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Computationally Identifying Novel
NF-�B-Regulated Immune Genes
in the Human Genome
Rongxiang Liu, Richard C. McEachin, and David J. States1

Bioinformatics Program and the Department of Human Genetics, University of Michigan, Ann Arbor, Michigan 48109, USA

Identifying novel NF-�B-regulated immune genes in the human genome is important to our understanding of
immune mechanisms and immune diseases. We fit logistic regression models to the promoters of 62 known
NF-�B-regulated immune genes, to find patterns of transcription factor binding in the promoters of genes with
known immune function. Using these patterns, we scanned the promoters of additional genes to find matches to
the patterns, selected those with NF-�B binding sites conserved in the mouse or fly, and then confirmed them as
NF-�B-regulated immune genes based on expression data. Among 6440 previously identified promoters in the
human genome, we found 28 predicted immune gene promoters, 19 of which regulate genes with known
function, allowing us to calculate specificity of 93%–100% for the method. We calculated sensitivity of 42%
when searching the 62 known immune gene promoters. We found nine novel NF-�B-regulated immune genes
which are consistent with available SAGE data. Our method of predicting gene function, based on characteristic
patterns of transcription factor binding, evolutionary conservation, and expression studies, would be applicable
to finding genes with other functions.

The human immune system is our host defense system
against microbes and environmental hazards, and thus un-
derstanding immune mechanisms is of great interest in medi-
cal and biological research. NF-�B is a transcription factor (TF)
that is known to be an important mediator of immune re-
sponses (Baeuerle and Baltimore 1996; Ghosh et al. 1998), and
the 62 known NF-�B-regulated immune genes play funda-
mental roles in both innate immunity and adaptive immu-
nity. A draft of the human genome sequence was published
recently (International Human Genome Sequencing Consor-
tium 2001; Venter et al. 2001), and it is estimated that there
are about 35,000 genes in the human genome. More than half
of these genes are novel, and it is reasonable to hypothesize
that some of these novel genes have immune functions. Be-
cause of the importance of NF-�B signaling in the immune
system, identifying these novel NF-�B-regulated immune
genes will advance our understanding of human immunity
and immune diseases.

Gene promoters are regulatory regions that are integral
components of genes. For the purposes of this study, a pro-
moter is the regulatory region of the gene that is proximal to
the transcription start site (TSS). Eric Davidson used the pat-
terns of TF binding sites in the promoters of sea urchin de-
velopmental genes to build a computational model to accu-
rately predict their expression (Yuh et al. 1998). In Drosophila,
TF binding-site patterns in regulatory regions have been used
to search the fly genome to find developmental genes (Ber-
man et al. 2002; Markstein et al. 2002). In mammals, efforts
using logistic regression analysis (LRA) models of regulatory
regions to find muscle and liver genes have also seen some
success (Wasserman and Fickett 1998; Krivan and Wasserman
2001).

For most genes in the human genome, the precise loca-
tions of TSSs and their proximal promoters are still unknown.
As such, finding the promoters is often a necessary first step in
studying gene regulation, and previous work in our lab has
involved finding these sites (Liu et al. 2001; Liu and States
2002). For genes with known mRNAs, our prediction method,
CONPRO, has been shown to identify promoters with 70%
sensitivity and over 90% specificity. Applying CONPRO to the
human genome, we found 6440 promoters for genes with
known mRNAs.

To identify novel NF-�B-regulated immune gene promot-
ers among these 6440 promoters, we used the patterns of TF
binding sites in the promoters of known NF-�B-regulated im-
mune genes and evolutionary conservation of the NF-�B
binding sites, then confirmed the predictions based on avail-
able expression data. We retrieved 62 known NF-�B-regulated
immune response genes and their promoters (Baeuerle and
Baichwal 1997), and we found that five TF families (including
NF-�B) have binding sites overrepresented by a factor of at
least two in these immune gene promoters. This overrepre-
sentation suggests that these TFs are important in coregulat-
ing immune genes. We fit two LRA models, based on the
patterns of binding sites for these five TFs and the positions of
the NF-�B binding site within these promoters, then searched
the 6440 promoters to find preliminary candidates for im-
mune gene promoters. To improve the specificity of our pre-
dictions, these preliminary candidates were checked for NF-�B
binding-site conservation between the human and mouse ge-
nome, or the human and Drosophila genome when mouse
genomic data were not available. Serial analysis of gene ex-
pression (SAGE) data on myeloid, lymphoid, and microvas-
cular endothelial cells are consistent with nine of these genes
being activated by NF-�B in vivo, and we identified them as
putative novel NF-�B-regulated immune response genes. Our
method has sensitivity of 42%, and our two LRA models show
specificity of 93% and 100%, respectively.

1Corresponding author.
E-MAIL dstates@umich.edu; FAX (734) 615-6553.
Article and publication are at http://www.genome.org/cgi/doi/10.1101/
gr.911803. Article published online before print in March 2003.

Methods

654 Genome Research 13:654–661 ©2003 by Cold Spring Harbor Laboratory Press ISSN 1088-9051/03 $5.00; www.genome.org
www.genome.org

 Cold Spring Harbor Laboratory Press on June 13, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


RESULTS

Positions of NF-�B Binding Sites in Immune
Gene Promoters
We first looked for positional preferences in the NF-�B bind-
ing sites of 62 known NF-�B-regulated mammalian immune
gene promoters (Baeuerle and Baichwal 1997). In Figure 1, the
cumulative percentage of NF-�B binding sites in these 62 pro-
moters is plotted against the position relative to the TSS (solid
curve, Fig. 1). For reference, among a set of mammalian non-
immune promoters, NF-�B binding sites appear as random
noise without positional preference (dotted curve, Fig. 1).
Among immune genes, the region immediately upstream of
the TSS contains the highest density of NF-�B sites, whereas
the region further upstream also contains an enrichment of
NF-�B sites relative to nonimmune promoters, but not as high
as in the proximal region. To find the breakpoint between
these two regions, we used piecewise linear regression (S-Plus
6.0) to find the turning point in the curve at �230bp (solid
lines, Fig. 1). Over 75% of NF-�B binding sites in the immune
gene promoters are within 230 bp upstream of the TSS, and
NF-�B binding is more significant in these genes than in im-
mune genes with the NF-�B binding site farther upstream. We
built separate LRA models for these two groups of genes.

Informative Transcription Factors in NF-�B-Regulated
Immune Promoters
Regulation of eukaryotic gene expression is normally the con-
sequence of interactions among a network of TFs (Kadonaga
1998; Lemon and Tjian 2000), and thus, in addition to NF-�B,
binding sites for other TFs may be informative in identifying
immune genes. We searched for these other informative TFs
in NF-�B-regulated immune gene promoters by looking for
TFs with binding sites that are overrepresented in NF-�B-
regulated immune gene promoters. To find overrepresented
TF binding sites, we compared the number of promoters with

at least one binding site for a TF between two groups of pro-
moters: the group of 62 known immune gene promoters and
a null group that includes four sets of 62 mammalian nonim-
mune promoters taken from the Eukaryotic Promoter
Database (EPD; Perier et al. 2000). Evaluating all TFs in the
TRANSFAC database (Wingender et al. 2000), we selected
those with binding sites that are at least twice as frequent in
the NF-�B-regulated group as in the null group. The TFs that
meet this criterion are AP1, IK1, IK3, IRF1, IRF2, ISRE, NF-�B,
and STAT (Fig. 2, left). For comparison, the number of pro-
moters containing binding sites for eight other TFs (Fig. 2,
right) is not significantly different between immune and non-
immune promoters. This result is consistent with biological
observations, because NF-�B has been shown to interact with
AP1 and IRF1 to regulate genes (Thanos and Maniatis 1995),
and the other five overrepresented TFs also have documented
roles in the immune system. We grouped these TFs into five
families by binding site sequence similarity: IK1 and IK3 are
combined into IK, whereas IRF1, IRF2, and ISRE are combined
into IRF, leaving informative TFs: NF-�B, AP1, IK, IRF, and STAT.

Logistic Regression Models
We used logistic regression to model the probability that a
given promoter fits into the group of immune promoters,
versus the group of nonimmune promoters, given the pattern
of informative TF binding sites in the promoter. Based on our
earlier observation that there are proximal and distal regions
in the 62 known immune gene promoters, representing dif-
ferent levels of NF-�B regulation, we built one LRA model for
immune promoters with NF-�B binding sites within 230 bp
upstream of the TSS (Table 1, left) and one model for promot-
ers with more distal NF-�B binding sites (Table 1, right). For
both models, the most informative TF is NF-�B, which is ex-
pected for NF-�B-regulated immune genes, but the presence
or absence of the other informative TF binding sites also helps
categorize promoters.

Searching for NF-�B-Regulated
Immune Genes
Our algorithm for finding NF-�B-regulated
immune gene promoters is shown in Figure
3. For each promoter, we first check for an
NF-�B binding site in the first 600 bp up-
stream of the TSS. If none is found, we exit
the algorithm. If an NF-�B binding site is
found and it is in the�1 to�230 bp window
we use model I; otherwise we use model II. If
a promoter has a pattern of TF binding sites
yielding a probability, �(x) (probability of be-
ing from the immune gene group), which ex-
ceeds the threshold established for the LRA
model used, we consider the promoter a pre-
liminary candidate.

To increase the specificity of our predic-
tions, we compared the preliminary candi-
dates with their mouse or fly homologs. If
possible, they were checked for conserved
NF-�B binding sites in the mouse genome,
but we do not have genomic sequences for all
mouse genes. In such cases, we compared the
preliminary candidates with the Drosophila
genome. Although flies have only a simple
form of immune response (innate immu-

Figure 1 Position distribution of NF-�B binding sites. The x-axis is the position of NF-�B
binding sites relative to the transcription start site. The y-axis is the cumulative percentage
of NF-�B binding sites. The upper (solid) curve is for NF-�B sites in immune promoters, and
the lower (dotted) curve is for NF-�B sites in nonimmune promoters (percentage relative to
total NF-�B binding sites in the 62 immune promoters). The upper curve has roughly two
phases; one is between �1 and �230 bp, and the other is from �231 to �600 bp. The
turning point is revealed by piecewise linear regression (solid lines). Over 75% of NF-�B sites
are within the 230-bp region immediately upstream of TSS. From the dotted curve, it
appears that NF-�B sites in nonimmune promoters do not have positional preference.
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nity), conservation of regulatory regions across such evolu-
tionary distance is likely to be functionally important. On
searching the 62 known NF-�B-regulated immune genes, our
method selected 18 promoters by model I and eight promot-
ers by model II, yielding sensitivity of 26/62, or 42%.

Next, we searched for NF-�B-regulated immune gene pro-
moters among the 6440 human promoters previously identi-
fied by CONPRO (Liu and States 2002). CONPRO finds pro-
moters that are associated with mRNA transcripts, and thus
finding an immune promoter is equivalent to finding an im-
mune gene. Among the 6440 promoters, we found 28 im-
mune genes, 22 genes by model I and six genes by model II.

Specificity: Predicted Immune Genes
With Known Function
Among the 22 predicted immune gene promoters found by
model I, 15 regulate well characterized human genes (Table

2). Eleven of these promoters have
been cloned, and mutagenesis
studies confirmed that the genes
are NF-�B-regulated (Promoter
Study, Table 2). Two other genes,
MAP3K8 andMIP-3�, have gene ex-
pression data consistent with NF-
�B regulation (Gene; Array; Table
2): MAP3K8 is regulated by activa-
tion of NF-�B under five different
experimental conditions, and MIP-
3� shows increased expression after
NF-�B is activated by seven differ-
ent stimulators in different cell
lines.

Inositol 1,4,5-triphosphate ki-
nase C (IP3KC) was cloned (De-
waste et al. 2000), but data from ex-
pression studies are not yet avail-
able. However, the IP3 second
messenger signaling pathway is in-
volved in T-cell and B-cell activa-
tion and differentiation, as well as
in monocyte and macrophage sig-
naling. There are three IP3 kinase
isoforms, IP3KA, IP3KB, and IP3KC.
It was initially observed that the
IP3 kinase in thymus and lympho-

cytes has a higher molecular weight than IP3KA and IP3KB
(D’Santos et al. 1994). It was later shown that the IP3 kinase in
thymus is isoform C (Dewaste et al. 2000). Furthermore, the
IP3KC promoter has binding sites for IK1, AP1, STAT, and
NF-�B;, whereas the IP3KB and IP3KA promoters do not have
any of the above sites. Based on these studies, we believe that
IP3KC is the isoform expressed in the immune system, regu-
lating T-cell and B-cell activation. Model I also predicts p84 as
an immune gene, but we found no experimental evidence to
confirm this, yielding specificity of 14/15, or 93% for model I.

Model II predicts six immune gene promoters, with four
of them regulating well characterized genes (Table 3). The first
three of these genes have been shown in promoter studies to
have immune functions and NF-�B regulation. Additionally,
MyD118 (gadd45beta) is a response gene in myeloid differen-
tiation and is upregulated when NF-�B is activated in both T
and B cells. Ecto-ATPase provides signals for activating cyto-

Table 1. The LRA Models for NF-�B-Regulated Immune Gene Promoters

LRA model
Model
variables

Promoters with NF-�B
sites from �1 to �230bp

Promoters with NF-�B
sites only from �231 to �600bp

Coeff. S.E. P-value Coeff. S.E. P-value

Model w/o number of Intercept �3.45 0.38 6.1E-17 �5.80 0.98 8.8E-09
TF binding sites NF-�B 3.49 0.44 4.3E-14 4.19 0.95 1.5E-05

AP1 0.70 0.47 0.135 1.35 0.96 0.160
IK 0.87 0.49 0.074 1.73 0.81 0.034
IRF 0.93 0.64 0.146 2.67 0.91 0.003
STAT 1.00 0.44 0.022 0.70 0.75 0.355

The columns labeled Coeff. are the coefficients in the logistic regression model. S.E. is the standard error in the fit for
the coefficient, and P-value is the probability of observing a coefficient this far from 0 in a fit to random data. The
weight matrix score cutoff for NF-�B and AP1 sites is 0.95; that for the IK1, IK3 binding sites is 0.94; for STAT, IRF1,
IRF2, and ISRE, the score cutoff is 0.91.

Figure 2 Abundance of transcription factor binding sites. Comparisons are made between the 62
NF-�B-regulated promoters and four sets of 62 mammalian nonimmune promoters from the EPD. The
y-axis is the number of promoters with at least one binding site for the transcription factor. The white
bar is the number of NF-�B-regulated immune gene promoters with the TF, and the gray bar is the
mean count of promoters with the TF in the four sets of nonimmune promoters. The error bars
represent one standard deviation in the nonimmune promoter data. Note that among the 62 NF-�B-
regulated promoters, the number of promoters with NF-�B sites is 53, instead of 62. In this analysis, we
set a high PWM threshold for detecting NF-�B binding sites (0.9), and thus we did not detect variant
sites.
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kine secretion in T cells and antibody secretion in B cells, as
well as signals for B-cell proliferation. As such, all four of the
model II predictions are supported by experimental data,
yielding specificity of 4/4, or 100%.

Novel Predictions of NF-�B-Regulated Immune Genes
Our method predicts nine novel immune genes (Table 4). Al-
though these genes are not well characterized, there is some
evidence to support immune function in these genes. Two of
these nine genes have well studied homologs in model organ-
isms. The first one is AJ245599, and the Drosophila homolog is
four-jointed (fj), which is a putative intercellular signaling pro-
tein (Brodsky and Steller 1996). It has also been shown that fj
may be a downstream gene in the JAK/STAT pathway in Dro-
sophila (Zeidler et al. 2000). The role of the JAK/STAT pathway
in the immune system is well established (Leonard and
O’Shea 1998), so we have reason to believe that AJ245599
encodes an immune-related gene in humans. Another gene
having characterized homologs is AK025876 (sir2 homolog 2),
which is one of seven human sir2 homologs. The yeast sir2
homolog is a histone deacetylase, which causes gene silencing
and is related to aging (Shore 2000). However, in humans the
protein product of AK025876 primarily locates in the cyto-
plasm, rather than the nucleus, and overexpression of the
gene in human cells has no effects on cell growth or chromo-
some stability (Afshar andMurnane 1999). These experiments
suggest that the human homolog has functions that are dif-

ferent from yeast sir2 unrelated to gene silencing and aging,
and we propose that the human gene functions in the im-
mune system.

SAGE data on monocytes and T cells recently became
available (Hashimoto et al. 1999; Suzuki et al. 2000; Nagai et
al. 2001; Shires et al. 2001), and a SAGE study was performed
on human microvascular endothelial cells (HMVEC; G.J. Reg-
gins). Changes in the expression levels of these nine genes
after the activation of NF-�B in these cell lines, along with
estimates of the statistical significance (P-values) of these
changes are summarized in the last column of Table 4 (Audic
and Claverie 1997). The activators of NF-�B include LPS, M-
CSF, or GM-CSF on monocytes; phorbol myristate acetate
(PMA) on T cells; and vascular endothelial growth factor
(VEGF) on HMVEC (Kim et al. 2001). In these cell lines, after
activation of NF-�B we observe that the expression level of
these nine genes increases significantly, and thus SAGE data
are consistent with the prediction that these novel genes are
regulated by NF-�B. Given the evidence that our method is
very specific, we are convinced that these nine genes are novel
NF-�B-regulated immune response genes.

DISCUSSION
Given the fundamental roles of the NF-�B signaling pathway
in the immune system, identifying novel NF-�B-regulated im-
mune genes in the human genome will undoubtedly advance
the investigation of immune mechanisms. Although experi-
mental methods such as DNA microarrays are available to
characterize patterns of gene expression, these methods are
expensive and require biological materials which may be dif-
ficult to obtain for some tissues and conditions. Thus, com-
putational methods can complement experimental methods
by identifying candidate genes, maximizing the effectiveness
of expression studies. We build LRA models for immune pro-
moters with NF-�B binding sites within the �1 to �230-bp
window (model I), and for promoters with NF-�B binding sites
between �231 and �600 bp (model II). This method shows
sensitivity of 42%, with specificity of 93%–100%.

We found 28 immune gene promoters with an LRA
model score above the threshold and with NF-�B binding sites
conserved in the mouse or Drosophila genome. These 28 genes
are predicted to be immune response genes, with nine genes
among them being novel NF-�B-regulated immune genes. For
all of the nine predicted novel immune genes, SAGE data on
microvascular endothelial, myeloid, or lymphoid cells suggest
that they are NF-�B-regulated genes. Because our search pro-
cedure is very specific, we propose that these nine genes are
NF-�B-regulated immune response genes.

One of these novel NF-�B-regulated immune genes (sir2
homolog 2) is notable. The yeast sir2 protein is believed to be
functional in the nucleus and is involved in gene silencing
and aging (Shore 2000). However, the human homolog 2 pri-
marily locates in cytoplasm, and overexpression of the gene
has no affect on cell growth or chromosome stability (Afshar
and Murnane 1999). Our LRA analysis suggests that it is an
immune gene in humans, and SAGE data further demonstrate
that the gene is expressed in both lymphoid and myeloid
lineages after the cells are stimulated by NF-�B activators. We
anticipate that the gene plays a fundamental role which is
common to both lymphoid and myeloid cells.

The score thresholds (�[x]) for the two models are set so
that for model I (�[x] > 0.65), the promoter must have bind-
ing sites for NF-�B, and at least one other informative TF (AP1,

Figure 3 Algorithm for searching for immune genes. The promot-
ers with NF-�B binding sites are checked for positions of the binding
sites. Model I or model II is used to estimate the probability that a
promoter fits in the group of immune promoters. The last step of the
procedure is verification of NF-�B binding site conservation in the
mouse or fly genome. The promoters found by this method are pre-
dictions of immune gene promoters.
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IK, IRF, or STAT) to be considered a preliminary candidate. To
meet the threshold for model II (�[x] > 0.50), the promoter
must have binding sites for NF-�B and either IK or IRF, else
NF-�B and both AP1 and STAT.

Because our goal is to develop a specific method for im-
mune gene prediction, we set the position weight matrix
(PWM) thresholds high to reduce false predictions. The high
specificities of model I (93%) and model II (100%) tend to
justify expensive and time-consuming experimental charac-
terization of the nine predicted immune genes. Because the
sensitivity of our method is 42% and we have 28 predictions
from 6440 genes, we would expect that there are about 70
NF-�B-regulated immune genes among the 6440 genes and
about 400 NF-�B-regulated immune genes among the 35,000
genes in the entire human genome.

This is the first successful attempt at a genome-scale
computational search for immune genes by promoter analy-
sis. As the sequencing of the human genome is finished, as-
signing functions to novel genes in a high-throughput man-
ner becomes increasingly important. We demonstrate here
that regulatory genomics can be applied to genome-scale pre-
diction of the functions for novel genes in specific physiologi-
cal pathways or biological systems.

METHODS

Promoters and TF Binding Sites
Transcription factor binding sites are analyzed by MatInspec-
tor (Quandt et al. 1995). The weight matrices for transcription

factor binding sites are from TRANSFAC (Wingender et al.
2000), and the weight matrix score cutoffs are 0.95 for AP1
and 0.9 for other transcription factors, unless otherwise speci-
fied in the text.

Piecewise Linear Regression
Piecewise linear regression analysis (S-Plus6.0) was used to
reveal the turning point in the NF-�B binding-site positional
distribution curve (Fig. 1). In a two-segment curve, piecewise
linear regression analysis fits both sections with lines after a
knot is specified. We choose the knot yielding the minimal
sum of squared errors (�270 bp).

Logistic Regression Analysis
We also used S-Plus6.0 to perform a multivariate logistic re-
gression analysis (LRA). In the LRA, maximum likelihood was
used to estimate the relative effect of each TF binding site on
the probability that a promoter is associated with an immune
gene. We first tested for possible synergistic effects of mul-
tiple-copy TF binding by fitting two linear models: Onemodel
uses the count of binding sites for each TF in each promoter,
and the other model uses an indicator variable for the exist-
ence of at least one binding site for each TF in a promoter,
regardless of the TF copy number. The count of TFs was not
found to be significant, so we used indicator variables for the
presence of binding sites for AP1, IK (IK1, IK3), IRF (IRF1,
IRF2, ISRE), NF-�B, or STAT. Modeling was performed on the
62 NF-�B-regulated immune promoters and the 248 mamma-
lian nonimmune promoters extracted from the EPD. The
probability that a given promoter is from the group of im-
mune genes, �(x), is estimated by:

Table 2. Model 1 Predictions of Immune Genes Among Well Characterized Genes

Gene name Acc. no.

Evidence of
NF-�B

regulation
Immune
gene

Model
score Functions in immune system

RANTES AF088219 Promoter study(1) +(2) 0.935 Activator of variety of leukocytes
ELAM-1 AL021940 Promoter study(3) +(4) 0.833 Migration of leukocytes
HLA-B AJ250917 Promoter study(5) + 0.935 MHC class I molecule
IL8 M26383 Promoter study(3) +(6) 0.850 Acute inflammation
GRO� M36821 Promoter study(3) +(7) 0.850 Macrophage inflammatory protein
CD83 NM_004233 Promoter study(8) +(9) 0.833 Dendritic cells maturation
NF-�B2 S76638 Promoter study(3) +(3) 0.739 Regulator of immune response
MAJCAM1 U43628 Promoter study(3) +(10) 0.714 Migration of leukocytes
IL6 X04430 Promoter study(3) +(11) 0.677 Acute immune response
TNF-� D12614 Promoter study(3) +(12) 0.739 Lymphoid organ development and chronic inflammation
CD69 Z22576 Promoter study(3) +(13) 0.871 T-cell activation and function in other hematopoietic lineage

cells
MAP3K8 D14497 Gene(14) +(15) 0.739 Regulator of NF-�B in T cells; Involved in T-cell activation
MIP-3� U64197 Gene(16); array(17) + 0.714 Macrophage inflammatory protein
IP3KC D38169a N/A +(18) 0.714 T/B cell activation/differentiation; Signaling in monocyte/

macrophage
Nuclear matrix p84 L36529 N/A � 0.850 N/A

aNF-�B binding site conserved in Drosophila, otherwise conserved in the mouse genome.
In the third column, experimental evidence on whether the promoters are regulated by NF-�B is found in the literature. “Promoter study”
means the promoters have been cloned upstream of a reporter gene and expression assays demonstrated that the promoters are regulated by
NF-�B. “Gene” means that a single gene expression assay of the candidate, usually by Northern blot, shows increased expression in cells after
activating NF-�B with the stimulating factors. “Array” refers to microarray experiments showing that expression of the gene increases after
NF-�B is activated in the cells. In the fourth column, a plus sign means the genes play a role in the immune system. The fifth column gives the
score (�[x]) for the promoter in the LRA model. Ref. (1) Lee et al. 2000; Moriuchi et al. 1997. (2) Appay and Rowland-Jones 2001. (3) Baeuerle
and Baichwal 1997. (4) Elangbam et al. 1997. (5) Girdlestone 2000; Gobin et al. 1998. (6) Harada et al. 1994. (7) Driscoll 1994. (8) McKinsey
et al. 2000. (9) Robinson et al. 1998. (10) Elangbam et al. 1997. (11) Tilg et al. 1997; Akira and Kishimoto 1992. (12) Ruddle 1999. (13) Marzio
et al. 1999; Ziegler et al. 1994. (14) Expression data in fibroblasts: OA, IL-1 (Chan et al. 1993); Spleen cells: Con A (Patriotis et al. 1993);
T:�CD3, phorbol ester (Sanchez-Gongora et al. 2000). (15) Belich et al. 1999; Patriotis et al. 1993. (16) Expression data in THP-1:PMA;
PBMC:LPS; I-HUVEC:TNF� (Hromas et al. 1997); Macrophage: Influenza A, Sendai virus (Matikainen et al. 2000). (17) Expression data in THP1:L.
monocytogenes (Cohen et al. 2000); Macrophages:LDL (Shiffman et al. 2000). (18) Marshall et al. 2000; Chow et al. 1995; Ward and Cantrell
2001.
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( 1)

where �0 is the intercept, coefficient �i is the effect of TF xi,
and i indexes the five TFs.

Assessing the Significance of SAGE Data
Expression levels of the predicted novel NF-�B-regulated
genes, with and without NF-�B activation, is obtained by data
mining from SAGE databases. We measured the significance
of expression level changes after NF-�B is activated, by the
method of Audic and Claverie (1997). In this method, the
probability of a change of expression level from x to y is:

P�y|x� =
�x + y�!

x!y!2�x+ y + 1�
( 2)

and P-values are calculated as the probability of a change at
least as extreme as the observed.

Genomes
Human genomic sequence data are downloaded from the
UCSC Genome Server (http://genome.ucsc.edu, Golden Path
assembly April 2001 release). Mouse genomic sequence data
were retrieved from the NCBI mouse trace database. The Dro-
sophila genome was retrieved from the NCBI genome data set.

Effects of Stringency in Accepting TF Binding Sites
The search described above was designed to emphasize speci-
ficity, so we set the thresholds for accepting TF binding sites
accordingly. To test the effects on specificity and sensitivity
when we lower the stringency in classifying sequences as TF
binding sites, both models I and II were recalculated with
lower PWM score cutoffs (Table 5). As shown in Table 5, the

Table 3. Model 2 Predictions of Immune Genes Among Well Characterized Genes

Gene
name Acc. no. Evidence of NF-�B regulation

Immune
gene

Model
score Functions in immune system

M-CSF-1 M37435 Promoter Study(1) +(2) 0.586 Macrophage differentiation
B factor S67310 Promoter Study(1) +(3) 0.975 MHC class III gene
MyD118 NM_015675 Promoter Study(4) Gene(5) Array(6) +(7) 0.500 Myeloid cell differentiation
Ecto-ATPase U91510 Gene(8) +(9) 0.586 T: cytokine secretion, cytolytic activity; B: Ab

secretion, proliferation

For table legend, please see Table 2. Ref. (1) Baeuerle and Baichwal 1997. (2) Hamilton 1997. (3) Campbell et al. 1986. (4) De Smaele et al.
2001. (5) Expression data in T:TNF, PMA (De Smaele et al. 2001). (6) Expression data in 3T3:CSF1 (Fambrough et al. 1999); B:LPS, IL1 (Li et
al. 2001). (7) Vairapandi et al. 1996.(8) Expression data in NK:IL2 (Dombrowski et al. 1998); HUVEC:CMV (Kas-Deelen et al. 2001); hepatoma
cells: Dioxin (Gao et al. 1998). (9) Dombrowski et al. 1998.

Table 4. Predicted Immune Related Genes Among Not Well Characterized Genes

Acc. no. Homologs
TF sites in
promoter

Model
score SAGE data after activation of NF-�B

AB007869 Homologs in mice AP1, STAT, NF-�B 0.850 Th1:PMA(1:9, 1.1e-2)(1); Th2:PMA(1:3, 3.1e-1)(1);
HMVEC:VEGF (19:34, 2.8e-2)(2)

AF055016a Homologs in mice, and fly AP1, STAT, NF-�B 0.850 Th1:PMA(0:6, 1.6e-2)(1); Th2:PMA(0:6, 1.6e-2)(1);
HMVEC:VEGF (0:51, < e-10)(2)

AJ245599 Homologs mice, and fly
(four-jointed)

AP1, IK1, NF-�B 0.833 HMVEC:VEGF(0:34, < e-10)(2)

AK022822a Homologs in fly, and yeast AP1, IK1, NF-�B 0.833 Th1:PMA(0:54, < e-10)(1) Th2:PMA(0:120, < e-10)(1);
HMVEC:VEGF (4930:6471)(2)

AK023143 Homolog fly AP1, IK1, NF-�B 0.833 Th1:PMA(0:3, 1.3e-1)(1); Th2:PMA(0:6, 1.6e-2)(1);
HMVEC:VEGF(19:34, 2.8e-2)(2)

AK025876 Homologs in mice, fly, worm,
yeast (sir2)

AP1, IK1, NF-�B 0.833 Mo:LPS(0:5, 3.1e-2)(4); Mo:M-CSF(0:7, 7.8e-3)(3);
Mo:GM-CSF(0:7, 7.8e-3)(3); Th1:PMA(0:3, 1.3e-1)(1);
Th2:PMA(0:9, 1.9e-3)(1); HMVEC:VEGF(19:103, < e-10)(2)

NM_007229 Homologs in mice, fly, and
yeast

AP1, STAT, NF-�B 0.850 Mo:M-CSF(1:4, 1.9e-1)(3)

AK000731b Homolog in mice, and fly AP1, STAT, NF-�B 0.586 Mo:LPS(0:3, 1.3e-1)(4); HMVEC:VEGF(19:34, 2.8e-2)(2)

NM-016185b Homolog in mice AP1, IK1, NF-�B 0.796 Th1:PMA(0:6, 1.6e-2)(1); Th2:PMA(0:6, 1.6e-2)(1);
Mo:GM-CSF+TNF�+IL4(0:16, 1.5e-5)(5)

aNF-�B binding site conserved in Drosophila, otherwise conserved in mouse.
bPredictions by Model 2, the rest are predictions by model 1.
The second column indicates whether homologs of the genes are found in other model organisms. The third column shows the transcription
factors that may regulate the gene. The fourth column gives score (�[x]) for the promoter in the LRA model. The last column indicates the SAGE
data. Among the data on monocytes (Mo), results are number of tags per 57,000 tags. With T cells (Th1 and Th2), they are tags per 93,000
tags. For HMVEC, data are presented as tags per million tags. The SAGE data are presented as cell-line: NF-�B-activator. In parentheses, the first
number is expression level before stimulation, the second number is expression level after the stimulation, and the last number is the p-value
of the change. The comparisons of gene expression in Th1 and Th2 are made with IEL T cells. Ref. (1) Nagai et al. 2001, (2) Lash et al. 2000
(http://www.ncbi.nlm.nih.gov/SAGE), (3) Hashimoto et al. 1994, (4) Suzuki et al. 2000, (5) www.prevent.m.u-tokyo.ac.jp/SAGE.html.
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specificity is very high (18/19 overall) using our high thresh-
old for accepting TF binding sites, but sensitivity is only 42%
(26/62). With medium stringency (described in Table 5), the
sensitivity increases to 61%, but the specificity among these
additional predictions drops to 40% (4/10 additional predic-
tions with known function being NF-�B-regulated immune
genes). Lowering the stringency further brings the specificity
down dramatically, because only one of the 17 additional
predicted genes with known functions is likely to be an im-
mune gene, and the sensitivity is only slightly improved
(71%). We conclude that the high stringency search has de-
tected most of the immune genes which could be detected by
this method and should be applied when we take a genomic
approach to search for genes with specific functions.
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