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Transcription factors (TFs) are essential regulators of gene expression, and mutated TF genes have been shown to
cause numerous human genetic diseases. Yet to date, no single, comprehensive database of human TFs exists. In this
work, we describe the collection of an essentially complete set of TF genes from one depiction of the human
ORFeome, and the design of a microarray to interrogate their expression. Taking 1468 known TFs from TRANSFAC,
InterPro, and FlyBase, we used this seed set to search the ScriptSure human transcriptome database for additional
genes. ScriptSure’s genome-anchored transcript clusters allowed us to work with a nonredundant high-quality
representation of the human transcriptome. We used a high-stringency similarity search by using BLASTN, and a
protein motif search of the human ORFeome by using hidden Markov models of DNA-binding domains known to
occur exclusively or primarily in TFs. Four hundred ninety-four additional TF genes were identified in the overlap
between the two searches, bringing our estimate of the total number of human TFs to 1962. Zinc finger genes are by
far the most abundant family (762 members), followed by homeobox (199 members) and basic helix-loop-helix genes
(17 members). We designed a microarray of 50-mer oligonucleotide probes targeted to a unique region of the
coding sequence of each gene. We have successfully used this microarray to interrogate TF gene expression in species
as diverse as chickens and mice, as well as in humans.

[Supplemental material is available online at www.genome.org.]

Transcription factors (TFs) constitute a large and diverse group of
regulatory proteins that, in the typical case, bind to DNA rela-
tively close to a target gene to activate or repress its transcription.
Gene regulation via TF binding is the primary mechanism by
which complex processes of development and differentiation are
controlled. In a recent review of 144 human developmental dis-
orders in which the function of the causative gene had been
identified, 49 (34%) were due to mutated TF genes, a number
nearly double that of the next largest class (Boyadiev and Jabs
2000). The activity of TFs that are developmental regulators is
commonly controlled at the level of mRNA synthesis (Semenza
1998). In contrast, many of the TFs that regulate physiological
targets are constitutively present, and their activity is determined
by posttranslational modifications such as phosphorylation (Se-
menza 1998; Brivanlou and Darnell 2002). Nevertheless, some of
these latter classes of TFs have also been found to be develop-
mentally regulated at the transcriptional level (Ranger et al 1998;
Crabtree 1999).

There are two major types of TFs in eukaryotes. The first are
those that participate in the ordered assembly of RNA polymerase
IT transcription-initiation complexes, which include the general
TFs, coactivators, corepressors, and chromatin and histone modi-
fiers. The second type are those that activate or repress the trans
cription of particular genes directly by binding to characteristic
regulatory sites (for reviews, see Lemon and Tjian 2000; Brivan-
lou and Darnell 2002). The groups that sequenced the human
genome estimated that there are between two and three thou-
sand TFs in the human genome (International Human Genome
Sequencing Consortium 2001; Venter et al. 2001). However, this
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was only an estimate, and to date, no study has cataloged the
entire TF gene content of man.

In the current report, we sought to identify the vast majority
of human TFs with the intention of using this collection of se-
quences to design a more comprehensive microarray than is cur-
rently available for expression profiling this important set of
regulatory genes. Furthermore, by designing oligonucleotide
probes from the coding regions of these genes, we sought to use
this same array to study TF expression in closely related organ-
isms, such as mouse and chicken.

RESULTS

The initial informatics component of this study consisted of two
steps: collecting a set of known human TFs (a seed set) and then
using that seed set to search for additional uncharacterized TFs in
the human transcriptome and ORFeome as defined by the Script-
Sure collection of genome-nucleated expressed sequence tags
(ESTs).

Known Human TFs

Figure 1 shows our strategy for building a set of known human
TFs. We gathered known genes from three sources: TRANSFAC
(http://www.gene-regulation.com; Wingender et al. 2000), Inter-
Pro (http://www.ebi.ac.uk/interpro/; Apweiler et al. 2001), and
FlyBase (FlyBase Consortium 1999). TRANSFAC was chosen as a
starting point because it is a pre-existing database devoted to the
listing and binding characteristics of numerous TFs. The freely
available version of TRANSFAC contained records for 479 human
TF genes. InterPro was searched for human proteins that met the
Gene Ontology (GO; http://www.geneontology.org) project defi-
nition of a TF (The Gene Ontology Consortium 2000). This re-
sulted in the identification of 852 InterPro entries. We next
turned to a well-studied organism with a fully sequenced genome
that had been annotated with GO identifiers. At the time this
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Figure 1 Creation of the seed set. Known TF genes were gathered from
three databases: TRANSFAC, InterPro, and FlyBase. Each gene was manu-
ally confirmed to be described as a TF in the literature or annotated as a
TF in LocusLink. After removing redundancies and adding some known
TFs that were not present in our source databases, our seed set of human
TFs contained 1468 members.

work was performed, the human genome and the GO annota-
tions of it were incomplete. The best available GO-annotated
eukaryotic genome was Drosophila melanogaster, as represented
in FlyBase (http:///flybase.bio.indiana.edu/). FlyBase contained
932 genes annotated as encoding TFs. For most of these, FlyBase
listed human orthologs, and those it omitted were obtained via
Homologene (Zhang et al. 2000).

Genes gathered from the three sources were merged into
one list, and redundancies were eliminated. In some cases, not
every member of a known TF gene family was present in the
nonredundant set. For example, LocusLink lists eight known hu-
man members of the chromobox gene family (CBX1-8), but we
identified only three of these from TRANSFAC, InterPro, and Fly-
Base combined. In this case we manually added the five missing
CBX genes to our initial list. At this stage we also eliminated core
components of RNA and DNA polymerases from our seed set,
because these are ubiquitously and highly expressed. The result-
ing nonredundant seed set of human TF genes contained 1468
members.

Identifying Homologous Transcript Clusters

To identify more potential TF genes, we searched the ScriptSure
transcript database (http://sapiens.wustl.edu/ScriptSure; J. Glass-
cock and W. Gish, in prep.). ScriptSure is a database of genome-
anchored human transcript clusters (ESTs, mRNAs, and RefSeqs).
ScriptSure clusters were built by using the genomic DNA se-
quence as a scaffold onto which transcripts were then aligned.
Contaminants such as chimeric sequences and incorrect submis-
sions were thus filtered out when they failed to correctly align to
the genomic sequence. After passing strict criteria of minimum
length and similarity to the genome, each EST was assigned to
the locus with the highest scoring alignment in the genome,
thereby reducing cases in which highly similar but distinct se-
quences merged into a single cluster. Overlapping EST-to-genome
alignments created a genome-anchored transcript cluster. The
underlying high-quality genomic sequence was used as the clus-
ter consensus. These factors translate into a database that is less
redundant, less contaminated, and composed of higher-quality
sequence than are other available databases. We chose to search
only the ScriptSure clusters that were annotated as spliced with
multiple underlying transcripts to eliminate the spurious identi-
fication of processed pseudogenes (frequent for TFs in the human
genome; Harrison et al. 2002; Zhang et al. 2003) and to eliminate
rare and possibly spurious transcription events. Although this
step ensures a high-quality data set, it will also inevitably result
in a failure to identify any TFs that are encoded by single-exon
genes, or TFs that are only rarely represented in the EST databases
(for more on these points, see Discussion).
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We were able to match 1361 of our 1468 TF sequences with
ScriptSure clusters (92.7%). Thus, we failed to identify 107 genes
out of our seed set within ScriptSure. This occurred because the
version of ScriptSure we used was built on a draft genome assem-
bly (International Human Genome Sequencing Consortium 2001)
in which there were still gaps. However, this number is useful,
because it provides us with an estimate of the rate of false nega-
tives in our overall BLASTN analysis (7.3%).

Two methods of searching ScriptSure were used: a high-
stringency BLASTN (http://blast.wustl.edu) of ScriptSure with
each seed TF, and a query of each ScriptSure transcript, concep-
tually translated, against a collection of TF DNA-binding hidden
Markov models (HMMs) extracted from Pfam (Fig. 2). We rea-
soned that the combination of these two approaches would pro-
vide a balance between sensitivity and specificity. The BLASTN
search alone would yield false positives, and requiring each can-
didate to have a TF's DNA-binding domain would alleviate that
problem. The conservative combination of these two search
methods will, however, result in some false negatives (discussed
below) and an overall slight underestimate of the total TF gene
content.

A repeat-masked version of the 1468 TF seed sequences was
used as a BLASTN query against the complete ScriptSure database.
The query identified 5130 potential new TF candidate clusters
that met our criteria. The bit score cutoff used in the analysis was
determined from our analysis of a bit score distribution of HOX
gene family members (see Methods). We next filtered out clusters
that contained no introns (possible spurious alignments to pro-
cessed pseudogenes) and clusters that were represented by only
one or two aligned ESTs. The number of newly identified clusters
that passed through this filter was 3338.

Further Selection Through TF Pfam Signatures

We were concerned that our ScriptSure BLASTN searches would
yield false positives from homologies within conserved domains
that are not TF-specific, such as protein-protein interaction do-
mains. Therefore, we sought to select the clusters that contained
bona fide TF protein motifs. The database used in this analysis
was a subset of Pfam, containing DNA-binding domains found
in TF genes (see Methods). We searched the entire set of
“Spliced | Multiple” ScriptSure clusters (i.e., >22,000 clusters and
not just the 3338 clusters identified by BLASTN) for Pfam TF
DNA-binding motifs and found 3748 clusters that contained at
least one TF protein motif. These clusters included 1236 out of
the 1369 seed set present in ScriptSure, indicating that this Pfam
method has a false-negative rate of ~10%. Therefore, the Pfam
search identified 2512 new putative TFs. Because the HMM used
in our Pfam search used a relatively low cutoff for motif similari-
ties, we expected to also detect false positives by this route. To
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Figure 2 Search for paralogous TFs. By using the seed set of 1468
known human TF genes, we searched ScriptSure, a representation of the
human transcriptome, using two methods: a high-stringency BLASTN
search and an hmmpfam search for DNA-binding domains known to
occur exclusively or primarily in TFs. The BLASTN search netted 3338
additional potential TFs, the domain search 2512. There were 494 genes
that were found with both search methods; these 494 comprise the
“found” set of human TF genes.


















