is due to a saturation of expression of IFN-stimulated genes (ISG) in HCV-

infected liver expressing an active IFN-λ4 that allows the virus to persist and resist the 

therapy. But this cannot convincingly explain the genetic link to spontaneous clearance of 

HCV wherein some individuals but not others are able to clear the virus without the need for 

any therapy. Interestingly, this phenotype is also strongly associated with the IFN-λ locus 

genetic variants [14–17], but whether IFN-λ4 can be responsible for this is not obvious. In 

fact, a recent genetic study has shown that spontaneous HCV clearance cannot be entirely 

explained by IFN-λ4, implying that other mechanisms related to rs8099917 and another 

SNP rs4803221 may be in operation [18]. In addition, the genetic association of IFN-λ locus 

variants has extended beyond HCV infections to include a wide variety of infectious and 

inflammatory diseases [19–20]. In these diseases it is not clear if IFN-λ4 is causal or other 

genetic variants in the region that could be influencing IFN-λ3 expression could be causal. 

In fact, a recent study based on functional and genetic evidence found that it is not IFN-λ4 

but IFN-λ3 that may be responsible for severe fibrosis in chronic HCV infections, thereby 

putting the onus back on IFN-λ3 regulatory SNPs [21].

Roy et al. Page 2

Cytokine. Author manuscript; available in PMC 2021 July 07.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



This makes us to look for the ‘other’ variants in the region that have functional roles, 

perhaps the ones that may be affecting IFN-λ3. In fact, two previous genetic studies, the first 

one utilizing a recombination mapping technique [22] identified ‘four causal SNPs’ that 

could be responsible for spontaneous clearance of HCV infections [22–23]. These SNPs are: 

rs4803219, rs28416813, rs8103142 and rs4803217. These variants were also shown to have 

better predictive value of response to therapy in chronic HCV infections [22,24]. Among the 

four SNPs, rs8103142 is a non-synonymous SNP that has no effect on the activity of the 

IFN-λ3 protein, at least in vitro [25–27], and hence can be ruled out from the list of causal 

SNPs. The remaining three SNPs are situated in regulatory regions of IFN-λ3 gene and two 

of them, rs28416813 and rs4803217 have been documented to potentially affect IFN-λ3 

gene transcription or translation [28–29]. Numerous studies have reported an association of 

IFN-λ locus variants with expression level of IFN-λ3 both in HCV and non-HCV contexts 

[2–3,30–39]. However, some have also reported of not seeing any such association [1,24]. 

Therefore, to understand the influence of this evolutionarily important innate immune gene 

locus and its variation on human disease and health conditions, it is imperative to further the 

research in this area to better explain the relationship between genetic variants at IFN-λ3 

locus and its expression.

We were the first to show an evidence for a causal SNP that could be behind HCV GWAS 

[28]. We showed that rs28416813 due to its proximity to an NF-κB binding site in the IFN-

λ3 promoter region influenced transcription in reporter assays. Later, in the same year 

rs4803217, present in the IFN-λ3 3’UTR region, was also shown to have a functional role in 

influencing the IFN-λ3 mRNA stability by interfering with the AU-rich element mediated 

decay (AMD) pathway [29]. A report also tested for the effect of rs4803219 on IFN-λ3 

promoter function but found ‘little’ evidence to implicate this SNP as causal [26]. However, 

in a natural context, due to the phenomenon of linkage disequilibrium (LD) all the above 

three SNPs are thought to be highly correlated to each other [4] and therefore, the combined 

effect of these SNPs on gene expression could be important, that remains to be studied. 

Moreover, another variant, a TA dinucleotide polymorphism rs7225881 has also been 

reported to be affecting the IFN-λ3 promoter [26] and at least two genetic studies have 

found evidence for association of this variant with response to therapy in chronic HCV 

infections and/or spontaneous clearance [40–41]. In the present study, we have included all 

the above variants and tested for their influence on reporter gene expression.

The IFN-λ3 gene, like the other IL10 cytokine superfamily members to which it belongs [5–

6], was initially predicted to have five exons but later studies showed that it may have a split 

1st exon, with a short (first three amino acids) and a long arm [42] (Fig. 1A). We have 

previously identified the SNP rs28416813 [28] to be placed very close (one basepair apart) 

to an NF-κB binding site characterized by Osterlund et al [43] in 2007 (Fig. 1A lower 

panel). This NF-κB binding site is downstream of the transcription start site (TSS) and is 

located 37 bp upstream of the translation start site, within the 5’UTR, if IFN-λ3 is 

considered as having the conventional five exons (Fig. 1A upper panel). However, if IFN-λ3 

has a split first exon, then the SNP rs28416813 will be present in the first intron of IFN-λ3 

gene. In either case, the significance of the SNP on the IFN-λ3 promoter activity would 

remain unaffected by either definition of the gene/mRNA structure of IFN-λ3 since 
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transcription precedes splicing. In fact, a previous study tested the effect of rs28416813 on 

splicing rather than on transcription and found no role for the SNP [26].

In our previous study [28] where we used 1.4 kb IFN-λ3 promoter to characterize 

rs28416813, we have used the reverse orientation in naming the alleles at rs28416813 due to 

a discrepancy between the direction of the coding strand and naming convention followed by 

dbSNP (where naming is based on the complementary reverse strand (Fig. 1A); ex. the two 

alleles at SNP rs4803217 are shown as C > A, even though the allele G is in the coding 

strand); the reverse scheme of naming the alleles is also followed by the two reports that 

have shown the functional significance of the 3’UTR SNP rs4803217 [29,44]. However, in 

the current study, to maintain uniformity, we have retained the conventional method of 

naming the alleles at a given SNP position in the same scheme as defined in dbSNP [45]. For 

ex. rs28416813 (C), means we are referring to the ‘G’ allele in the coding strand and vice 

versa (Fig. 1A). We have used different lengths of the IFN-λ3 promoter (1.4 kb, 0.5 kb and 

4 kb) in this study to characterize its activity in the context of different functional genetic 

variants and to report on a novel interaction between IRF7 and NF-kB RelA/p65 that leads 

to transcriptional synergy.

2 Experimental procedures

2.1 Plasmids, mutations, enzymes, cell lines and reagents

The plasmids encoding transcription factors (TF) NF-κB p50, p65, IRF3 and IRF7 were all 

purchased from Invivogen (San Diego, CA, USA; the IRF3 and IRF7 genes also have a HA 

tag); they were all present in the pUNO vector background. The phosphomimic versions 

(constitutively active) of IRF3 and IRF7 (IRF3-SA and IRF7-SA) were gifts from Siddharth 

Balachandran, Fox Chase Cancer Centre, PA, USA. The construct p1.4kbIFNL3 has been 

described in detail before (28; referred to as p1.4Il28B in Ref. [28]). Briefly, genomic DNA 

isolated from whole blood from HCV-infected patients was used as template to amplify the 

1.4 kb IFN-λ3 promoter-5’ UTR region in a PCR reaction using the primers: For-5’ 

GATATCGGTACCCAGTGGAATTCAGGGCAAATTAC-3’ OH; Rev-5’ 

GATATCAAGCTTGTGTCACAGAGAGAAAGGGAGCT-3’ OH. The PCR fragment was 

cloned in to pGL3basic vector (Promega, Madison, WI, USA) at KpnI and HindIII 
restriction sites. The mutation from C to G allele at rs28416813 was introduced by site-

directed mutagenesis. The IFN-λ3 3’UTR containing the alternate alleles at the SNP site 

rs4803217 were cloned at the XbaI site downstream of the Luciferase gene coding sequence 

in to the p1.4kbIFNL3 construct described above. For the cloning of IFN-λ3 3’UTR 

fragment, two single stranded DNA molecules were synthesized from IDT Technologies, 

Coralville, IA, USA containing the entire 3’UTR of IFN-λ3 gene along with the two alleles 

at rs4803217. This DNA was used as a template to amplify the 3’UTR in a PCR reaction 

that was used for cloning in to the p1.4kbIFNL3 constructs with two different alleles at 

rs28416813 to obtain p1.4kbIFNL3 promoter (C or G at rs28416813)-Luciferase-IFNL3 

3’UTR (C or A at rs4803217) construct. The T allele at rs4803219 was inserted in to the 

p1.4kbIFNL3 promoter (C allele at rs28416813)-Luciferase-IFNL3 3’UTR (A allele at 

rs4803217) construct by subcloning a DNA fragment derived from an HCV-infected patient 

DNA IFN-λ3 promoter clone that had the T allele at rs4803219 and no other changes in 
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sequence elsewhere in the construct; the fragment was exchanged between the two plasmids 

at Hind III and Bsu361 restriction sites. All the constructs were confirmed for correctness by 

DNA sequencing. The details of the HCV-infected patient cohort including ethics approvals 

are provided elsewhere [10]. All the DNA oligonucleotides used in the study were custom 

synthesized from IDT; the probes used for electrophoresis mobility shift assays (EMSA) 

were synthesized by Sigma-Aldrich (St. Louis, MO, USA). p0.5kbIFNL3 was constructed in 

pGL3basic vector (Promega) in between Kpn I and Hind III restriction sites by subcloning 

from p1.4kbIFNL3 construct using the primers-for: 

GATATCGGTACCCCCCTGAGTCTCCATCAGTTTCTCTTT; rev 5’-

GATATCAAGCTTGTGTCACAGAGAGAAAGGGAGCT. The ~ 0.5 kb fragment 

containing p300 binding site (GGGAGTG) was amplified by PCR, using primers: For 5’-

GATATCACGCGTTCGGG-GAGCTCCCTGGTTCA-3’ OH and Rev 5’-GATATCA-

GATCTGAAGCTGGCGGGGGAGAGGG-3’ OH and cloned in to pGL3Promoter vector 

(Promega) at MluI and BglII restriction sites. The details of the 4 kb IFN-λ3 promoter 

construct (p4kbIFNL3) are described in Ref. [10]. The plasmid encoding p300 gene was 

purchased from Addgene, USA.

All mutations were introduced by PCR-based methods or with site-directed mutagenesis kit 

(New England Biolabs, Ipswich, MA, USA). NF-κBa (TGGGCTTTCCCAG) was mutated 

to TTTTGCGGACGCC; NF-κBb (GGGACTGCCC) was mutated to AGCGGCTCGC; NF-

κBc (GGGCAGCCTC) was mutated to TTACTGGCGC; IRFa (GTTTCTCTTT) was 

mutated to GCCCCTCCCC; IRFb (GTTTTCACTTTTC) was mutated to 

GTCTCCACCTCTC; p300 binding site (GGGAGTG) was mutated to TTCTCTA. The 5 bp 

insertion had CTACA and the 10 bp insertions had the sequence CTACATCAGC. All 

mutations were confirmed by DNA sequencing. HEK293T cells were from ATCC (Manssas, 

VA, USA); they were propagated in DMEM with 10% FBS, glutamax, penicillin and 

streptomycin (Life Tech., Rockville, MD, USA). All other reagents used were molecular 

biology grade or higher purchased from Sigma-Aldrich. All the enzymes including the 5X 

master mix with Taq DNA polymerase used for PCR were from New England Biolabs 

(Ipswich, MA, USA).

2.2 Expression and purification of recombinant p50 protein

Full-length NF-κB p50 gene (Invivogen) of ~ 1.3 kb was cloned in to pET32a expression 

plasmid (Novagen, Madison, WI, USA) at EcoRI and HindIII restriction sites. The clone 

was confirmed by DNA sequencing. Expression of recombinant proteins in pET32a vector 

gives a fusion recombinant protein with an additional 17 kDa S-tag at the N-terminus 

(Novagen). Expression was induced from BL21DE3 (Novagen) cells carrying the plasmid 

by 0.5 mM IPTG at 37 °C overnight in 1 L cultures. Next day, cells were collected by 

centrifugation at 6000 rpm for 10 min at 4 °C and were resuspended in lysis buffer having 

50 mM Tris (pH-7.5), 150 mM NaCl, 1 mM PMSF, 20 mM imidazole and 10% glycerol. 

The cells were sonicated on ice at 40% amplitude for 5 min with 5 sec on-5 sec off cycles 

using an ultrasonic processor (Cole-Parmer, India). The cell debris was removed by 

centrifugation of the lysate at 4000 rpm for 10 min at 4 °C and supernatant was collected. 

The supernatant was further clarified through a 0.45 um syringe filter (Millipore, USA). 

Then the soluble fraction was bound to preequilibrated Histrap column (GE Healthcare, 
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USA), washed and eluted in buffer having 50 mM Tris(pH-7.5),150 mM NaCl, 1 mM 

PMSF, 500 mM imidazole and 10% glycerol. The eluted proteins were checked on SDS-

PAGE gels and the fractions containing the recombinant protein were then concentrated and 

desalted by using Centricon filter units (Amicon, USA) into a buffer containing 50 mM Tris 

(pH-7.5), 20 mM NaCl and 10% glycerol. The protein was stored at – 20 °C until further 

use.

2.3 EmSA

EMSA was performed with purified recombinant p50 protein and Cy5 labeled 

oligonucleotide probes. Oligonucleotide probes used in the EMSA were the following: probe 

C-For: 5’ Cy5-CCCCBrdUGCCCT-

CAGTGGGCAGCCTCTGCATTCCCBrdUCAGCTCCCTTTCTCTCTGTGA-3’ OH; Probe 

C-Rev: 5’ TCACAGAGAGAAAGGGAGCTGAGGGAATGCA-

GAGGCTGCCCACTGAGGGCAGGGG-3’ OH; Probe G-For: 5’ Cy5 

CCCCBrdUGCCCTCAGTGGGCAGCCTCTCCATTCCCBrdU-

CAGCTCCCTTTCTCTCTGTGA-3’OH; Probe G-Rev: 5’-TCACAGAGA-

GAAAGGGAGCTGAGGGAATGGAGAGGCTGCCCACTGAGGGCAGGGG-3’ OH; C-

oligo NF-κB -For: 5’-CCGCTGGGACTTTCCAGGA-3’ OH; C-oligo NF-κB -Rev: 5’-

TCCTGGAAAGTCCCAGCGG-3’ OH. Probes were annealed at 90 °C and allowed for slow 

cooling at room temperature overnight. For each binding reaction 1x binding buffer was 

used containing 50 mM Tris (pH 8.0), 200 mM KCl, 5 mM EDTA, 5 mM DTT and 0.25 μg/

microliter BSA (w/v). A typical binding reaction was set up in 20 μl volume and contained 1 

μl of labelled probes (5 uM), 6 μl of recombinant protein and 1 μl of cold competitor (5 uM 

C-oligo). DNA binding reaction was performed on ice for 30 min. 1 pl of 6x DNA loading 

dye was added to each reaction and run on 4% native PAGE for 50 min at 4 °C. The gel was 

imaged using Biorad Chemidoc MP imaging system (Universal hood III).

2.4 Luciferase assays

HEK293T cells were seeded at a density of 18x103 cells/well in COSTAR (Corning, NY, 

USA) 96-well plates (white, clear bottom) (some experiments were undertaken in 12-well 

plates, as shown in the figure legends). After cells reached a confluency of ~ 70%, they were 

transfected with plasmids at the indicated concentrations using Lipofect-amine LTX&PLUS 

reagent (Invitrogen). The IFN-λ3 promoter constructs with or without the IFN-λ3 3’UTR 

(referred to as p1.4kbIFNL3-3’UTR or p1.4kbIFNL3/p0.5kbIFNL3/p4kbIFNL3 

respectively) were transfected at 10 ng/well (100 ng/well for 12-well plates) and the TFs 

were at 25 ng/well (50 ng/well for 12-well plates); the transfection control plasmid 

expressing Renilla luciferase (pRLTK) was at 0.01 ng/well (0.1 ng/well for 12-well plates). 

pUNO vector was used to keep the DNA concentration equal in all the wells. For stimulation 

of the RLR pathway, HCV NS5B gene at 50 ng/well and RIG-I gene at 10 ng/well were 

cotransfected as described previously [28]. In experiments with p300 coactivator, 50 ng/well 

of the plasmid carrying the p300 gene was used. After incubating the cells for 24 hr at 37 °C 

and at 5% CO2, they were lysed, and Luciferase assays were carried out in the GLOMAX 

96-well plate reader with dual-injection system (Promega). The ratio of Firefly Luciferase to 

Renilla Luciferase was calculated and plotted. All constructs with Luciferase reporter genes 

carrying different alleles, haplotypes and mutations were quantified using Nanodrop 
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(ThermoFischer, Waltham, MA) by taking the average of several measurements and also the 

plasmids were run on EtBr-stained gels to make sure that equal amounts of plasmids were 

used in transfection experiments.

2.5 Virus infection and polyI:C treatment

Rotavirus strain SA11 (RV-SA11) was a kind gift from Dr. Mamta Chawla-Sarkar, National 

Institute of Cholera and Enteric Diseases, Kolkata, India. 0.09X106 HEK293T cells were 

seeded in 12-well plates. On next day after reaching 70-80% confluency cells were 

transfected with Luciferase constructs (p1.4IFNL3-3’UTR construct at 100 ng/well; 0.1 ng/

well of pRLTK) using Lipofectamine LTX Plus reagent (Invitrogen). Virus infection was 

carried out after 24 h. First, the virus was activated by mixing 0.8ul acetylated trypsin and 

800ul RV-SA II (1ul/1mL) and incubated in a 37 °C water bath for 1 h. After that 800ul of 

the activated virus was added to 4 mL MEM media (LifeTech.) and mixed well. Then 

complete media was removed from wells and washed with 100ul 1x DPBS (LifeTech.) & 

300ul of the virus containing MEM media was added to each well and incubated for 1 h in 

37 °C incubator. After 1 h the virus containing media was removed from each well and 

washed with 100ul 1x DPBS and 1 mL MEM media was added to each well and the plate 

was placed in 37 °C incubator for 6 h. All the processes were carried out for mock wells but 

without virus. After 6 h, media was removed from all the wells and washed with 100ul 1x 

DPBS and cells were lysed with PLB buffer (Promega). 20ul of each sample was used to 

measure Luciferase activity.

For polyI:C treatment, HEK293T cells were seeded in 12-well plates; at 70–80% confluency 

TFs p50, p65, IRF3 and IRF7 at 50 ng/well, pRLTK at 0.1 ng/well, 100 ng/well of luciferase 

constructs (p1.4IFNL3-3’ UTR) were transfected. After 24 h, 2.5 ug/well polyI:C (Sigma) 

was added to media. Luciferase assays were carried out as above after 8 h of further 

incubation.

2.6 Transient chromatin immunoprecipitation (ChIP)

HEK293T cells in 100 mm dishes at a seeding density of 4X106 were used. Plasmids used 

for the experiments are pUNO empty vector (as vector control), IRF7-HA in pUNO and p65 

in pUNO background. 5ug of each plasmid was used per dish, total DNA amount was kept 

constant by using pUNO in case of single plasmid transfection. In all the dishes 1ug of 

p0.5kbIFNL3 construct was also co-transfected. Transfection was performed by using Poly 

(ethyleneimine) solution (1 ug/ul) (PEI, branched, Cat# 408727-100ML, Sigma) in a ratio of 

1:3 (DNA amount: PEI). SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic Beads) 

(Cat#90035, Cell Signaling Technology) is used for the entire procedure and standard 

protocol given by the manufacturer was followed. For chromatin immunoprecipitation anti 

IRF-7 antibody (Cat#ABF130, Sigma-Aldrich) was used. The following primers were used 

in PCR and qPCR: Vector specific Forward: 5’-GGTGCCAGAACATTTCTCTA-3’ and 

Reverse: 5’-GGCTTTACCAACAGTACCGG — 3’; IRFa, NF-KBa Reverse: 5’-

AGCCTCAGGTAAGACACCG - 3’; NF-κBc Forward: 5’-AAAGACCAGA-

GATCAGGAAT-3’; NF-κBa, IRFb, NF-κBb, NF-κBc Forward: 5’-

CCTCCAGCTGCTCATCTGGC -3’ and IRFa, NF-κBa, IRFb, NF-κBb Reverse: 5’ - 

GCTTTTATCCCTGACAGA — 3’. qPCR data was obtained by using Bio-Rad iTaq™ 

Roy et al. Page 7

Cytokine. Author manuscript; available in PMC 2021 July 07.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Universal SYBR Green supermix (California, USA) in CFX-96 Real-Time System (Bio-

Rad, USA). Data was analysed by using % Input method (thermofischer.com).

2.7 Bimolecular fluorescence complementation assay (BiFC)

For BiFC, IRF7 gene was cloned in Flag-GFP11-pDEST-N vector and p65, IRF3 genes were 

cloned in HA-GFP1-10-pDEST-C vector (both the plasmids were a gift from Maria 

Vartiainen (Addgene plasmid # 118366; http://n2t.net/addgene:118366; RRID: 

Addgene_118366). HEK293T cells were seeded in 12-well plates at a density of 0.1X106. 

250 ng each of the plasmids encoding different TFs were transfected. Transfection was 

performed by using Poly(ethyleneimine) solution (1 ug/ul) (PEI, branched, Cat# 

408727-100ML, Sigma) in a ratio of 1:3 (DNA amount: PEI). After 24 h, transfected cells 

were harvested carefully and re-seeded in 96-well plate at a density of 18,000 cells/well. 

Next day, images were taken from live cells using EnSight multimode plate reader 

(PerkinElmer, USA) using GFP filter. Quantification and image analysis were performed in 

Kaleido data acquisition and analysis software integrated in the machine.

2.8 Co-immunoprecipitation and western blot

HEK293T cells were transfected with 6 ug of plasmids encoding p65, IRF3-HA and IRF7-

HA genes in 100 mm dishes. Transfection was performed using Poly(ethyleneimine) (PEI) 

solution (1 ug/ul) (PEI, branched, Cat.# 408727-100ML, Sigma) in a ratio of 1:3 (DNA 

amount : PEI). For lysis and immunoprecipitation (IP), Pierce Magnetic HA-Tag IP/Co-IP 

kit was used. Cells were lysed with 500 μl of IP Lysis buffer supplemented with protease 

inhibitor cocktail and 100 mM PMSF. Lysates were incubated with beads at RT for 30 min. 

After performing IP, proteins were eluted from the beads with 60 μl of 2X Laemmli buffer 

by boiling for 10 min.

Western blot of both the input and IP samples were performed after running the input or 

immunoprecipitated protein on 10% SDS-PAGE gels. After the transfer, the blot was probed 

with Anti-NF-κB p65 primary antibody (Anti-NF kB p65, CT, polyclonal antibody, Cat.# 

06-418 by Merck-Millipore). Secondary antibody incubation was performed for 1 hr using 

HRP conjugated Anti-Rabbit secondary antibody (Cat.# 12-348 by Merck-Millipore). Blots 

were developed and imaged using Biorad Chemidoc MP imaging system (Universal hood 

III). To check for endogenous p65 expression, HEK293T cells were seeded in 100 mm 

dishes and then transfected with plasmids pUNO empty vector, IRF3-HA, IRF7-SA and p65 

(all in pUNO background). 6 ug each of respective plasmids were used per dish; pUNO 

vector was used to keep total DNA concentration as a constant in all dishes. Transfection 

was performed using PEI as above in a ratio of 1:3 (DNA amount: PEI). Western blots were 

carried out to probe for endogenous or exogenous p65 as above.

2.9 Data analysis

All comparisons of transcription activity between various constructs were performed using 

one-tailed or two-tailed Student-t test for independent means. A p-value of 0.05 was 

considered significant. All Luciferase experiments carried out to measure IFN-λ3 promoter 

activity involving the different genetic variants were carried out as three biological replicates 

(i.e., three separate plasmid preparations were used after normalizing the concentration of 
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plasmids carrying alternate alleles or haplotypes), wherein plasmids were transfected in 

single, duplicate or triplicate wells of HEK293T cells for each biological replicate plasmid 

sample (as mentioned in the figure legends). The ratio values of each FF/Ren. Luc activity 

reading shown in different figures in this work are tabulated in Suppl. Table 1. Mean values 

of luciferase gene expression data form nine constructs were used to generate a dendrogram 

in the clustering analysis. Clustering the data with function “heatmap” was carried out by 

using R programming (R core team 2019).

3 Results

3.1 Effects of IFN-λ3 SNPs rs28416813 and rs4803217 on reporter gene expression

The SNP rs4803217 (C/A) which overlaps with a miRNA binding site within the IFN-λ3 

3’UTR was shown previously to interfere with AMD pathway [29] and to affect mRNA 

stability [44]. Both reports showed that allele A reduced reporter gene expression compared 

to allele C by 30-50%. Similarly, our previous report on rs28416813 (C/G) showed that the 

G allele decreased reporter gene expression by 20–30% compared to the C allele [28]. The A 

allele at rs4803217 and the G allele at SNP rs28416813 happen to be the ancestral alleles [4] 

(Fig. 1A). The ancestral alleles at both the SNP sites are expected to be together in human 

haplotypes due to prevalent LD in majority of the world populations [4]. Therefore, to test 

the effect of both the SNPs on gene expression, we cloned the IFN-λ3 3’UTR containing the 

two alternate alleles (C/A) at rs4803217, downstream of the Luciferase gene in our IFN-λ3 

promoter clones containing the C and G alleles at rs28416813 (Fig. 1A lower panel).

We transfected HEK293T cells with equal amounts of expression plasmids coding for the 

NF-κB components p50 (NF-κB1) and p65 (RelA) along with the constructs carrying either 

variant alleles only at rs28416813 (C or G) or the variant haplotypes at rs28416813 and 

rs4803217 (CC or GA for the two SNPs respectively) (Fig. 1B). In this experiment we see 

an insignificant effect of the G allele at rs28416813 compared to the C allele; however, we 

see a significant decrease in reporter gene activity when both ancestral alleles G and A at 

SNPs rs28416813 and rs4803217 respectively were present together compared to the non-

ancestral alleles (Fig. 1B). Similar result was seen when IRF3 and IRF7 TFs were co-

overexpressed along with p50 and p65 (Fig. 1C). Next, to determine the effect of each of the 

alleles at the two SNP positions individually, we made constructs carrying the other 

combinations of the ancestral and non-ancestral alleles at the two SNP positions and 

repeated the experiments with p50 and p65 (Fig. 1D). From this analysis, we see that the 

major/non-ancestral alleles at the two SNP positions have a dominant effect on each other in 

keeping the reporter gene expression high, while the presence of both the ancestral alleles 

simultaneously was necessary to keep the reporter gene expression significantly low. In 

other words, each SNP shows the effect only in the minor/ancestral allele background of the 

other SNP. We confirmed that the minor/ancestral alleles present together at both SNP 

positions showed a significant decrease in reporter gene expression compared to the major/

non-ancestral alleles in a Rotavirus infection model system (Suppl. Fig. 1).
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3.2 Molecular characterization of the differential allelic effects of the SNP rs28416813

Next, we wanted to further explore the molecular mechanism behind the SNP rs28416813 

affecting transcription. We carried out EMSA with fluorescently labelled probes to test for 

the binding affinity of the two alleles at rs28416813 for NF-κB (Suppl. Fig. 2). We 

expressed a fulllength NF-κB p50 protein in E.coli and purified it to homogeneity (Suppl. 

Fig. 2A) and used it in EMSA. The results of EMSA show that the C allele binds more 

recombinant p50 than the G allele at rs28416813 in the probe. Further, a cold 

oligonucleotide that had the consensus NF-κB binding DNA sequence competed out the 

labelled probes for p50 binding showing the specificity of the interaction. We tested the 

binding of p50 with both probes at increasing concentration of the recombinant protein 

(Suppl. Fig. 2B). While the C allele showed a higher binding with increasing concentration 

of p50, the G allele on the other hand showed lower binding throughout and seems to 

saturate at higher protein concentration. These results show the higher binding affinity for 

the C allele at rs28416813 with NF-κB p50. We attempted to similarly express and purify 

the full-length NF-κB p65 in E.coli, but the recombinant protein was unstable and could not 

be purified.

We, therefore, tested the interaction of NF-κB p65 with the SNP rs28416813 in a more 

physiological condition (Fig. 2A). We had predicted that the residue R41 of NF-κB p65 may 

be interacting with the G-C base pair in the DNA oligonucleotide representing the SNP 

rs28416813 in the cocrystal structures of the NF-κB p50-p65-DNA complex [28] (12th base 

pair from the beginning of the NF-κB DNA binding site in the cocrystal structure represents 

the position equivalent to the SNP position of rs28416813 in the natural IFN-λ3 5’UTR 

DNA) (ref [28] and Fig. 2A, left). A closer look at the cocrystal structure of NF-κB p65 and 

the DNA oligo shows that R41 even though has an interaction (<3 A) with the Guanine base 

situated at a similar position to that of the SNP rs28416813, it is also possible that R41 may 

have a salt bridge interaction with a nearby residue E39 (Fig. 2A left). To test this 

possibility, we mutated R41 to D41 and A41 and subjected the constructs to luciferase assay 

as before along with WT NF-κB p50 and D41 or A41 NF-κB p65. The change from R41 to 

D41 in p65 drastically reduced the expression of the reporter gene suggesting that the 41st 

residue is an important one possibly for maintaining the stability of the NF-κB p50-p65 

heterodimer and its function as a TF; the change from Arginine to Alanine at the 41st residue 

partially restored the WT activity of p65 (Fig. 2A, right). Importantly when the mutant p65 

were used, we saw that the difference in luciferase activity between the C allele and G allele 

at rs28416813 lost significance especially with the A41 mutation. These results suggest that 

our prediction about the R41 residue of p65 contacting the SNP site may be correct.

After establishing this, we wanted to see how the two alleles of the SNP respond in absence 

of overexpressed p50 and p65 in HEK293T cells. For this purpose, we overexpressed IRF3 

or IRF7 either in their unstimulated forms or as their ‘phosphomimic’ constitutively active 

or superactive (SA) forms (IRF3-SA and IRF7-SA) (Fig. 2B) along with the p1.4kbIFNL3 

constructs carrying the two alleles C and G of rs28416813 (Fig. 2B). While there was little 

difference in promoter activity while overexpressing IRF3 or IRF3-SA, the phosphomimic 

version of IRF7 showed significantly increased activity of the promoter. But surprisingly, the 

C and G alleles of rs28416813 showed significant differences in the reporter gene expression 
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when the phosphomimic version of IRF3 and IRF7 were overexpressed as TFs in absence of 

any exogenous p50 or p65. This would suggest that either there is a yet unidentified IRF 

binding site overlapping or in the vicinity of the SNP site or the IRFs were activating the 

endogenous NF-κB components leading to an effect on the reporter gene expression due to 

the latter’ s differential binding to the NF-κB site near the SNP site (Fig. 2A left). 

Overexpressing the mediator protein MAVS (mitochondrial antiviral signalling protein) that 

activates endogenous IRF3/7 and NF-κB [46] also had a similar but insignificant effect on 

the two alleles of the SNP (Fig. 2B). These results are indeed surprising as there has been no 

reported IRF-binding site near the SNP rs28416813 [43] suggesting the alternative 

possibility of the endogenous NF-κB being activated by the mediator MAVS or the IRFs. 

Since there would be substantial amount of IFN production due to the activity of the 

overexpressed IRFs, it is possible that endogenous NF-κB is activated by the IFNs. In that 

case, the endogenous NF-κB present at relatively lower amounts should compete with the 

overexpressed IRFs such that their effect on the SNP would be revealed. This is possible 

when there is some interaction between NF-κB and the IRFs.

3.3 Interaction between NF-κB and IRFs on the IFNL3 promoter

We checked by western blot to see if p65 was endogenously expressed in unstimulated 

HEK293T cells (Fig. 3A). We saw that there was significant amount of p65 that was 

endogenously expressed in the HEK293T cells without stimulation and this level was 

unaffected by overexpression of both IRF3 and IRF7. An interaction between NF-κB p65 

and IRF3 has been previously reported [47]. However, there has been no reports to the best 

of our knowledge to show that NF-κB interacts with IRF7. We wanted to examine this 

further and used two different techniques for this purpose: co-immunoprecipitation (co-IP) 

and bimolecular fluorescence complementation assay (BiFC) [48]. Using co-IP we saw that 

IRF7 and p65 were present in a complex in HEK293T cells. The interaction between IRF7 

and p65 seems to be stronger than that between IRF3 and p65 (Fig. 3B). Using BiFC we saw 

that the interaction between IRF7 and p65 was as efficient as that between the known 

interactors IRF3 and IRF7 [49] (Fig. 3C). These results show that IRF7 and p65 physically 

interact with each other. However, we were interested to see if there is an interaction 

between the two TFs on the IFN-λ3 promoter itself. For this, we used a transient chromatin 

immunoprecipitation (ChIP) assay [50] (Fig. 3D). There are three known NF-κB and two 

known IRF binding sites that have been defined for the IFN-λ3 promoter within 500 bases 

of the proximal promoter [43,51]; hence we used the p0.5kbIFNL3 construct that we are 

using for reporter gene expression in this study (Fig. 3E top and see later). First, we 

standardized the transient ChIP assay by overexpressing IRF7 as TF and transfecting 

p0.5kbIFNL3 construct in HEK293T cells (Fig. 3E bottom left); after pulling out the 

promoter bound IRF7 complexes and reversing the crosslinks we used five different primer 

sets to amplify different regions of the construct by PCR; we found that primer set 4 to be 

ideal considering the length and coverage of the TF binding sites and the input to IP ratio. In 

the next round of transient ChIP, we overexpressed IRF7 alone and in combination with p65 

in HEK293T cells and pulled down the complexes of plasmid DNA-bound IRF7 and p65 by 

using the IRF7 specific antibody. We found that the 479 bp amplicon generated by the 

primer set 4 to be suitable for quantifying the input DNA by qPCR (Suppl. Fig. 3). Using 

qPCR with the primer set 4 we quantified the amount of plasmid construct DNA that was 
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pulled down in the ChIP reaction. The results showed that there was more than a two-fold 

enrichment of promoter-bound IRF7 when p65 was co-overexpressed (Fig. 3E bottom right). 

These results show that there is a cooperative interaction between p65 and IRF7 on the 

promoter DNA such that the promoter occupancy of IRF7 is increased in presence of p65. 

We were interested to see the functional impact of such a cooperation on the transcriptional 

activity of the IFN-λ3 promoter.

3.4 Characterization of a synergistic cooperativity between TFs at the IFN-73 promoter

The well-characterized IFN-β promoter is known to assemble an enhanceosome comprising 

of several TFs which can interact with the coactivator p300 protein and synergistically 

activate transcription [52]. It is not known if such a mechanism also exists for the IFN-λ3 

promoter. IRF and NF-κB TFs are known to be functional at the IFN-λ3 promoter [43,51]. 

We decided to test the most important viral-associated TFs: IRF3 and 7 and NF-κB p50 and 

p65 for any synergistic transcriptional cooperation at the IFN-λ3 promoter. We either co-

overexpressed IRF3, IRF7 and the NF-κB p50 and p65 components individually or together 

along with the IFN-λ3 promoter construct (p1.4kbIFNL3 not including the 3’ UTR) that 

contained the C allele at rs28416813. Since NF-κB p50 does not have a transactivating 

domain, co-overexpression of this TF did not induce any luciferase expression and when 

present together with NF-κB p65 it decreased the luciferase activity by ~ 50% compared to 

the activity when NF-κB p65 was present alone (Suppl. Fig. 4). Therefore, we used only 

NF-κB p65 and IRF3 and IRF7 in our experiments on synergy (Fig. 4). A synergy value 

(SV) was defined as the ratio of luciferase activity when two or more TFs were present 

together in the assay to the sum of the luciferase expression activity of the individual TFs. 

An SV of more than 1 suggests a synergistic cooperation between the TFs. Fig. 4A shows 

that both combinations of IRF3 + p65 and IRF7 + p65 showed synergistic cooperation on 

transcription. To mimic viral infection, we used the HCV RNA-dependent RNA polymerase 

(RdRp) that can synthesize small RNA molecules and stimulate the RIG-I-like receptor 

(RLR) pathway as shown previously (Fig. 4A; RLR + or RLR-) [53]. Using this method of 

RLR pathway stimulation we saw that IRF7 increased luciferase activity by ~ 10 fold 

compared to the activity when RLR pathway was not stimulated (Fig. 4A); a comparable 

level of stimulation of IRF7 activity has also been shown upon Sendai virus infection in a 

previous report on the type I IFN promoter activity suggesting that HCV RdRp could 

efficiently mimic viral infection by optimally stimulating IRF7 [49]. The results show that 

the maximal SV could be achieved with IRF7 + p65 combination in absence of RLR 

pathway stimulation (Fig. 4A). We saw a consistent level of SV of more than 3.5-4.0 in 

multiple independent experiments (not shown).

Next, to further characterize this novel observation, we transfected increasing amount of the 

IRF7 expression plasmid while keeping a constant (30 ng) concentration of the p65 

expression plasmid (Fig. 4B) and tested for IFN-λ3 promoter activity; a control consisted of 

IRF7 plasmid transfected alone without p65. This experiment would tell us if the synergy we 

observe between IRF7 and p65 is an artifact of the experiment because of a mere additive 

effect between the TFs that may be slightly amplified and interpreted as synergy. In fact, the 

results show contrary evidence. While an increase to 7-fold in IRF7 concentration (15 to 105 

ng) could not achieve any significant increase in transcription (mean luciferase expression 
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increased to 99 from 54), maximum SV was seen with just 15 ng of IRF7 and 30 ng of p65. 

This suggested that it was not a deficiency of IRF7 at the IFN-λ3 promoter that was 

compensated for by p65 in enhancing transcription and therefore was not a mere additive 

effect between two TFs. In fact, an increasing IRF7 concentration had a shallow increase in 

transcription (mean values 54 to 99) in absence of any synergy, while synergy concomitantly 

decreased from 4.8 to 2.2 suggesting clearly that there was a deficiency of p65 to cooperate 

with increasing concentration of IRF7 and therefore led to a decrease in synergy. This would 

suggest that IRF7 binding to the promoter may be the rate-limiting step in transcription from 

the IFN-λ3 promoter that can be overcome by presence of p65 in agreement with our results 

from the transient ChIP experiment (Fig. 3E) wherein we saw that promoter occupancy of 

IRF7 is enhanced by p65. Furthermore, a similar synergistic interaction to enhance 

transcription was absent between IRF3 and IRF7 (Fig. 4C) even though the two TFs are 

known to physically interact with each other [49]. These results clearly establish that there is 

a synergistic cooperation between the TFs IRF7 and p65, possibly due to better promoter 

occupancy of the former in presence of latter.

The transcriptional coactivator CBP/p300 increases the transcription efficiency of individual 

TFs at the interferon beta promoter/enhancer site by interacting with p65 through a 

synergism-specific domain [54]. Therefore, we overexpressed p300 to see if such an effect 

can be seen with the IFN-λ3 promoter (Fig. 4D). Surprisingly, while we saw an ~ 21-fold 

increase in p65-mediated transcription and an ~ 1.6-fold increase in IRF7-mediated 

transcription, there was no positive effect on synergistic activation (SV 5.5 in absence of 

p300 and 4.2 in presence; Fig. 4D). This would suggest that the IFN-λ3 promoter is 

regulated differently than interferon beta promoter/enhancer at least in terms of requirement 

of CBP/p300.

A previous report has characterized the IFN-λ3 promoter and defined two IRF binding sites 

and two NF-κB binding sites located within the 0.5 kb of the promoter [51] (Fig. 5A). We 

tested the shortened IFN-λ3 promoter (p0.5kbIFNL3) for synergy and saw that the 0.5 kb 

promoter retained synergy albeit at a lower level (SV of 2.2; Fig. 5B). To examine if the 

synergistic activity can be disrupted by interfering with the binding of TFs, we 

systematically mutated the four TF sites defined by the previous study [51] and included the 

additional NF-κB site (NF-κBc) present in close proximity to the SNP rs28416813 [28,43], 

for the mutational analysis (Fig. 5A and B). To ensure maximal loss of TF binding, we 

introduced mutations to disrupt the entire binding site rather than introducing just point 

mutations (refer to Material and Methods). Mutational analysis of the three NF-κB binding 

sites showed that NF-κBb was the most important site for p65 binding followed by NF-κBa. 

NF-κBc was not needed for p65-mediated transcription, in fact we saw an increase in 

transcription while it was disrupted suggesting a possible negative regulation of transcription 

by this site which is present downstream of the TSS. While mutations at both NF-κBa and b 

affected transcription when p65 was transfected alone, both mutations decreased synergy 

between p65 and IRF7 compared to the WT p0.5kbIFNL3 promoter construct; disrupting 

NF-κBc site, however, had a small positive effect on synergy (Fig. 5B). These results 

suggest that even though NF-κBc is dispensable for transcriptional activity of the IFN-λ3 

promoter, its presence, especially close to a SNP site, may be used to regulate transcription. 

Similarly, mutational analysis of the two IRF binding sites showed that IRFa site was not 
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needed for IRF7 binding but IRFb was most important as there was a complete loss of 

transcription mediated by IRF7 by the IRFb mutation. In agreement with this result, IRFb 

mutation had the maximal disruption on synergy (SV of 1.2) compared to all the five 

mutations. Interestingly, while disrupting IRFa site did not adversely affect either p65 or 

IRF7-mediated transcription individually, it increased the synergy between them (from 2.2 to 

5.7).

Interfering with the ‘DNA helix phase’ can influence TF binding and/ or their interactions 

with other TFs [54]. This can be achieved by inserting 5 bp in the DNA to break the phase or 

10 bp to restore it [54]. To test this possibility, we introduced a 5 bp DNA fragment between 

IRFb and NF-κBb, the two critical binding sites for the two TFs (Fig. 5A). This disruption 

of the DNA helix by ~ half turn did not affect p65-mediated transcription but substantially 

decreased IRF7-mediated transcription, suggesting that the IRF7 is more sensitive to 

changes in DNA phasing (Fig. 5B). Importantly, synergy was completely abolished by this 

insertion (SV of 1). When we attempted to bring back the DNA helix phasing by introducing 

an additional 5 bp to the previous insertion, the individual transcriptional activity of both 

IRF7 and p65 decreased, but importantly, synergy was restored (Fig. 5B, right). Synergy was 

most negatively affected by two changes: 1) mutation of the IRFb site and 2) disruption of 

the DNA helix phase by a 5 bp insertion; most interestingly, these two changes were the only 

ones that affected IRF7-mediated transcription negatively (Fig. 5B left) suggesting that 

synergy is likely a reflection of enhanced IRF7 mediated transcriptional activity at the IFN-

λ3 promoter. Since disruption of DNA helical phase phenocopied IRFb binding site 

mutation, this would suggest that the 5 bp insertion that led to change in the DNA phase 

likely affected IRF7 binding. Interestingly, p65 was unaffected by the 5 bp insertion (Fig. 

5B) again implying that its binding to the promoter was not adversely affected by the change 

in DNA phasing. Our results suggest that there could be different effects of DNA phasing on 

p65 and IRF7. We explored to see if the mode of interaction adopted by the two TFs when 

they bind to their cognate binding sites are different (Fig. 5C). A closer look at the cocrystal 

structures of p65-DNA and IRF7-DNA shows that the two TFs have very different binding 

tendencies to their DNA partners. While p65 has only loops in its structure contacting the 

DNA binding site with no stable secondary structures like helices or sheets inside the major 

groove, IRF7 interacts with its DNA binding site through a stable helix compactly packed 

inside the major grove of the DNA binding site with several residues having important 

contact points within the groove (Fig. 5C). This discrepancy in binding to their cognate 

DNA may be affecting their efficiency in driving the promoter when DNA phasing is 

changed.

3.5 Effect of IFN-λ3 promoter SNP rs4803219 and the TA dinucleotide repeat 
polymorphism rs7225881 on reporter gene expression

The effect on transcription due to changes in DNA phasing could be important at the IFN-λ3 

promoter as this effect may be seen naturally as part of genetic variation linked with the 

promoter. A TA dinucleotide repeat polymorphism (rs7225881) has been reported to be 

present around 700 bp upstream to IFN-λ3 gene (Fig. 6A). A previous report showed that 

increase in the number of TA repeats at the polymorphic site increased reporter gene 

expression [26], and at least two genetic studies have shown that the TA repeat 
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polymorphism associates with either response to therapy in chronic HCV infections or 

spontaneous clearance of HCV [40–41]. Therefore, we included different number of TA 

repeats into our promoter construct at the TA variant site (Fig. 6A). Our original 

p1.4kbIFNL3 construct was re-sequenced and found to have 7 TA repeats; we introduced 2, 

4 and 6 repeats in to the p1.4kbIFNL3 construct to have additional promoter constructs with 

9, 11 and 13 TA repeats (Fig. 6A). We conducted luciferase assays with these constructs in 

presence of NF-κB p65 and IRF7 to assess the effect of TA repeat number variation on 

transcription driven by these two TFs (Fig. 6B). As per our prediction based on results from 

our 5 bp and 10 bp insertion (Fig. 5B) and the mode of TF binding (Fig. 5C), we saw that 

the TA repeats affected IRF7 more than p65-driven transcription of the IFN-λ3 promoter 

(Fig. 6B). Moreover, the effect on IRF7-driven transcription by the TA repeats was 

‘cyclical’. Clearly the TA repeats were affecting transcription possibly by changing the DNA 

helical phasing in the promoter downstream and the phase changes that occurred at the TF 

binding sites affected IRF7 binding more than p65 binding. Such a cyclic effect on 

transcription is also known to be caused by another TA repeat polymorphism present at 550 

bp upstream in the NADPH oxidase gp91phox promoter [55].

One of the three SNPs that were predicted to have regulatory functions on IFN-λ3 

expression is rs4803219 [22,23]. We observe that rs4803219 is close to (8 base pair apart) 

the NF-κBb site in the IFN-λ3 promoter (Fig. 6A). Since we saw that NFκ-Bb was very 

important for p65-mediated transcription (Fig. 5B), it is possible that the SNP rs4803219 

may also have an influence on NF-κB binding at this site and thereby could influence 

transcription. Therefore, we inserted the mutation at rs4803219 in to our IFN-λ3 

promoter-3’UTR construct and tested for its effect (Fig. 6C). All four TFs: p50, p65, IRF3 

and IRF7 were overexpressed and the cells were also stimulated by the RNA mimic polyI:C 

added into the medium (mpolyI:C). Our results show that the SNP rs4803219 may not have 

any significant effect on transcription from the IFN-λ3 promoter, at least in the conditions 

tested (Fig. 6C).

Therefore, we conclude that three genetic variants at the IFN-λ3 gene may be having 

functional roles: rs28416813 in the 5’UTR, rs4803217 in the 3’UTR and the TA repeat 

variant (rs7225881) in the promoter may be influencing IFN-λ3 gene expression based on a 

comprehensive analysis that we have carried out in this study.

3.6 Characterization of a CBP/p300 binding site in the distal region of IFN-λ3 promoter 
and natural variation in the IFN-λ3 promoter DNA derived from human samples and its 
effect on transcription

The transcriptional coactivator p300 functions by mediating protein-protein interactions to 

enhance transcription from enhancers and promoters. However, p300 is also known to bind 

to DNA to perform its enhancer functions. The p300 binding site GGGAGTG has been 

previously characterized [56] and known to have enhancer functions [57]. Interestingly, 

while scanning for different TF binding sites in the IFN-λ3 promoter we came across a p300 

DNA binding site within the body of the IFN-λ4 gene which is situated in the distal IFN-λ3 

promoter region (Suppl. Fig. 5A). A similar site was observed ~ 21 kb away at a similar 

position in the IFN-λ2 promoter. We were interested to test if this binding site is 
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functionally important; we therefore cloned a 500 bp DNA fragment encompassing the p300 

DNA binding site in to a pGL3promoter vector (Promega) which has an SV40 promoter that 

could report on any enhancer activity present in the cloned fragment. Indeed, upon p300 

overexpression, we saw an enhancer activity present within this fragment and mutational 

analysis of the p300 DNA binding site confirmed this observation (Suppl. Fig. 5B). We next 

used a 4 kb IFN-λ3 promoter (carrying C allele at rs28416813) construct that included the 

proposed p300 DNA binding site and subjected to luciferase assays in presence and absence 

of co-overexpressed p300 protein to check for synergy between IRF7 and p65 (Suppl. Fig. 

5C). Interestingly, we saw that the SV value was higher (greater than7.0) with the 

p4kbIFNL3 construct than that observed with p1.4kbIFNL3 construct (3.5–5.5; Fig. 4), 

which in turn was higher than that seen for the p0.5kbIFNL3 construct (1.55–2.2; Fig. 5B). 

However, we only saw a modest increase in synergy (SV 7.4 from 7.2) from the p4kbIFNL3 

construct in presence of p300 (Suppl. Fig. 5C). Similarly, we had seen that there was no 

further stimulatory effect of p300 overexpression on synergy between the TFs in the 

p1.4kbIFNL3 construct also, even though it significantly increased transcription from p65 

(Fig. 4D). Therefore, it is unlikely that p300 has any role in mediating the synergy between 

IRF7 and p65 at the IFN-λ3 promoter, unlike its role on the interferon beta promoter/

enhancer [54].

We wanted to examine the natural genetic variation that may be present in the IFN-λ3 

promoter and its possible influence on the promoter activity in the context of our results 

obtained so far. We amplified the 1.4 kb IFN-λ3 promoter and 5’UTR DNA from five HCV-

infected patients from our cohort (described in Ref. [10]) and cloned it in pGL3basic 

(Promega) vectors. Among the five patients (A-E), four (A-D) were responders to the 

conventional IFN-a-Ribavirin therapy and one (E) was a non-responder. The other details of 

this patient cohort are provided elsewhere [10]. After cloning we isolated plasmids derived 

from each patient sample randomly from colonies and subjected to DNA re-sequencing of 

the entire cloned promoter-5’UTR DNA fragment. We found that four patients (A-D) were 

heterozygous at various positions and one patient (E) was a homozygote from this limited 

analysis (Suppl. Fig. 6A). Sequencing results showed the following: a) we saw variation at 

five SNP sites defined in the dbSNP (including rs4803219 and rs28416813); b) nineteen 

variations were observed that have not been reported in dbSNP, all of them seem to be rare 

variants and c) high level of variation was present at the TA dinucleotide repeat 

polymorphism (7, 11, 12 and 13 TA repeats). We saw that rs28416813 was maximally 

correlated to rs4803219 and another SNP in the region rs75158108 (Suppl. Fig. 6B) but not 

with other SNPs. None of the rare variants showed any significant influence on transcription 

(Suppl. Fig. 6C). The SNP rs28416813 seem to have a strong effect on transcription but 

confounding effects from other SNPs like rs4803219 (Suppl. Fig. 6D), rs75158108 and the 

TA repeat polymorphism could not be verified in our limited experiments carried out from a 

small sample size.

4 Discussion

The initial GWAS for HCV identified the IFN-λ locus to be behind response to therapy in 

chronic HCV infections [1–3], but later studies also showed the same set of variants to be 

responsible for spontaneous clearance of HCV [14–17]. The search for the possible causal 
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variants was taken up by several groups around the world including those that conducted the 

GWAS [1–3]. Ge et al., (2009) [1] in their GWAS report on response to therapy in chronic 

HCV infections, had also performed fine-mapping at the IFN-λ locus and identified two 

potential causal SNPs rs28416813 and rs8103142; SNP rs28416813 was also identified by 

fine-mapping in the Tanaka et al, study [3]. The most significant study conducted to identify 

candidate causal SNPs/variants responsible for spontaneous clearance of HCV infections, 

happens to be that conducted by Rauch and others (2011) [22] and de lulio and others [23]. 

In these studies, two important conclusions were drawn: 1) The SNPs rs4803219, 

rs28416813, rs8103142 and rs4803217 are likely to be causal variants responsible for 

spontaneous viral clearance in both a single-source (exposed to a single HCV genotype) and 

a multiple-source (exposed to multiple HCV genotypes) HCV cohort; 2) The candidate 

causal SNPs are highly correlated to the SNP rs12979860. The studies suggested that the 

four identified SNPs within and around the IFN-λ3 gene were ideal to be included for 

further functional analysis. The study also found no evidence for any structural (copy 

number) variants that could be causal. These four candidate SNPs also show a better 

predictive value for response to conventional therapy against HCV [24]. Interestingly, a 

study also showed that three out of the four candidate causal SNPs (rs28416813, rs8103142 

and rs4803217) were among the five SNPs that were under strong selection pressure in the 

Asian population [58].

When several reports were emerging about association of IFN-λ locus genetic variants with 

expression of IFN-λ3 gene/protein in human samples, it was thought that a genetically 

controlled IFN-λ3 gene expression could be the causal mechanism behind the HCV GWAS 

[8]. During this time, a novel type III IFN, IFN-λ4 was identified and this discovery has 

convincingly explained the genetic association of IFN-λ locus variants with response to 

therapy in chronic HCV infections [7]. However, the expression of a novel IFN-λ4 gene that 

could somehow be responsible for non-clearance of HCV infections at the acute phase 

without any therapy is not sufficiently convincing to explain spontaneous viral clearance, 

especially considering a recent report [18] that shows the possibility of variants other than 

those linked with IFN-λ4 expression and activity, like rs368234815 and rs117648444 

(P70S), could have independent roles in spontaneous HCV clearance. Therefore, we need 

further research to understand how the IFN-λ locus variants control spontaneous clearance 

after an acute HCV infection.

Furthermore, even in HCV clearance after therapy, the role of IFN-λ3 gene cannot be 

undermined given its immunological significance. Out of the four candidate causal SNPs 

identified by Rauch and others (2010) [22] and di Iulio and others (2011) [23], two SNPs 

rs28416813 and rs4803217 situated in the 5’UTR and 3’UTR genes respectively seem to 

have potential roles in regulating transcription and translation of IFN-λ3 gene [28–29]. The 

two non-ancestral alleles in these two SNPs could increase IFN-λ3 gene expression while 

the ancestral allele background gives rise to IFN-λ4 gene [19]. Therefore, the effect of 

genetic variants influencing IFN-λ genes seem to be functioning reciprocally: an increase in 

IFN-λ3 gene expression by presence of non-ancestral alleles at SNPs that regulate its 

expression would mean no IFN-λ4 gene being expressed since the non-ancestral allele 

disrupts its open reading frame [7] and when IFN-λ4 gene is expressed by the ancestral 

allele, the expression of IFN-λ3 gene is expected to be low. Given this scenario, even though 
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strong evidence has emerged (including from our group [10]), implicating IFN-λ4 gene in 

regulating HCV viral diversity [12] and clearance following conventional therapy, the role of 

IFN-λ3 cannot be completely ruled out, especially since the protective non-ancestral alleles 

have been found to potentially increase IFN-λ3 gene expression [28–29,44]. Moreover, the 

natural suppressive control on IFN-λ4 expression [59] and a lack of evidence so far for its 

expression in multiple cells and tissues, puts the onus back on IFN-λ3 regulatory SNPs, 

especially to understand the wide variety of health and disease states that the IFN-λ locus 

has shown genetic association with recently [19–20,60].

In this study, firstly, we show that the previously described functional genetic variants of the 

IFN-λ3 gene: rs28416813 and rs4803217 together can have a strong effect on gene 

expression (Fig. 1). It seems that the ancestral alleles need to be present simultaneously at 

both these SNP positions to cause a significant decrease in gene expression (Fig. 1D); since 

the two SNPs are in strong LD in most world populations, this result could be important in 

future genetic association studies involving the IFNL locus variants. Next, we revisit our 

previous work [28] and provide additional evidence for a role of the SNP rs28416813 in 

controlling transcription at the IFN-λ3 promoter (Figs. 1, 2 and Suppl. Fig. 2). Secondly, we 

test all the three regulatory SNPs-rs4803219, rs28416813 and rs4803217-predicted by 

Rauch and others (2010) [22] for their combined effect on reporter gene expression (Fig. 

6C). Thirdly, during our study we have observed an interaction between the TFs IRF7 and 

p65 at the IFN-λ3 promoter. We show that both these TFs not only show physical 

interaction but also the promoter occupancy of IRF7 increases in presence of p65 (Fig. 3E). 

This interaction has a functional implication at the IFN-λ3 promoter in terms of a 

synergistic effect on transcription (Fig. 4). We define this synergistic effect by carrying out a 

systematic mutational analysis of TF binding sites (Fig. 5). Fourthly, we identify that IRF7 is 

particularly sensitive to changes in DNA phasing, likely due to its unique nature of binding 

to DNA (Fig. 5B and C). Fifthly, we show that this sensitivity of IRF7 towards DNA binding 

may have physiological significance as a particular genetic variant present upstream in the 

promoter could be responsible for changes in DNA phasing and this effect may be naturally 

present in the human population. Indeed, we see that IRF7 but not p65 shows significant 

differences in promoter activation when provided with IFN-λ3 promoter containing different 

number of TA repeats (Fig. 6B).

In our previous study [28], we had included a nearby SNP rs71356849 due to its physical 

proximity (two base pairs apart) to the candidate causal SNP rs28416813 in our EMSA 

analysis using nuclear lysates from p50 and p65 overexpressed cells and also with a 

recombinant p50 protein. To the best of our knowledge, no study has reported any genetic 

association with any phenotype with the SNP rs71356849 and we too did not see its 

presence in our study population, hence we have not studied this variant any further. In the 

present study, our EMSA (involving only rs28416813) results clearly show that the C allele 

at rs28416813 has a strong affinity for the full-length p50 homodimer compared to the G 

allele, which happens to be the risk allele in case of HCV infections (Suppl. Fig. 2). We 

were not able to do a similar EMSA with a full-length p65, but we were able to address the 

interaction of the SNP with p65 in a more physiological setting (Fig. 2A). The NF-κB TF 

functions as a homo or a heterodimer of five different proteins, among which p50 and p65 

form the most stable dimer [61]. The p50 homodimer can bind to the same DNA binding site 
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as that of the p50-p65 heterodimer, but with lesser affinity [61]. While p50 homodimer is a 

transcriptional repressor, p50-p65 is a transcriptional activator [62]. The exact dimer 

combinations involving p50 and p65 that are formed after activation of the classical NF-κB 

pathway is difficult to predict and it is possible that both homo and heterodimers are 

important in different physiological and pathological conditions [63–64]. NF-κB TF is not 

only activated during viral infections but can be an important TF during a variety of immune 

stimuli including during inflammation and development [62]. For instance, TNF-a that 

functions by activating the classical NF-κB pathway is not only a cytokine that functions 

during infection and inflammation but has an important role in development of several 

immune cells [62]. Therefore, the regulation of IFN-λ3 gene expression by the SNP 

rs28416813 through binding of NF-κB components could have a deep impact not only on 

disease but also on health.

Transcriptional synergy between TFs is common in regulating expression of cytokine and 

chemokine genes [54,64–65]. The IFN-β enhanceosome is a supreme example of such a 

phenomenon [52]. However, the synergy we report at the IFN-λ3 promoter seems unlike 

that at the IFN-β enhanceosome and is more like the one reported for the RANTES and IL10 

genes [64–65]. Multiple lines of evidence in our study establish that the binding of IRF7 to 

the promoter is a rate-limiting step in activation of the IFN-λ3 promoter. Firstly, we see that 

a 7-fold increase in IRF7 concentration causes only a modest 1.8-fold increase in 

transcription activity when the TF is present alone (Fig. 4B, dose response curve); while 

presence of p65 at only 30 ng concentration increased the transcription activity of IRF7 at its 

lowest concentration tested, by 4.8-fold. Secondly, our results from the transient ChIP 

reaction clearly shows that IRF7 promoter occupancy is enhanced by p65 (Fig. 3E). Thirdly, 

we see that IRF7-mediated transcription is more affected when DNA helical phase is 

disrupted (Fig. 5B and 6B). Furthermore, the synergy efficiency seems to depend on the 

length of the promoter construct (Figs. 4, 5 and Suppl. Fig. 5), the longer the promoter, the 

more is the synergy value; this would suggest that there is some correlation between the 

length of the promoter DNA used in our experiments and the rate-limiting nature of IRF7 

binding to the DNA. Therefore, enhancing the promoter occupancy of IRF7 (and/or IRF3) at 

the IFN-λ3 promoter may be the mechanism behind transcriptional synergy at the IFN-λ3 

promoter (Fig. 7A). NF-κB p65, by binding to its cognate binding sites around the IRF 

binding sites may ‘open’ the major groove within the IRF binding site through allosteric 

mechanisms, so that IRF3/7 can better access their binding surface. Although, we also see 

that IRF7 can physically interact with p65 (Fig. 3B and C; and IRF3 can also interact with 

p65, Ref. 47), we believe that, unlike the case with the interferon beta promoter/enhancer, 

this mechanism of achieving synergy, i.e., by enhancing the recruitment of the basal 

transcriptional apparatus by protein-protein contacts between IRFs and NF-κB at the IFN-

λ3 promoter is less likely (Fig. 7B). This is primarily because of the distantly placed IRF 

and NF-κB binding sites at the IFN-λ3 promoter (within ~ 500 bp; Fig. 5A) compared to 

that of the interferon beta promoter/enhancer (within 55 bp) [52].

The TA repeat polymorphism seems to be exploiting the unique nature of IRF7 binding (Fig. 

5C) to its DNA within the major groove, which seems to be rate-limiting, to impact on 

transcription efficiency of the IFN-λ3 promoter by causing DNA helical phase changes (Fig. 

7C). Even though we have shown additional evidence for the mechanism behind the SNP 
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rs28416813 affecting IFN-λ3 promoter activity (Suppl. Fig. 2 and Fig. 2A), we could not 

completely explain the situation wherein the C and G alleles show significant effect on 

reporter gene expression when only IRF3-SA and IRF7-SA, without any NF-κB TFs, are 

overexpressed (Fig. 2B). Nonetheless, our study shows that the physiologically relevant 

haplotype consisting of the ancestral alleles at rs28416813 and rs4803217 can significantly 

downregulate reporter gene expression in a variety of conditions including during virus 

infection (Suppl. Fig. 1). It seems that the IFN-λ3 gene expression is regulated by three 

functional genetic variants at transcription, mRNA stability and translational levels (Fig. 

7D). Our study, using in vitro reporter assays shows no evidence for a role for the promoter 

SNP rs4803219 in affecting transcription, but we do see a functional role for the TA repeat 

polymorphism (rs72258881). The drawback of the study is that the evidence provided in 

support of the functional nature of the genetic variants is entirely from in vitro experiments; 

however, several previous studies have already reported an association of the genetic variants 

(either the ones studied here or those that are in LD with them) with expression of IFN-λ3 

[2,3,30–39]. In conclusion, we show that three functional genetic variants may be regulating 

IFN-λ3 gene expression and we also show a novel interaction between TFs at the promoter 

that results in transcriptional synergy. This study further adds to the mechanism of gene 

regulation at the IFN-λ locus.
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Fig. 1. Effect of SNPs rs28416813 and rs4803217 on reporter gene expression.
A) (Top) Structure of the pre-mRNA of IFN-λ3 showing presence of 5 exons. The first exon 

is split such that the first three amino acids (1’) are encoded in the shorter arm and the 

remaining amino acids are encoded by the longer arm. The dark line shows introns while 

dashed lines show UTRs. The SNP rs4803217 overlaps the miRNA binding sites identified 

in Ref. no. (29); miRNA is shown above the SNP. Depending on whether IFN-λ3 has a split 

first exon or not, the SNP rs28416813 is either present in the 5’UTR or in the first intron of 

IFN-λ3. (bottom) Schematic showing the positions of SNPs rs28416813 and rs4803217 

within the constructs used in the study. A 1.4 kb DNA fragment upstream of the start codon 

of IFN-λ3 gene (as shown in top panel) containing the SNP rs28416813 at 37 bp upstream 

of the start codon and one base pair away from a NF-κB binding site (inverted filled 
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diamond, sequence in italics and underlined) is shown. The 154 bp IFN-λ3 3’UTR is shown 

downstream of the Luciferase (Luc) gene carrying the SNP rs4803217. The top arrow shows 

transcription start site (TSS). B) Ancestral alleles G and A at rs28416813 and rs4803217 

significantly decrease reporter gene expression. The construct p1.4kbIFNL3 or 

p1.4kbIFNL3-3’UTR were transfected in HEK293T cells. The experiments were carried out 

in 96-well plates. The data is from six separate experiments representing three different 

plasmid preparations. The mean value from all six experiments is shown, while the error 

bars depict SD. C) Similar to B, except that additional TFs IRF3 and IRF7 were 

overexpressed and experiments were carried out in 12-well plates. D) The non-ancestral 

alleles at rs28416813 and rs4803217 have dominant effects on each other while ancestral 

alleles at both rs28416813 and rs4803217 in combination have a negative effect on reporter 

gene expression. The experiments were carried out in 96-well plates seeded with HEK293T 

cells and transfected with p1.4kbIFNL3-3’UTR carrying different allele combinations at the 

two SNP positions rs28416813 (C/G) and rs4803217 (C/A) respectively as shown. The data 

is from six separate experiments representing three different plasmid preparations. The mean 

value from all six experiments is shown, while the error bars depict SD. For B, C and D two 

tailed student t-test for independent means was used for calculating statistical significance; 

*p < 0.05, **p < 0.01; ***p < 0.001. All the Luciferase ratio values from each individual 

experiment are shown in Suppl. Table 1.
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Fig. 2. 
A) (Left) R41 of NF-κB interacts with SNP rs28416813. The models show cocrystal 

structures of NF-κB p50-p65 heterodimers and their cognate DNA together (PDB ID2O61 

visualized in UCSF CHIMERA). The peptide shown is that of p65 carrying the wt R41 and 

the mutants D41 and A41 along with some nearby residues. The NF-κB DNA binding site 

(10 bp) is shown in yellow and the site at equivalent position to that of the SNP rs28416813 

is in red (12th bp). (Right) Equal amounts of plasmids encoding NF-κB p50 and either WT 

or mutant p65 were used as TFs to stimulate the IFN-λ3 promoter. The construct 

p1.4kbIFNL3 was used in the experiments with C or G alleles at the SNP rs28416813; the 

experiments were carried out on HEK293T cells grown in 96-well plates. The data is drawn 

from nine experiments representing three different plasmid preparations. The mean value 

from all nine experiments is shown, while the error bars depict SD. B) Overexpression of 

phosphomimic (constitutively active) versions of IRF3 and IRF7 and the mediator MAVS 
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also reveals differences in transcriptional activity of p1.4kbIFNL3 carrying C or G alleles at 

rs28416813. The experiments were carried out on HEK293T cells grown in 96-well plates. 

The data is from three experiments performed with three different plasmid preparations. The 

mean value from the three experiments is shown, while the error bars depict SD. For both A 

and B, two tailed student t-test for independent means was used for calculating statistical 

significance; *p < 0.05, **p < 0.01; ***p < 0.001. All the Luciferase ratio values from each 

individual experiment are shown in Suppl. Table 1.
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Fig. 3. NF-κB p65 interacts with IRF7 and increases its promoter occupancy.
A) Western blot (WB) showing endogenous expression of p65 in unstimulated HEK293T 

cells. The overexpressed TFs in different lanes are shown on the top of the blot. B) Co-IP 

experiment showing the physical interaction between IRF7 and NF-κB p65. The HA tags 

present in the IRF3 and IRF7 constructs were used to pull down the complexes before 

probing for p65 using a specific antibody. The blot shown is a representative of two 

independent Co-IP experiments. C) Bimolecular Fluorescence Complementation Assay 

(BiFC) shows that IRF7 interacts with p65. UT-untransfected control. The left and middle 

images show merged brightfield and fluorescence views; the right image is only from the 

fluorescence view. The quantification shown on the right graph was carried out with Kaleido 

(PerkinElmer). D) Schematic showing the flow of transient ChIP experiment. The 

p0.5kbIFNL3 construct was co-transfected along with IRF7 and ChIP was performed with 

anti-IRF7 antibody. E) (Top and bottom left) Standardization of primer sets for transient 

ChIP. After pulling down the complexes and reversing the cross-links PCR was performed 

with the DNA obtained using 4 different primer set combinations. The top shows the 

schematic of the five different IRF or NF-κB binding sites on the p0.5kbIFNL3 promoter 

construct. Each arrow depicts a primer. The red arrows are specific for primers entirely 

binding in the pGL3basic plasmid DNA sequence; the remaining arrows show primers that 

bind within the 0.5 kb promoter encompassing different TF binding regions. The gel picture 

shows the PCR products run on a 2.5% EtBr-stained agarose gel. First marker (Ma) is 1 kb 

ladder (GeneRuler 1 kb DNA Ladder, ready to use, Cat#SM0313,ThermoFisher Scientific, 

USA); second marker is 50 bp ladder (TrackIt™ 50 bp DNA Ladder, Cat#10488-043, 

ThermoFisher Scientific, USA). (bottom right) qPCR showing the enrichment of IRF7-
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bound DNA which is increased greater than 2-fold when p65 is co-transfected with IRF7. 

The primer set 4 was used for the qPCR (the forward primer binds downstream of NF-xBa 

site and the reverse primer binds within the plasmid DNA sequence). The mean values from 

triplicate experiments are shown, error bars depict SD. VC-vector control.
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Fig. 4. Transcriptional synergy at the IFN-λ3 promoter.
A) Synergy between IRF3/7 and NF-κB p65 with RLR pathway stimulated (RLR +) or not 

(RLR-). The RLR pathway was stimulated when indicated by co-overexpression of HCV 

NS5B and RIG-I genes as described before (53). B) p65 enhances IRF7-mediated 

transcription at the IFN-λ3 promoter. Synergy between IRF7 and p65 at increasing 

concentration of IRF7 when p65 is held at a constant concentration (30 ng) is shown. C) No 

evidence of synergy between IRF3 and IRF7 either with or without (+/-) RLR pathway 

stimulation. D) CBP/p300 has no role in transcriptional synergy at the IFN-λ3 promoter. 

Synergy between IRF7 and p65 with the p1.4kbIFNL3 promoter clone is shown in presence 

or absence o of overexpressed p300. All experiments in A, B, C and D were done as three 

separate experiments with a single plasmid preparation. The results show mean values from 

the three replicates with error bars showing SD. The mean values are depicted near the curve 

or above the respective histograms in B, C and D. SV = synergy value defined as ratio of 

mean Luciferase expression value when both TFs are present together to that of the sum of 

mean Luciferase expression values when the two TFs are present individually. An SV of 

more than 1 suggests a synergistic cooperation between the TFs. All the Luciferase ratio 

values from each individual experiment are shown in Suppl. Table 1.
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Fig. 5. Characterization of transcriptional synergy between IRF7 and NFkB p65.
A) Schematic showing the different IRF and NF-κB binding sites as defined by a previous 

study (51) along with the NF-κBc site that was characterized by Osterlund et al., (2007) (43) 

within 0.5 kb of the IFN-λ3 promoter; the numbers show the beginning of each of the site 

and the site of insertion of 5 bp or 10 bp. B) Mutational analysis of the p0.5kbIFNL3 

construct shown in (A). The results show mean values from three separate experiments 

carried out with a single plasmid preparation with error bars showing SD. SV (synergy 

value) is defined in Fig. 4. The wt and the mutated sequences are shown in Materials and 

Methods section; All the Luciferase ratio values from each individual experiment are shown 

in Suppl. Table 1. C) The nature of DNA binding of NF-κB p65 and IRF7 are distinctly 

different. Models showing cocrystal structures of TFs NF-κB p65 and IRF7 in their DNA 

bound forms. It is clear from the structural models that p65 binds to DNA mainly through 

loops in its structure and does not involve any stable structures while IRF7 has a short helix 

compactly placed inside the major groove with several amino acids contacting the bases 

inside the groove. This observation for p65 has also been noted by others who reported the 

structures (61) (PDB ID2O61 visualized in UCSF CHIMERA).
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Fig. 6. Effect of rs7225881 and rs4803219 on IFN-λ3 promoter activity.
A) Schematic of the p1.4kbIFNL3 construct used in the study showing the location of the 

SNPs rs4803219 and rs28416813 and the TA dinucleotide repeat polymorphism rs7225881 

in the context of the different IRF7 and NF-κB TF binding sites. The exact location of each 

binding site from the ATG start site is shown above them. B) Effect of TA repeat-length on 

the IFN-λ3 promoter activity when tested against p65 or IRF7. The TA repeats were cloned 

at the site rs7225881 as shown in (A) in the p1.4IFNL3 construct carrying the C allele at 

rs28416813; this construct did not include the IFN-λ3 3’UTR. The data was drawn from 9 

to 10 separate experiments representing three different plasmid preparations transfected in to 

HEK293T cells grown in 96-well plates. The histograms show the mean value of all the 9–

10 experiments, while error bars are depicting SD. The grey line below the histograms 

shows the trend in mean Luciferase expression values for the different construct transfected 

with different TFs. C) The ancestral alleles of the three SNPs rs4803219, rs28416813 and 

rs4803217 significantly decrease transcription from the IFN-λ3 promoter. All four TFs as 

shown were transfected in to HEK293T cells grown in 12-well plates and further stimulated 

by polyI:C as described in the methods section. p1.4kbIFNL3-3’ UTR construct carrying the 

different haplotypes at the three SNP positions were used. The data is from six separate 

experiments representing three different plasmid preparations. The histograms show mean 

values from the six experiments with error bars showing SD. For B and C one tailed student 

t-test for independent means was used for calculating statistical significance; *p < 0.05, **p 
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< 0.01; ***p < 0.001. All the Luciferase ratio values from each individual experiment for B 

and C are shown in Suppl. Table 1.
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Fig. 7. Schematic representation and summary of the results of this study.
The top panel shows the IFN-λ3 promoter with the different TF binding sites identified in 

the context of the three functional genetic variants studied. A) Our results show that IRF7 

(or IRF3) binding to its DNA is rate-limiting on the IFN-λ3 promoter. Binding of NF-κB 

p65 (as a hetero or a homodimer) enhances the promoter occupancy of IRF7 possibly by 

causing allosteric changes to the IRF-binding site DNA and allowing for a better access of 

IRF7 into the major groove of the DNA thereby overcoming the rate-limiting step in 

promoter loading. This may occur without any protein-protein contacts between IRF7 and 

p65; or may involve such contacts in a long-range over the promoter that somehow brings 

the distantly bound TFs in proximity in the 3-D conformation (B); however, we feel that this 

model (B) is less likely to lead to promote synergy at the IFN-λ3 promoter. C) The 

mechanism behind the functioning of the TA repeat polymorphism in affecting IRF7-

mediated transcription. The changes in the DNA helix phase disrupts IRF7 binding since 

IRF7 binding seems to be sensitive to such changes as extensive contacts between a well-

structured protein region (in the form of a short alpha-helix) with the nucleotides within the 

major grove (red) are observed in the co-crystal structures. Every two TA repeats increases 

the nucleotide length by 4 which is close to half the number of bases that lead to a turn of 

the DNA helix, thereby disrupting the helix such that bases in the major groove are now in 

the minor grove and therefore IRF7 finds it difficult to tuck its short alpha-helix into the 

minor grove in the new phase. This leads to a cyclical effect on transcription (dashed line) as 

the next two TA repeats can partially restore the helix phase. D) Three functional genetic 

variants of the IFN-λ3 promoter: rs28416813, rs4803217 and TA-repeat polymorphism 

(rs7225881). SNP rs28416813 affects NF-κB binding near the basal transcription apparatus 

(RNA pol) and SNP rs4803217 interferes with miRNA binding and the mRNA stability 
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while present in the 3’UTR of the mRNA. The ancestral alleles of both these SNPs 

significantly decrease gene expression. The TA-repeat polymorphism affects DNA phasing 

and therefore likely affects IRF7-mediated transcription.
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