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Abstract
IRF1 is a transcription factor that participates in interferon signaling. Previous studies of IRF1
binding have utilized in vitro assays. We used ChIP-seq in human monocytes to better define the
recognition motif for IRF1. The newly identified 18bp motif (RAAASNGAAAGTGAAASY) is a
refinement of the 13bp IRF1 motif commonly used. We utilized the 18bp consensus motif and
identified 345 potential target genes. To compare the 18bp motif with the 13bp motif, we
compared putative gene targets. Only 56 potential gene targets were defined by both consensus
motifs. To compare biological effects of interferon on the 13bp and the 18bp consensus targets, we
mined expression data from cells exposed to interferons or transfected with IRF1. In all cases, the
18bp consensus motif was more strongly associated with transcriptional responses than the 13bp
motif. Therefore, the new 18bp consensus motif appears to have a greater association with
biological activities of IRF1.
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1. INTRODUCTION
Interferon regulatory factor (IRF) 1 is the first factor indentified of the IRF family which is
comprised of nine members in mammals. IRFs share a helix-turn-helix DNA-binding
domain that is characterized by five tryptophan-rich repeats (Escalante et al., 1997). All IRF
members are believed to bind similar DNA sites with GAAANN repeats commonly seen as
targets (Harada et al., 1989; Naf et al., 1991). The sequence of the 2bp spacer appears to
drive some of the specificity of IRF family member binding (Morin et al., 2002). The IRF-1
DNA recognition sequence specifically was initially identified by a polymerase chain
reaction (PCR)-assisted method (Tanaka et al., 1993) and analysis of the crystal structure of
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the DNA-binding domain bound to its cognate DNA sequence element (Fujii et al., 1999).
Both single sites of the sequence AANTGAAA have been identified as well as repeats of
GAAA with variable spacer nucleotides. At present, it is not clear if IRF1 binding in vivo is
reflected by this binding sequence obtained in vitro.

IRF1 was first identified as a transcriptional regulator of type-I interferons (IFNs) and IFN-
inducible genes (Miyamoto et al., 1988; Chang et al., 1992; Kimura et al., 1994).
Subsequent studies have revealed that IRF1 plays a broad function in a variety of biology
process. IRF1 is important for regulating inflammation, cell growth, apoptosis, and
oncogenesis (Tamura et al., 1995; Tanaka et al., 1996; Penninger et al., 1997; Taki et al.,
1997; Urschel et al., 1997; Ogasawara et al., 1998; Ko et al., 2002) and IRF1 is required for
DNA damage-induced growth arrest and apoptosis (Kroger et al., 2001). The IRF1 target
genes in this process have not been confirmed, but may include the genes encoding p21/
WAF1/CIP1, Caspase-1, Caspase-7, Caspase-8, GAAP-1, and TRAILA (Kim et al., 2004).
Recently by performing chromatin immunoprecipitation coupled to a CpG island microarray
(ChIP-chip), a set of IRF1-bound genes was identified in breast cancer cells stimulated with
γIFN (Frontini et al., 2009). A number of the identified genes were found to be involved in
the DNA damage response and DNA repair pathway.

Another central function of IRF1 is the regulation of host defense and the development of
various immunologically competent cells. IRF1 can be upregulated by lipopolysaccharide,
bacteria, viral infections, and cytokines such as IL-1, IL-12 and type I and type II interferons
(Skaar et al., 1998; Taniguchi et al., 2001; Honda and Taniguchi, 2006). Natural killer (NK)
cells were dramatically reduced in both the spleen and liver of IRF1 knockout mice and NK
cell-medicated cytolytic activity was not observed (Ogasawara et al., 1998; Ohteki et al.,
1998). In addition, CD8+ T lymphocytes were diminished in IRF1 knockout mice. IRF1 is
also involved in monocyte/macrophage differentiation (Testa et al., 2004) and maturation of
dendritic cells (Gabriele et al., 2006). These cells are the effectors and regulators of
inflammation and immune responses and are critical in end organ damage in patients with
systemic lupus erythematosus (SLE). Our previous studies suggested that IRF1-regulated
genes have increased expression in monocytes from patients with SLE (Zhang et al., 2010b).
To better define the role of IRF1 in human disease, it became important to identify binding
sites in vivo.

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is a popular strategy to
study genome-wide protein-DNA interactions. Next-generation sequencing technology
offers higher sensitivity, accuracy and greater coverage and is very useful for analysis of the
regulation of gene and epigenetic mechanisms. Here, by employing ChIP-seq, we
characterized the IRF1 binding motif in vivo and investigated IRF1 direct target genes in
primary monocytes. This study revealed a large number novel IRF1 target genes, which may
provide better understanding of IRF1 function in vivo.

2. METHODS
2.1 ChIP-seq and library preparation

Primary human monocytes were purified from healthy people by Ficoll-Paque and
adherence. The purity of the preparations was approximately 90% by flow cytometry for
CD14 staining. ChIP experiments were carried out as described in our previous paper (23)
and utilized the IRF1 antibody from Santa Cruz Biotechnology (H205, Santa Cruz, CA.).
The library preparation utilized the SOLiD ChIP-seq kit and was performed according to the
manufacturer’s instructions. Emulsion PCR and SOLiD sequencing were performed
according to the system standards.
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2.2 Analyses of ChIP-seq data
We developed a workflow, CHOPseq, for the processing and analysis of ChIP-seq data. This
workflow includes three milestone steps: read alignment, peak calling, and motif discovery
(Table 1). Except for read alignment performed using BioScope, all steps were done within
R/Bioconductor statistical environment.

2.2.1 Read Alignment—All 50-base reads were aligned to the GRCh37 version of human
genome using BioScope™v1.3 software (Life Technologies Corp.). The alignment used the
"classic" setting, allowing up to six mismatches. The alignment results were saved in the
BAM format and R was used for further processing. The estimated average length of DNA
fragments was 180bp. Accordingly, we extended all reads to 180bp long from their 3' end to
cover the regions isolated from sequencing due to protein binding. Each aligned read was
assigned a score by BioScope based on the uniqueness and number of mismatches of the
alignment. We ran a stepwise procedure to identify a subset of scores that achieved the
highest strand-strand correlation of depth.

2.2.2 Peak Calling—We used our in-house R function for peak calling. Bases with depth
of 10 or higher were identified as initial peak summits. We defined the absolute read
enrichment by counting reads on the forward strand within [S−179, S] and the reads on the
reverse strand with [S, S+179], where S is the location of the peak summit. To reduce the
weight of duplicate reads aligned to the same location, the read count on each strand was
adjusted by sqrt(T*U), where sqrt means square root and T and U are the counts of total and
uniquely-located reads. The absolute read enrichment at each peak was then calculated as
2*sqrt(F*R) where F and R are the adjusted read counts from two strands. The absolute and
relative read enrichment of peaks identified from the IRF1 ChIP sample were plotted in
Supplemental Figure 1 as black circles while using the input samples as a reference. To
evaluate the false discovery rate (FDR) of the peaks to be selected, we applied the same
peak calling and read counting procedure on the DNA input sample while using the ChIP
sample as reference. The results were also plotted in Supplemental Figure 1 (red dots),
showing that the peaks in the up-right corner were unique to the IRF1 ChIP sample. We
used those peaks for the motif discovery analysis (see below).

2.2.3 Motif Discovery—The sequences within the [−50bp, 50bp] region around peak
summits were used as seeds for a GADEM analysis. GADEM searched for a consensus
motif and reported the matches to this motif in all the seed sequences. If there were multiple
matches in one seed, we retained the one with the highest similarity and used the remaining
matches to generate a position-weighted matrix (PWM). Furthermore, we searched the
matches to this PWM in human genome. Each match was assigned a similarity score.
Matches were mapped to genomic regions relative to gene, such as promoter and exon. Gene
information was downloaded from the "RefGene" track of UCSC Genome Browser.

2.3 Re-analysis of Transcriptomic Data Sets
Previously processed microarray data series and their annotation information were
downloaded from the Gene Expression Omnibus (GEO) database. Through official gene
symbols, all measured genes in a data series were split into three groups: 18bp targets, 13bp
targets and non-targets. Differential gene expression before and after cytokine treatment was
calculated as the log2 ratio of group averages. We called a gene up-/down- regulated by the
treatment if the increase/decrease of its expression was among the top 5% of all measured
genes. The difference in the group-wise expression change between gene groups was
evaluated with Student's t test.
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3. RESULTS
3.1 IRF1 consensus motif identification

To identify the IRF1 in vivo binding site, we purified primary human monocytes and
performed chromatin immunoprecipitation with a Western-validated IRF1 antibody
followed by high throughput sequencing (ChIP-seq). One pair of input samples and IRF1
ChIP-seq samples were used to define the binding motif. We developed a bioinformatic
workflow called CHOPseq (Table 1) for the processing and analysis of ChIP-seq data. We
filtered the reads aligned to the human genome based on their mapping quality to obtain
40.6 and 36.1 million reads respectively from the input DNA and IRF1 ChIP samples.
CHOPseq’s peak calling algorithm was used to identify peak summits. Read counts around
the peaks were compared between the IRF1 ChIP samples and the input controls. Peaks of
the ChIP sample with both higher total read counts and relative read enrichment were
considered as locations of IRF1 binding sites (Supplemental Figure 1). 117 such peaks were
selected for further analysis with a false discovery rate (FDR) of 0.1 while 52 of those peaks
were located within the 10kb promoter region or 5'-UTR regions. Many of the identified
genes were related to immune response, such as AIM2, CD40, IFIT3, and three
immunoproteasome genes (Supplemental Table 1).

We applied the GADEM method (Li, 2009) for a de novo discovery of the IRF1 binding
motif by using 100 bases around 117 peak summits as seed sequences. A single consensus
sequence of 18 bases, RAAASNGAAAGTGAAASY, was identified. Matches to this
sequence were found at least once within 91% of the seed sequences. A noticeable feature of
this motif is the repeated occurrence of the sequence “AAA”, splitting it into three segments
(Figure 1a). The bases from position 7 to 18 are similar to the binding motifs of IRF1
(SAAAAGYGAAACC) and IRF2 (GAAAAGYGAAASY) used in the TRANSFAC Matrix
Database (Biobase GmbH).

The locations of the peak summits were centered around the last base of the 18bp binding
motif (Figure 1b), making it the likely middle point of IRF1 binding. 84% of the peak
summits were located within 25bp of this base, suggesting that our peak calling program had
high accuracy. The distribution of reads around the binding motif had a distinguishable
pattern (Figure 1c). Reads from the forward strand formed the peak at the lower end and
those from the reverse strand formed the peak at the higher end. Both peaks are
approximately 200 bases in size and topped at 55 to 60 bases from the middle point. This
overall pattern suggested that the length of the IRF1 binding region was about 115 bases.

3.2 IRF1 binding sites in human genome
We searched for occurrences of this new binding motif in human genome. No locations were
found with a perfect match (100% identity) to the consensus sequence,
GAAAGTGAAAGTGAAAGT. The number of hits increased exponentially with a
reduction of the percent identity cutoff (Supplemental Figure 2). We selected 28,866 hits
that scored 85% or higher for further analysis. The matches were evenly distributed across
the human genome with clear enrichment around transcription start sites (Supplemental
Figure 3).

We identified 345 unique genes having hits within their 1kb promoter and/or 5'-UTR
(trimmed to the first 1kb if longer) regions and used those genes to define potential targets
of IRF1 regulation (Supplemental Table 3). This gene list is significantly enriched with
genes related to antigen processing and immune response (Table 2).

To compare the 18bp and 13bp binding motifs, we retrieved the IRF1 binding sites derived
from the 13bp motif stored by the "TFBS Conserved" track of UCSC Genome Browser and
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mapped them to 1kb promoter regions and trimmed the 5'-UTR regions as above to get a
larger set of 595 unique genes. This target set is similarly enriched with immune response
genes according to DAVID analysis (n=42, p=7.2e-5) although only 56 genes, such as IFIT3
and TAP1, were included in both target sets. IFIT1 and IFIT2 are interferon inducible genes,
but have not been previously identified as direct targets of IRF1. They were included in the
18bp target set but not in the 13bp one.

3.3 Expression change of IRF1 targets in response to various treatments
Since IRF1 is a transcription activator induced by interferon, we expected that its target
genes would be more likely to be up-regulated by interferon treatment than non-targets. We
used our previous microarray study (Zhang et al., 2010a), which measured the transcriptome
of monocytes treated with αIFN, γIFN, or IL-4, to compare the expression change of target
and non-target genes in response to different cytokine treatments. The expression of IRF1
itself was dramatically increased by both interferons and correspondingly, its targets were
significantly up-regulated. IL-4 treatment slightly decreased IRF1 expression and had
similar effect on targets and non-targets (Figure 2A). Aside from the overall trend of up-
regulation after interferon, the scale of expression change varied among individual target
genes. Interestingly, a small number of targets were down-regulated by interferon treatment.
Among the genes down-regulated by both interferons, SPHAR is needed for DNA synthesis
during S phase (Digweed et al., 1995) and SDC2 encodes a membrane protein enhancing
migratory potential of tumor cells (Lee et al., 2009). This observation agrees with previous
studies that suggested IRF1 may function as a tumor suppressor and inactivator of cell
growth (Romeo et al., 2002).

We used additional transcriptomic data stored in the GEO (Gene Expression Omnibus)
database to examine the response of IRF1 target genes to interferons in different cell types.
In a study of peripheral blood mononuclear cell (PBMC) subpopulations stimulated with
interferon gamma (Waddell et al., 2010), up-regulation of IRF1 targets was observed in B
cells, CD4+ and CD8 T cells, and monocytes, but not in natural killer cells (Figure 2B). In
another study of ten tumor cell lines treated with interferon α2a (Siegrist et al., 2011), the
cell lines with over-expression of IRF1 also had an overall up-regulation of target genes
(Figure 2C). The expression of both IFIT1 and IFIT2, which were not previously reported as
direct targets of IRF1, were significantly up-regulated. The expression of both genes was
significantly correlated with the expression of IRF1 in the tumor cell lines after interferon
treatment, suggesting that interferons activated these two genes through IRF1 (Figure 3).
However, the concurrent expression change of IRF1 and IFIT1 IFIT2 expression was not
observed in blood subpopulations, possibly because the regulatory mechanism is more
complicated in vivo.

Also available in GEO were transcriptomic data sets including hepatoma and fibroblast cells
transfected with an IRF1-overexpression vector [GSE26817], which made it possible to
investigate the exclusive effect of IRF1 over-expression without the involvement of
interferons. Target genes had an even stronger response to this direct treatment (Figure 2D).
107 genes in the hepatoma cell line and 122 in the fibroblast cell line (of the 322 measured
genes) were upregulated. The response was similar between the two cell lines as 92 genes
were up-regulated in both. Therefore, IRF1 over-expression had similar effects in two
different cell lines. SDC2 was again down-regulated in both cell lines and SPHAR was
down-regulated only in the fibroblast cell line. AMOT, a gene regulates cell migration and
tube formation (Troyanovsky et al., 2001), was also down-regulated in both cell lines. In
summary, genes with an IRF1 binding motif around their TSS were generally up-regulated
with the over-expression of IRF1 and the 18bp targets had a stronger association with IRF1
over-expression than the 13bp targets (Supplemental Table 4). However, individual target
genes showed different patterns (Supplemental Table 5). For example, both TAP1 and
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SDC2 were co-regulated with IRF1 across cell types, but in opposite directions (Figure 3).
By correlation analysis, we identified a subset of 56 targets (p<=0.01) that had concurrent
changes with IRF1 across different cell types (Supplemental Table 5). Immune response
genes were further enriched in this subset (N=12, p=9.2e-6).

3.4 Validation of the IRF1 binding motif/sites in extra samples
To validate the IRF1 binding motif, we performed another run of IRF1 ChIP-seq which
included an independent pair of input DNA and IRF1 ChIP-seq samples. Although both
samples had substantially lower numbers of aligned reads (20.4 and 20.7 millions
respectively), 107 peaks were identified. An almost identical binding motif was obtained
from those peaks using the same motif discovery method (Supplemental Figure 4 and
Supplemental Table 2), whose consensus sequence was NRAANNGAAASTGAAASY.

We noted that not all of the peaks identified from the original and the validating samples
overlapped (Supplemental Table 6). For example, while there were binding peaks around the
TSS of IFIT3 in both samples, only the validating sample had a peak close to the TSS of
IFIT2 (Figure 4). Meanwhile, both samples had low or no read coverage at the potential
binding site located with the promoter of IRF2, an inhibitor and known target of IRF1.
These observations suggest that individual variability of IRF1 binding exists within primary
human monocytes. The primary monocytes in this study were analyzed directly ex vivo and
probably reflected the individual health status of the donors.

4. DISCUSSION
The goal of this study was to refine the consensus binding motif for IRF1. As a critical
mediator of the inflammatory process and the development of immunologically important
cell types, understanding the role of IRF1 has clinical implications for a broad range of
diseases. We utilized unstimulated monocytes and were surprised at the large number of
binding sites present in unstimulated cells. Whether these truly represent constitutive
binding of IRF1 to certain targets or whether the cells experienced some element of
activation during the purification process is not known. In a study of IRF1 over-expression
in tumor cells, the majority of genes regulated by IRF1 were apoptotic (Tanaka et al., 1994;
Yim et al., 1997; Kroger et al., 2001; Kroger et al., 2003; Kim et al., 2004). Nevertheless,
many of the best characterized functions of IRF1 relate to host defense (Skaar et al., 1998;
Taniguchi et al., 2001; Honda and Taniguchi, 2006). It is possible that IRF1 pre-bound to
gene promoters renders them poised for rapid expression (Muse et al., 2007).

This study refined the consensus binding motif for IRF1. It is not known whether other IRF
family members can recognize this sequence or whether the expanded sequence drives
specificity. IRF family members exhibit some redundancy and therefore it is likely that
sequence specificity is not the entire explanation for differential binding (Taniguchi et al.,
2001; Decker et al., 2005; Platanias, 2005), however, the variable nucleotide spacers
between GAAA repeat motifs clearly contribute to IRF specificity (Morin et al., 2002).
Context and relative cell levels of IRF family members may also contribute to the in vivo
binding. This study represents an important step in the further understanding of the relative
effects of IRF family member interactions with chromatin.

The ChIP-seq approach represents a very direct and efficient strategy to examine in vivo
binding for transcription factors, however, it is important to recognize that there could be
potential confounders. In our bioinformatic analysis, we did not allow for indels in
alignments to the consensus sequence. Therefore, alternative binding sites with bipartite
recognition sequences could have been missed. Nevertheless, these data have provided an
improved consensus sequence based on in vivo binding.
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IRF1 has been studied both as a tumor suppressor and as part of the innate anti-viral
response (Pine, 1992; Kashiwaba et al., 1994; Nishizaki et al., 1997; O'Connell et al., 1998;
Tirkkonen et al., 1998). We identified IRF1 binding sites upstream of genes with increased
acetylation of H4 in monocytes from SLE patients compared to controls (Zhang et al.,
2010b). Both cell growth and interferon pathways have been implicated in SLE (Baechler et
al., 2003; Bennett et al., 2003; Denny et al., 2006). IRF1 can interact with p300 to acetylate
histones and another IRF family member, IRF5, has been implicated in SLE by a genome-
wide association study suggesting that this family of transcription factors may be important
in SLE (Graham et al., 2006). This study provides an improved consensus motif to facilitate
additional mechanistic studies. The new 18bp consensus motif provides better predictive
value for interferon-responsive genes than the commonly used 13bp motif and should
facilitate IRF1 studies going forward.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations

CD cluster of differentiation

ChIP-seq chromatin immunoprecipitation with next generation sequencing

IFN interferon

IL interleukin

IRF1 interferon regulatory factor I

NK natural killer cell

PBMC peripheral blood mononuclear cells

SLE systemic lupus erythematosus

TSS transcription start site
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Figure 1. IRF1 binding motif discovery
A) The consensus sequence logo of the 18bp binding motif as a summarization of 107 sites
defined by ChIP-seq peaks. B) The relative locations of ChIP-seq peak summits relative to
the motif. C) The distribution of the 3' and 5' end bases of sequencing reads around the 107
binding peaks, using the last base of 18bp motif as the reference point. The strand-specific
pattern was the result of sequencing from the 3' and 5' ends. The distance between the two
peaks corresponds to the size of the IRF1 binding region.
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Figure 2. Gene expression changes caused by interferon treatment or IRF1 over-expression in
various cell types
The boxes display the overall distribution of differentially expressed gene groups and the
stars correspond to the expression change of IRF1 itself. The p values indicate the statistical
difference between non-targets, 13bp consensus targets, and targets derived from the 18bp
motif. A) Expression data from monocytes treated with three different cytokines were
analyzed. The 18bp consensus is more closely associated with genes that respond to IFNs
but not IL-4, treatment. B) Expression data from peripheral blood cells treated with
interferon gamma were analyzed in the same manner. C) Expression data from tumor cell
lines treated with interferon α2a were analyzed in the same manner. Four of the 10 cell lines
were plotted. D) Expression data from cell lines transfected with IRF1 were analyzed to
define the concordance of gene expression changes with predicted targets.
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Figure 3. The concurrent expression change of IRF1 and its targets after cytokine treatment
The scale of the axes corresponds to the log2-ratio of expression levels after versus before
treatment. A significant correlation between IFIT1/IFIT2 and IRF1 occurred in tumor cell
lines, but not in blood cells. (r: Pearson's correlation coefficient; p: p value obtained from the
correlation test)
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Figure 4. The depth of ChIP-seq signal at three locations of IRF1 binding
The height represents normalized coverage depth out of one million reads in each sample.
The upper half of the figure was based on the original pair of IRF1 ChIP-seq (grey shadow)
and DNA input ChIP-seq (dashed line) samples. The lower half was based on the validating
pair. Depth information was plotted around the TSS of three IRF1 target genes. Arrows
indicate the direction of transcription and the triangles point to the locations of the last base
of IRF1 binding motif. NM_001031683 is one of two alternative transcripts of IFIT3.
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Table 1

Major R Functions Used For Chopseq Workflow

Task R Function R package

Import reads from BAM file BamScannerChr CHOPseq

Estimate average fragment length estimate.mean.fraglen chipseq

Find the best set of alignment scores MapqCorr CHOPseq

Resize reads resize IRanges

Convert reads to depth at bases coverage IRanges

Peak calling PeakCaller CHOPseq

Count and adjust reads around peaks PeakStats CHOPseq

Estimate peak FDR PeakFDR CHOPseq

Motif discovery GADEM rGADEM

Match PWM to genome matchPWM Biostrings

Map PWM matches/peaks to genes findOverlaps IRanges
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Table 2

Gene functional categories significantly enriched in the 345 IRF1 targets

Term Count P Value* Genes

PIRSF001733: tripartite motif-containing protein 7 1.99E-07 TRIM5, TRIM34, TRIM50, TRIM26, TRIM21, TRIM74,
TRIM73

GO: 0019882~antigen processing and presentation 11 1.21E-06 HLA-H, PSME1, TAP2, CD209, ERAP1, ERAP2, TAPBPL,
PSMB8, TAPBP, PSMB9, B2M

IPR007904: APOBEC-like, C-terminal 5 1.45E-05 APOBEC3B, APOBEC3G, APOBEC3F, APOBEC3C,
APOBEC3D

GO: 0006955~immune response 28 3.64E-05 OAS3, TLR3, APOBEC3G, IL15, APOBEC3F, IFI35, B2M,
TAPBP, FCGR1C, TAP2, TAP1, ERAP1, ERAP2, DHX58,
HLA-H, BST2, IL29, TNFRSF14, PSMB8, PSMB9, IL18BP,
APOL1, TNFSF13B, PSEN1, ETS1, CD209, CD274, GBP1

IPR012317: Poly(ADP-ribose) polymerase, catalytic
region

5 1.50E-04 PARP9, PARP14, PARP3, PARP10, PARP4

IPR008405: Apolipoprotein L 4 1.51E-04 APOL2, APOL1, APOL6, APOL4

Host-virus interaction 15 1.89E-04 HAVCR1, CCNT1, TNFRSF14, APOBEC3G, SP110,
APOBEC3F, PSMB8, APOBEC3C, PSMB9, TRIM5, ISG15,
TAP2, CD209, TAP1, RBCK1

*
The p values represent the significance of gene enrichment using all known human genes as background.
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