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Bioinformatic Analysis Reveals cRel as a Regulator  
of a Subset of Interferon-Stimulated Genes

Lai Wei,1 Meiyun Fan,1 Lijing Xu,2,3 Kevin Heinrich,4 Michael W. Berry,4  
Ramin Homayouni,2,3 and Lawrence M. Pfeffer1

Interferons (IFNs) are critical to the host innate immune response by inducing the expression of a family of early 
response genes, denoted as IFN-stimulated genes (ISGs). The role of tyrosine phosphorylation of STAT proteins 
in the transcription activation of ISGs is well-documented. Recent studies have indicated that other transcrip-
tion factors (TFs) are likely to play a role in regulating ISG expression. Here, we describe a novel integrative 
approach that combines gene expression profiling, promoter sequence analysis, and literature mining to screen 
candidate regulatory factors in the IFN signal transduction pathway. Application of this method identified the 
nuclear  factor κB (NFκB) protein, cRel, as a candidate regulatory factor for a subset of ISGs in mouse embryo 
fibroblasts. Chromatin immunoprecipitation (ChIP) and real-time PCR assays confirmed that cRel directly binds 
to the  promoters of several ISGs, including Cxcl10, Isg15, Gbp2, Ifit3, and Ifi203, and regulates their expression. 
Thus, our studies identify cRel as an important TF for ISGs, and validate the approach of using Latent Semantic 
Indexing (LSI)-based methods to identify regulatory factors from microarray data.

Introduction

Interferons (IFNs) were discovered by virtue of their 
antiviral activity; however, IFNs are multifunctional 

proteins that also affect cell proliferation, cell differentia-
tion, apoptosis (programmed cell death), and the immune 
response. Type I IFNs, consisting of IFN-α, IFN-β, IFN-ω, 
IFN-ε, IFN-κ, IFN-δ, and IFN-τ, regulate their diverse cel-
lular functions by modulating the expression of IFN-
stimulated genes (ISGs) through the activation of a signal 
transduction pathway involving the JAK tyrosine kinases 
and STAT proteins (Friedman and Stark 1985; Larner and 
others 1986; Schindler and others 1992; Darnell and others 
1994). Although the JAK/STAT signal transduction pathway 
is critical in mediating IFNs’ antiviral and antiproliferative 
activities, IFNs also activate the nuclear factor κB (NFκB) sig-
naling pathway, which also plays an important role in the 
biological actions of IFN (Yang and others 2000; Yang and 
others 2001; Pfeffer and others 2004).

The NFκB transcription factor (TF) family regulates the 
expression of genes involved in cell survival and immune 
responses (Beg and others 1995; Beg and Baltimore 1996; 

Van Antwerp and others 1996; Wang and others 1996). In 
mammals, the NFκB family of related proteins includes 
NFκB1 (p105 processed to p50), NFκB2 (p100 processed to 
p52), RelA (p65), RelB, and cRel. Both p50 and p52 lack a 
transcription activation domain, and as homodimers func-
tion as repressors. In contrast, p65, cRel, and RelB have a 
transcription activation domain, and thus when complexed 
with p50 or p52 are capable of activating transcription. 
Although p50:p65 and p52:RelB heterodimers are the NFκB 
complexes most often observed in cells, other Rel heterodi-
mers also form. Recent studies identified that IFN induces 
NFκB activation through both a classical pathway that 
results in the formation of p50:NFκB dimers through IκB 
degradation, and an alternative pathway that results in the 
formation of p52:NFκB dimers through a NFκB-inducing 
kinase (NIK)/tumor necrosis factor (TNF) receptor-
 associated factors (TRAF)-dependent pathway (Yang and 
others 2001; Pfeffer and others 2004; Yang and others 2005a; 
Wei and others 2006). Moreover, a subset of ISGs are regu-
lated by NFκB, and appear to play important roles in IFNs’ 
biological actions.
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analysis demonstrated that induction of these ISGs by IFN 
was diminished in cRel-deficient MEFs as compared to 
MEFs from their wild-type (WT) littermates.

Materials and Methods

Biological reagents and cell culture

Highly purified recombinant rat IFN-β was obtained from 
Biogen-Idec, Inc. (2 × 108 IU/mg protein) (Arduini and oth-
ers 2004). Polyclonal anti-cRel was obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). 3T3 immortalized 
MEFs generated from E12.5 to 14.5 embryos from C57BL6/J 
mice and cRel-deficient littermates were generously pro-
vided by Dr. Alexander Hoffmann (University of Caliornia, 
San Diego) (Hoffmann and others 2003). MEFs were plated 
at 3 × 105 cells/60-mm dish every 3 days in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf serum 
(FCS) (Hyclone Laboratories, Logan, UT, USA), and 100 µg/
mL of penicillin G and streptomycin.

Microarray analysis

Microarray experiments and data analysis were per-
formed as described previously (Pfeffer and others 2004). In 
brief, total cellular RNA from untreated and IFN-β-treated 
(2500 units/mL for 5 h) MEFs was extracted with TRIzol 
reagent (Invitrogen) and submitted to Genome Explorations 
Inc. (Memphis, TN, USA) for labeling and hybridization to 
the murine U74Av2 GeneChip (Affymetrix Inc.). The data 
were deposited in Gene Expression Omnibus (GEO) at NCBI 
(Accession GSM76653-76658). Expression values were deter-
mined using Affymetrix Microarray Suite Version 5.0 soft-
ware and analyzed using GeneSpring 7.2 (Silicon Genetics, 
Inc.). A subset of genes were selected whose expression was 
altered greater than 2-fold (p < 0.05, Welch’s t-test, n = 3 for 
each group) and then subjected to hierarchical clustering 
using standard correlation coefficients.

Promoter sequence analysis

Genomic sequences corresponding to 3-kb upstream and 
50-bp downstream of transcription start site (TSS) of each 
gene was obtained from the UCSC Genome Browser (http://
genome.ucsc.edu/). DNA-binding motifs and TF-binding 
sites were identified using MOTIF (http://motif.genome.jp) 
and the information in TRANSFAC 6.0 database (Matys and 
others 2003).

LSI-based literature analysis

The text representation was performed as described pre-
viously (Homayouni and others 2005). In brief, the informa-
tion for each gene was generated by concatenation of titles 
and abstracts in the MEDLINE citations cross-referenced 
in the mouse, rat and human Entrez Gene entries. To lower 
the false-positive rate, all references to sequencing or other 
high-throughput projects were removed from the database. 
Relationships between ISGs and TFs were determined by 

The coordinated regulation of gene expression by 
extracellular signals requires the interplay between mul-
tiple TFs that selectively bind to gene promoters with spa-
tial and temporal precision (Bluthgen and others 2005). 
Comprehensive analysis of motifs in gene promoters by 
phylogenetic footprinting or Bayesian clustering has been 
useful in constructing regulatory networks in mammalian 
cells (Qin and others 2003; Xie and others 2005). Combining 
gene expression profiling with promoter analysis may sig-
nificantly improve identification of novel gene regulatory 
networks based on the assumption that co-regulated genes 
share common TF-binding sites and regulatory factors. 
However, due to the complexity of mammalian promot-
ers, genes often contain potential binding sites for several 
TFs, making identification of regulatory programs very dif-
ficult. More sophisticated probabilistic graphical models 
have been explored to identify critical regulators, which 
are themselves transcriptionally regulated by differing 
stimuli (Segal and others 2003; Li and others 2005). Also, 
combination of promoter analysis and gene function infor-
mation in human curated Gene Ontology database has had 
some success in identifying meaningful gene regulatory 
mechanisms (Bluthgen and others 2005). However, as with 
any human curated index, Gene Ontology may have lim-
ited usefulness because it is incomplete and contains broad 
functional index terms. Therefore, integration of functional 
information extracted from the primary literature would 
substantially improve these approaches.

Classical information retrieval and information extrac-
tion methods have recently been employed to mine the 
biomedical literature to elucidate gene/protein func-
tion and regulatory networks (Krallinger and others 
2005; Rebholz-Schuhmann and others 2005). Information 
retrieval involves term matching and may include Boolean 
method or lexical matching methods common to natural 
language processing (Jenssen and others 2001; Yandell 
and Majoros 2002). However, these methods are limited 
in that they rely solely on known relationships. On the 
other hand, information extraction involves mathematical 
modeling of text, for example, by vector-space or statis-
tical (Bayesian) approaches (Shatkay and Feldman 2003), 
which can deduce relationships from the literature even 
in the absence of a direct link. We previously developed 
a method using Latent Semantic Indexing (LSI) to iden-
tify gene relationships with high precision from titles and 
abstracts in MEDLINE citations (Homayouni and others 
2005). In addition, we showed that this method identified 
both known (explicit) as well as unknown (implicit) gene 
relationships from the literature.

In the present report, we have applied a novel algorithm 
that combines expression profiling, promoter analysis and 
LSI to infer relationships between co-regulated genes and 
the TFs that are shared in gene promoters (outlined in 
Fig. 1). To test this method, we interrogated a dataset of ISGs 
from mouse embryonic fibroblasts (MEFs) (Pfeffer and oth-
ers 2004). Our algorithm identified the cRel as a potential 
TF for a subset of ISGs. Chromatin immunoprecipitation 
(ChIP) assays demonstrated that cRel directly binds to the 
promoters of many of the ISGs identified, including Cxcl10, 
G1p2/Isg15, Gbp2, Ifit3, and Ifi203. Moreover, real-time PCR 
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22°C for 15 min to generate protein–DNA cross-links, and 
 chromatin DNA was fragmented to an average size of 600 bp. 
Immunoprecipitation with anti-cRel or anti-immunoglobu-
lin (Ig) of sheared chromatin was performed on precleared 
cell lysates for 1 h at 4°C. PCR was performed for 38 cycles 
using 2 µL out of a 100 µL DNA extraction and the following 
forward and reverse primers corresponding to the upstream 
regions of ISGs flanking cRel-binding sites that are close to 
TSSs were used:
Cxcl10: 5′-CCTGTAAACCGAGGGCATTG-3′, 5′-CACGCTT 
TGGAAAGTGAAAC-3′;
Isg15: 5′-CCTTCTCTCCTTCCACTTTG-3′, 5′-AGGTGAGAT 
GGGAGGTAGAG-3′;
Gbp2: 5′-GTCTCAGTTTTGACAGTGGC-3′, 5′-GTGGAGTT 
TCCAGTCATTTG-3′;

calculating the cosine of vector angles between gene  document 
vectors derived by a rank-300 approximation [single value 
decomposition (SVD)-based] to the original term-by-gene 
document matrix. The relationship of each gene to potential 
TFs was normalized by calculating the Z-score distribution of 
the similarity scores. The normalized similarity scores were 
imported into GeneSpring 7.2 and subjected to hierarchical 
clustering using standard correlation coefficients.

ChIP assays

ChIP experiments were performed using the ChIP-
ITTM Chromatin Immunoprecipitation Kit (Active Motif, 
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. In brief, cells were fixed with 1% formaldehyde at 

FIG. 1. Overview of the method used to identify candidate regulatory transcription factors (TFs) from microarray data. 
Small groups of genes that are similarly affected by experimental treatments are selected for promoter sequence analysis to 
identify shared TF-binding motifs. A matrix consisting of pairwise literature relationships between each TF and co-regu-
lated gene is constructed by Latent Semantic Indexing (LSI). The relationship dvalues for genes and TFs are then subjected 
to hierarchical clustering and the TFs that have high literature relationship to the co-regulated genes are selected for manual 
analysis of the literature to determine an explicit or implicit relationship.
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the cycle threshold (with a 10-fold increment equivalent to 
∼3.1 cycles).

The following forward and reverse primers were used for 
each gene, respectively: 
Cxcl10: 5′-CGTGTTGAGATCATTGCCAC-3′, 5′-TTAAGGA 
GCCCTTTTAGACC-3′
Gbp2: 5′-CCTCTTCCTTCAAATGAGAC-3′, 5′-GTGTTTCA 
ACAACATCTGCC-3′
Ifi203: 5′-AGTGGTGGTTTATGGACGAC-3′, 5′-CTGTGCCT 
TACAGACCTCAG-3′
Ifit1: 5′-AAGAGAAGTCCTTTGCTTGG-3′, 5′-TGCCCTTTC 
AGTTTGTAGAC-3′
Ifit3: 5′-GACGATTAACGATGGAGTTC-3′, 5′-GGGCTCTC 
CTTACTGATGAC-3′
Isg15: 5′-ATGAGGTCTTTCTGACGCAG-3′, 5′-AGCAGCTC 
CTTGTCCTCCAT-3′
β-actin: 5′-AAGGAGATTACTGCTCTGGC-3′, 5′-ACATCT 
GCTGGAAGGTGGAC-3′.

Results

Identification of promoter elements  
in co-regulated genes

In a previous study, we identified 124 genes whose 
expression levels were significantly changed in MEFs after 

Ifit3: 5′-CTGTCAGGCTGGAGGAAATG-3′, 5′-TCAACCAG 
AAGAGGAAAGTG-3′;
Ifit1: 5′-TGATGCAGAGAACACAGCCA-3′, 5′-CTTCTTTCC 
TTTTGGTCTTC-3′;
Ifi203: 5′-CTTGGAAACCCATGAAATTG-3′, 5′-TTTTGGAA 
TGAAAGTAACCA-3′

Quantitative real-time PCR

Total RNA was isolated from untreated and IFN-β-
treated (1000 IU/mL, 5 h) MEFs using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA). Quantitative RT-PCR was 
performed on an iCycler (BioRad) with 60 ng of total RNA in 
15 µL of reaction mixture using the AccessQuickTM RT-PCR 
system (Promega, Madison, WI, USA), and SYBR green 
I (Molecular Probes, Eugene, OR, USA) according to the 
manufacturer’s instructions. The one-step RT-PCR cycling 
was as follows: reverse transcription at 48°C for 45 min, 
denaturation at 95°C for 2 min, amplification for 35 cycles 
at 94°C for 30 s, and 62°C for 30 s. The product size was 
initially monitored by agarose gel electrophoresis and melt-
ing curves were analyzed to control for the specificity of 
PCR reactions. Gene expression data was normalized to the 
expression of the housekeeping gene β-actin. The relative 
units were calculated from a standard curve, plotting three 
different concentrations against the PCR cycle number at 

FIG. 2. Gene expression clustering of 124 ISGs. ISGs (rows) were subjected to hierarchical clustering based on expres-
sion values obtained from three IFN-treated and three IFN-untreated samples (columns). Two related gene clusters 
(boxed in left panel) were identified as Cluster A and Cluster B gene clusters (right panel). Color bar indicates the nor-
malized expression values below (green) and above (red) the median expression (set to 1.0). The brackets at the top of 
each panel reveal the similarities among samples, showing that control and IFN-treated triplicates clustered together, 
respectively.
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conceptual) comparisons, whereas a larger number of factors 
may be used for specific (more literal) comparisons (Berry 
and others 1999). Thus, LSI produces a rank-reduced space 
in which two gene documents can be compared at different 
conceptual levels. Landauer and colleagues have previously 
demonstrated that maximal performance of LSI is achieved 
between 250 and 400 dimensions (factor space) (Landauer 
and others 2004). Therefore, in the present study, we calcu-
lated the relationships between ISGs and TFs using 300 fac-
tors. The resulting relationship values, which describe rank 
distribution, were then normalized and subjected to hierar-
chical clustering. We found that cRel, Stat2, Irf4, Icsbp1, Irf1, 
Irf2, and Irf9/Isgf3g were highly associated in the literature 
with the genes in Cluster A (Fig. 3A). On the other hand, 
STAT1, STAT4, IRF1, Myb, Ets1, Yy1, Cutl1, and Zfpn1a1 
appeared to be highly associated with the genes in Cluster B 
(Fig. 3B). These associations appeared to be specific because 
several well-studied TFs such as Trp53, myc, and NFκB1, 
which have large abstract representations, were not found 
to be highly associated with either ISG cluster. The classi-
cal type I IFN signaling pathway leads to the formation of 
the ISGF3 complex that consists of STAT1, STAT2, and IRF9. 
ISGF3 binds to the highly conserved ISRE promoter element 
present in ISGs, which leads to their transcriptional activa-
tion. Therefore, the identification of STAT and IRF proteins 
with co-regulated genes was expected. Remarkably, there is 
no known regulatory relationship between the other candi-
date TFs and co-regulated genes in Clusters A and B, sug-
gesting that there is only an implicit relationship between 
them as determined by LSI.

The role of cRel in regulation of an ISG subset

We showed high literature association of six ISGs in 
Cluster A (Cxcl10, Isg15, Gbp2, Ifit1, Ifit3, and Ifi203) with 
seven TFs (cRel, Stat2, Irf1, Irf2, Irf4, Irf8/Icsbp1, and Irf9/
Isgf3g). These TFs bind to three different DNA-binding 
motifs (Fig. 4). Since STAT and IRF proteins are well 
described in the regulation of ISGs in MEFs, we examined 
the potential role of a less well-described TF in ISG expres-
sion. Previous studies have determined that the family of 
NFκB proteins regulates ISG expression (Pfeffer and others 
2004; Wei and others 2006; Yang and others 2007). However, 
the role of cRel in ISG expression is relatively unknown. 
We determined whether cRel interacted directly with the 
 promoters of the six ISGs in Cluster A by ChIP assays. As 
shown in Figure 5, IFN induced the recruitment of cRel to 
promoters of Isg15, Gbp2, Ifit3, and Ifi203 within 30 min of 
addition. cRel remained bound to the promoters of these 
ISGs for different lengths of time, ranging from 1 h for Ifit3 
and Isg15 to 4 h for Gbp2. In contrast, cRel was basally 
bound to the promoter of Cxcl10 and IFN induced cRel 
detachment from the Cxcl10 promoter by 1 h after addi-
tion. However, we were unable to detect cRel binding to 
the Ifit1 promoter either basally or upon IFN addition.

Since these data indicated a role for cRel in regulating 
ISG expression, quantitative real-time PCR assays were per-
formed for Cxcl10, Isg15, Gbp2, Ifit1, Ifit3, and Ifi203 using 
RNA from WT and cRel-deficient MEFs treated with IFN-β. 
As shown in Figure 6, the expression of all six ISGs in response 

IFN-β treatment (Pfeffer and others 2004). Hierarchical clus-
tering using standard correlation coefficients revealed sev-
eral clusters of ISGs with highly similar expression profiles 
(Fig. 2). The basic hypothesis for our approach is that genes 
displaying closely related expression profiles are regulated 
by a common set of TFs. However, neighboring gene clusters 
are distinguished from one another by their utilization of 
different TFs. To test this approach, we selected two closely 
related clusters that were identified from this ISG dataset for 
promoter sequence analysis. Cluster A included the ISGs: 
Cxcl10, Isg15/G1p2, Gbp2, Ifit3, Ifi203, and Ifit1. Cluster B 
included the ISGs: Igtp, Stat1, Irf9, and Lgals3bp. The expres-
sion of the ISGs in both clusters were highly induced by IFN, 
ranging from 8-fold for Irf9 to 669-fold for Ifit1 (Pfeffer and 
others 2004). The expression values for these ISGs where then 
normalized across all of the arrays.The ISGs were clustered 
based on the expression pattern rather than the amplitude 
of the expression changes. As illustrated in the schematic 
in Figure 1, we next examined the 3-kb upstream region of 
each gene in Clusters A and B using the genomic sequence 
information at UCSC Genome Browser and the web-based 
search tool MOTIF. The gene promoters contained an aver-
age of 381 (ranging from 334 to 420) motifs, corresponding to 
67 (ranging from 62 to 74) different TF-binding sites. Forty-
eight TFs were common to at least 5 out of the 6 genes in 
cluster A, and 46 TFs were common to 3 out of 4 genes in the 
Cluster B. Interestingly, only 11 TFs were unique to Cluster 
A, and 9 TFs were unique to Cluster B.

Literature-based prediction of candidate TFs

As outlined in Figure 1, the next task in our approach 
was to identify which TFs are already known to regulate 
the genes in Clusters A and B, and which TFs are likely 
to regulate them based on implied information in the lit-
erature. Previous studies have established a role for STAT 
and IFN regulatory factor (IRF) proteins in ISG regulation 
(Barnes and others 2002; Pfeffer and others 2004). However, 
the differences in the expression patterns among the ISGs 
suggest that other TFs are also involved in their regulation. 
To predict which TFs may play a role in ISG expression, 
we implemented LSI to identify both explicit and implicit 
(probable) relationships from MEDLINE abstracts for sub-
sets of ISGs and the TFs that are shared in their promoters. 
First, an abstract document was constructed for each ISG 
and TF by concatenating titles and abstracts of the citations 
cross-referenced in their Entrez Gene entries. The number 
of abstracts used in our corpus for the ISGs ranged from 1 
(Ifi203) to 162 (Stat1) and for the TFs ranged from 4 (Tcfap4) 
to 1025 (Trp53). The gene documents were parsed into a dic-
tionary of terms (tokens) and weighted frequencies (math-
ematical values used to describe the correlation between 
terms and the corresponding MEDLINE documents), which 
were used to construct a term-by-gene document (sparse) 
matrix.

In the LSI model, term and document vectors are gen-
erated by truncating the singular value decomposition of 
the term-by-gene document matrix to a preselected num-
ber of factors. Fewer factors may be used for broad (more 
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Moreover, since cRel was found to regulate the expression of 
all six ISGs in this cluster, our  text-mining approach identi-
fied previously unknown regulatory relationships.

Discussion

The cRel TF is a member of the NFκB family, which 
also includes NFκB1 (p105 processed to p50), NFκB2 

to IFN addition was reduced in  cRel-deficient MEFs. For 
example, while Cxcl10 was induced over  3000-fold by IFN in 
WT MEFs, Cxcl10 was induced by IFN only  800-fold in cRel-
deficient MEFs. Although we did not detect cRel binding 
to Ifit1  promoter as shown in Figure 5E, we found reduced 
induction of Ifit1 in cRel-deficient MEFs. Taken together 
these results suggest that cRel plays distinct roles in the reg-
ulation of the IFN-induced expression of this cluster of ISGs. 

FIG. 3. Literature-based clustering of ISGs and TFs. (A) Hierarchical clustering of 6 Gbp2 co-regulated genes (columns) 
and 48 TFs common to their promoters (rows) using the normalized LSI literature similarity values. (B) Hierarchical cluster-
ing of 4 Stat1 co-regulated genes (columns) and 46 TFs common to their promoters (rows) using the normalized LSI literature 
similarity values. Right panel shows a magnified view of the boxed area in the left panel.
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FIG. 4. Putative TF-binding motifs in Cluster A ISGs. Genomic sequences corresponding to 3-kb upstream and 50-bp 
downstream of transcription start site (TSS) of each gene was obtained from the UCSC Genome Browser. TF-binding sites 
were identified using MOTIF program and the information in TRANSFAC 6.0 database.
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FIG. 5. The binding of cRel to ISG promoters. ChIP assays were performed on extracts from MEFs treated with IFN for dif-
ferent durations. Specific antibodies were used to selectively precipitate cRel, or IgG (negative control). DNA was sheared to 
an average size of 600 bp fragments, and 38 cycles of amplification were used for PCR using primers that targeted upstream 
of Cxcl10 (A), G1p2/Isg15 (B), Gbp2 (C), Ifit3 (D), Ifit1 (E), and Ifi203 (F) transcription start sites. Bottom panel shows the 
amount of input DNA prior to ChIP analysis.
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involve IκB degradation (Senftleben and others 2001; Xiao 
and others 2001; Claudio and others 2002; Coope and others 
2002; Dejardin and others 2002; Pomerantz and Baltimore 
2002; Muller and Siebenlist 2003; Luftig and others 2004; 
Xiao and others 2004). This pathway involves the linkage 
of TRAFs to the activation of the MAP3K-related kinase, 
NIK, which results in the ubiquitinylation and proteolytic 
processing of p100/NFκB2 protein and nuclear transloca-
tion of p52:RelB dimers to regulate specific NFκB target 
genes (Bonizzi and others 2004). We previously established 
that IFN induces NFκB activity in a variety of cells through 
both classical and alternative pathways, which promote 
cell survival (Yang and others 2000; Yang and others 2001; 
Pfeffer and others 2004; Yang and  others 2005a; Yang and 
others 2005b; Wei and others 2006). In addition, we have 
identified a number of ISGs that are regulated through a 
NFκB-dependent pathway, but this is the first instance of 
identification of an ISG regulated by cRel (Pfeffer and oth-
ers 2004; Wei and others 2006).

Constitutive cRel expression has been previously found 
in cells of the mature monocytic and lymphocytic lineages 

(p100 processed to p52), RelA (p65), RelB. The family of 
NFκB TFs regulates gene expression by binding to cis-
 acting κB sites in its promoters (Beg and others 1995; Beg 
and Baltimore 1996; Van Antwerp and others 1996; Wang 
and others 1996). NFκB-regulated genes play important 
roles in immunity, inflammation, cell growth, and cell sur-
vival, which are all processes affected by IFN and this led 
us to examine a role for NFκB in IFN signal transduction. 
Both p50 and p52 lack a transcription activation domain, 
and as homodimers function as repressors. In contrast, 
p65, cRel, and RelB have a transcription activation domain, 
and thus when complexed with p50 or p52 are capable of 
activating transcription. Under most circumstances, NFκB 
is bound to IκB inhibitory proteins in the cytoplasm of 
unstimulated cells. Many cytokines including IFN pro-
mote the dissociation of the cytosolic inactive NFκB/IκB 
complexes via the serine phosphorylation and degradation 
of IκB, leading to NFκB translocation to the nucleus and 
DNA binding (Yang and others 2000), which is denoted as 
the classical NFκB pathway. Recent studies have identified 
an alternative NFκB signaling pathway, which does not 

FIG. 6. Regulation by cRel of ISG induction. Real-time PCR was performed for Cxcl10, G1p2/Isg15, Gbp2, Ifit3, Ifit1, and 
Ifi203 using cDNAs prepared from WT and cRel-deficient MEFs treated with IFN-β at 1000 U/mL for 5 h. Gene expression 
was normalized to actin expression in each sample. Data are shown as fold-induction relative to untreated fibroblasts, and 
are mean values ± the SEM (n = 3).
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significant role in taking discovery-based approaches to 
 hypothesis-driven science.
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