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Letter

Functional Cloning, Sorting, and Expression
Profiling of Nucleic Acid-Binding Proteins
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"Center for Applied Genomics, Public Health Research Institute, International Center for Public Health W420M, Newark, New
Jersey 07103, USA; 2Center for Computational Biology and Bioengineering, New Jersey Institute of Technology, New Jersey
07102, USA; 3Department of Microbiology and Molecular Genetics, University of Medicine and Dentistry of New Jersey-New
Jersey Medical School, Newark, New Jersey 07103, USA; *The Derald H. Ruttenberg Cancer Center, Mount Sinai School of
Medicine of New York University, New York, New York 10029, USA

A major challenge in the post-sequencing era is to elucidate the activity and biological function of genes that
reside in the human genome. An important subset includes genes that encode proteins that regulate gene
expression or maintain the structural integrity of the genome. Using a novel oligonucleotide-binding substrate as
bait, we show the feasibility of a modified functional expression-cloning strategy to identify human cDNAs that
encode a spectrum of nucleic acid-binding proteins (NBPs). Approximately 170 cDNAs were identified from
screening phage libraries derived from a human colorectal adenocarcinoma cell line and from noncancerous
fetal lung tissue. Sequence analysis confirmed that virtually every clone contained a known DNA- or
RNA-binding motif. We also report on a complementary sorting strategy that, in the absence of subcloning and
protein purification, can distinguish different classes of NBPs according to their particular binding properties.
To extend our functional annotation of NBPs, we have used GeneChip expression profiling of 14 different
breast-derived cell lines to examine the relative transcriptional activity of genes identified in our screen and
cluster analysis to discover other genes that have similar expression patterns. Finally, we present strategies to
analyze the upstream regulatory region of each gene within a cluster group and select unique combinations of
transcription factor binding sites that may be responsible for dictating the observed synexpression.

[The following individual kindly provided reagents, samples, or unpublished information as indicated in the

paper: M. Stempher.]

DNA sequencing data derived from the human genome sug-
gests that the total number of genes is ~30,000-40,000, and
that only a fraction of these have been annotated function-
ally. Surprisingly, a comparison between human genes pre-
dicted by the publicly funded genome consortium (Lander et
al. 2001) and those proposed by Celera Genomics (Venter et
al. 2001) reveals that the two groups are in agreement for only
~12,000 genes (Hogenesch et al. 2001). In silico approaches
for gene prediction on the basis of ontology classification
have been applied to model organisms such as Drosophila me-
lanogaster, but have yielded an underestimation of the total
number of genes encoded by the fruit fly genome (Adams et
al. 2000). In other studies, searching for paralogs of known
cancer-causing human genes has also met with limited suc-
cess (Futreal et al. 2001). A more promising approach has been
the elucidation of transcript expression profiles using DNA
chips/microarrays. This technique has revolutionized the
manner by which we study differences in gene expression
between two cell populations, as it enables the simultaneous
monitoring of thousands of genes (Liotta and Petricoin 2000).
Whereas expression profiling produces an overwhelming
quantity of data, modeling biological problems and assigning
genes to pathways requires prior knowledge of protein func-
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tion or activity. Thus, integrative approaches involving com-
putational prediction, microarray technology, and functional
characterization are required for continued gene discovery
and pathway elucidation. These observations indicate that a
major challenge of the post-sequencing era is to assign func-
tion to tens of thousands of genes that are either unrelated to
known genes or for whom functional data do not currently
exist.

An important subset of genes for which we seek infor-
mation on function and/or activity includes those that en-
code nucleic acid binding proteins (NBPs), which act to regu-
late gene expression or maintain the structural integrity of the
genome. As a group, NBPs are encoded by 13.5% of the pre-
dicted human genes (Venter et al. 2001). Perturbation of
NBPs’ expression or activity can significantly alter the entire
genomic expression profile of a cell. This is underscored in
diseases such as cancer that result as genetic and epigenetic
alterations accumulate in individual cells. In addition to
point mutations, cancer-associated genetic alterations include
chromosomal deletions, amplifications, and translocations
(Lengauer et al. 1998; Rowley 1998). For example, changes in
the activity or expression of oncogenes or tumor suppressor
genes often lead to the development of cancer (Hanahan and
Weinberg 2000). Biochemical and genetic efforts have been
instrumental in identifying genes that are primary targets of
cancer-causing alterations, resulting in the discovery of nearly
100 oncogenes and 30 tumor suppressor genes, many of
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which encode NBPs (Futreal et al. 2001). In addition to onco-
proteins and tumor suppressors, alterations in the activity or
expression of proteins that function in DNA repair can also
lead to cancer (Hoeijmakers 2001).

With respect to their activity, NBPs can be distinguished
on the basis of their binding properties for particular nucleic-
acid types (DNA or RNA) and conformations [i.e., single
stranded (ss), double stranded (ds), hairpins, etc,]. The best
characterized are transcription factors (such as pS3 and E2F)
that bind to dsDNA and regulate gene expression (Dyson
1998; Ryan et al. 2001). ssDNA-binding proteins constitute
another important group and are usually involved in genome
maintenance; defects in DNA repair can contribute to a pre-
disposition for many cancers (for review, see Hoeijmakers
2001). Another major class of NBPs includes RNA-binding
proteins that function in post-transcriptional processing, RNA
stability, and protein biosynthesis. Many clinically relevant
transcripts are protected from degradation by RNA-binding
proteins (for review, see Chen and Shyu 1995). For example,
c-myc transcripts are protected from degradation by a sSRNA-
binding protein whose levels are elevated in colorectal cancer
and the corresponding gene amplified in breast cancer (Doyle
et al. 2000; Ross et al. 2001). Modulation of another RNA-
binding protein CstF by the tumor suppressor BRCA1/BARD1
complex has been shown recently to affect polyadenylation
in certain tumor cells (Kleiman and Manley 2001).

Technologies that can identify genes encoding NBPs are
valuable tools for functional annotation of genomic data. The
electrophoretic mobility shift assay is a strategy that has been
used for many years to identify proteins that bind a DNA/RNA
element of interest. Supershifting the mobility of protein-
nucleic acid complexes with antibodies can reveal the identity
of the bound proteins. The antibody that caused the super-
shifting phenomenon can be used to clone the corresponding
gene from an expression library. If antibodies are not avail-
able, protein purification followed by amino acid sequencing
enables the design of degenerate primers that can be used for
cloning the gene. These methods are time consuming and low
throughput, designed to clone one gene at a time.

Alternative strategies to identify or study targets of NBPs
include PCR-based sequential binding and amplification of
oligonucleotides to determine nucleic acid-binding specificity
for individual or pools of purified proteins (for review, see
Quellette and Wright 1995). If the original proteins are un-
knowns, the identified binding sites can then be used as bait
to isolate them from cDNA expression libraries. A powerful
approach to study protein-nucleic acid interaction in vivo
combines chromatin immunoprecipitation (ChIP) analysis
with DNA microarrays. This method begins with chemical
cross-linking of proteins bound to DNA in living tissue fol-
lowed by immunoprecipitation (Orlando 2000). The precipi-
tated DNA can be labeled and used as probes on DNA micro-
arrays to monitor the effect of binding of transcriptional ac-
tivators on gene expression (Ren et al. 2000; Iyer et al. 2001).
This approach is powerful in understanding global regulatory
networks in prokaryotes and yeast whose genomes are small
and intergenic regions are amenable to microarray studies.
Similar studies reporting the use of microarray expression
analysis combined with ChIP have been applied recently to
higher eukaryotes (Ren et al. 2002; Weinmann et al. 2002).
However, complete representation of intergenic regions from
higher eukaryotes on microarrays is still a major challenge.

A potential strategy for cloning NBPs is the yeast one-
hybrid screen (Fields and Song 1989). Although this method
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has the advantage of screening under relatively native in vivo
conditions, false positives are common (due to binding of
endogenous yeast NBPs), especially when the binding site is
designed to bind a spectrum of NBPs. Functional cloning of a
desired DNA-binding protein by screening a phage expression
library using a specific DNA sequence as a bait was first re-
ported by Singh et al. (1988). A similar strategy for cloning an
RNA-binding protein was used by Qian and Wilusz (1993).
In the present study, we show the feasibility of func-
tional screening of NBPs from cDNA libraries using a novel
DNA substrate as bait within a modified expression cloning
strategy. We have also developed a complementary nitrocel-
lulose filter-binding method that sorts the activity encoded by
each clone isolated in the screen directly without purification
and reveals information on their binding properties for par-
ticular types and conformations of nucleic acids. To further
our functional annotation of each of the unique genes ob-
tained from our screen, we searched for other genes that had
related expression profiles across a series of 14 breast-derived
cell lines (12 cancer and 2 normal epithelial cell lines) as de-
termined with Affymetrix GeneChips. We present strategies
to analyze coordinate expression of gene clusters to determine
the candidate unique combination of transcription factors
that may be controlling the observed expression of the group.

RESULTS

Rational and Screening for NBP Activities
Traditionally, biochemists have exploited the ability of both
DNA- and RNA-binding proteins to nonspecifically bind to ss-
and dsDNA columns to help purify them. The major limita-
tion of this approach has been its low throughput and the
involvement of many tedious steps from protein purification
and sequencing to degenerate probe design and library
screening. To eliminate these problems, we replaced this bio-
chemical approach with a molecular strategy that simulta-
neously enables both the identification and cloning of
nucleic acid-binding activities. The strategy is a modification
of the cDNA expression cloning procedure, which involves
screening phage libraries that are plated and transferred onto
nitrocellulose filters for activities that bind a novel universal
substrate (shown in Fig. 1). This substrate is a 55-mer DNA
oligonucleotide designed to form several predicted secondary
structural features that could be bound by a variety of NBPs.
The structural features include the following: (1) a linear ss
region of random sequence with a free 5’ end, (2) a structure
resembling a replication gap consisting of the above-
mentioned linear random ss region adjacent to a duplex com-
posed of unique base pairs, (3) a region within the duplex that
contains an extra nucleotide and a mismatch, and (4) a hair-
pin structure.

Using radioactively labeled universal substrate as bait,
our intent was to identify a variety of NBPs through \ gt11
cDNA library expression screening of their activity. The librar-
ies were derived from cell line SW480 (colorectal adenocarci-
noma) and normal fetal lung tissue. These two libraries were
used to examine the applicability of the screen to identify
NBPs from diverse tissue sources. Phage clones from each li-
brary were used to infect Escherichia coli strain Y1090. After
IPTG induction, proteins expressed by the phage were trans-
ferred onto nitrocellulose filters, subjected to sequential de-
naturation and renaturation in serial dilutions of guanidine
hydrochloride, and used for in vitro-binding reactions with
32p.labeled universal substrate (Fig. 1).
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Figure 1 Binding substrates. The sequence and the predicted sec-
ondary structure of different binding substrates used in the screening
and sorting experiments. The region containing extra nucleotides is
denoted by outlined text, mismatches are denoted in bold. (Pu) Pu-
rine; (N) degenerate base. Not shown in the figure is poly (I)-poly (C)
(see Methods).

Because the orientation of each cDNA insert in the A gt11
expression library is random, and because only one of the
three open reading frames can produce functional protein, we
expected only one of every six clones screened to actually
express a protein. We decided to screen ~400,000 clones from
each library. Ninety-one positive clones were obtained from
the SW480 library and seventy-nine from fetal lung. The 3’
and 5’ ends of cDNA inserts were sequenced using vector-
specific primers. Clone identities were determined using
BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) and conserved
protein domains were searched in the PFAM database (http://
pfam.wustl.edu/hmmsearch.shtml). Table 1a lists the clones
obtained from the primary screen and the corresponding
number of hits from each library. Of 170 cDNA clones se-
quenced, 30 were unique. As only a single clone contained no
known nucleic-acid binding motifs, the screen did not appear
to identify false positives, implying that the universal sub-
strate was an effective ligand for screening DNA- and RNA-
binding proteins. The positive clones isolated in each screen
are associated with diverse cellular functions, many are in-
volved in RNA metabolism, and nearly one-third are unique.
In addition to identifying known NBPs, the screening strategy
also identified six novel transcripts (one from the adenocar-

Table 1a. List of Clones Obtained from the Primary Screen
No. of hits

Clone -
no. Gene name UniGene no. Adeno Fetal Motif

1 PTB Hs. 172550 3 0 RRM

2 HNRPDL Hs. 170311 1 7 RRM

3 YB-1/dpbB Hs. 74497 19 8 CSD

4 Nucleolin Hs. 79110 3 1 RRM

5 Topoisomerase 3 Hs. 91175 3 0 Several

6 CSDA/dbpA Hs. 198726 13 1 CsD

7 ASF Hs. 73737 1 0 RRM

8 SFRS5 Hs. 166975 1 1 RRM

9 HNRPAB Hs. 81361 3 0 RRM
10 CPSF4 (30K) Hs. 6351 5 0 zf (CCCH)
11 PEG10 Hs. 137476 0 1 bZip and zf (CCHC)
12 CIRBP Hs. 119475 1 7 RRM
13 Novel 405_111 NA 0 1 RRM
14 ZNF9 Hs. 2110 0 1 zf (CCHC & NF-X1)
15 HNRPM Hs. 79024 2 4 RRM
16 SPRS4 Hs. 76122 1 0 RRM
17 Novel 346 711 NA 1 0 Unknown
18 RBMS2 Hs. 20938 0 1 RRM
19 EIF4H Hs. 180900 0 1 RRM
20 PABPC1 Hs. 172182 13 5 RRM & PABP
21 PABPC4 hs. 169900 10 1 bZip, RRM & PABP
22 HNRPA 1 Hs. 249495 4 14 RRM
23 HNRPD Hs. 303627 0 10 RRM
24 Novel 405 311 NA 0 1 R3H
25 Novel 412 _111 NA 0 1 Coiled coil DBD
26 Novel 418_321 NA 0 1 RRM
27 MSSP-2 Hs. 241567 0 1 RRM
28 RBMS1 Hs. 241567 0 4 RRM
29 U2AF65 Hs. 7655 1 0 RRM
30 Novel 421_111 NA 0 1 RRM

The first column refers to the clone number, second column to the gene identity and third column
to the corresponding UniGene number. Novel genes are represented in bold and NA refers to not
applicable. The fourth column provides information on the corresponding number of hits of each
gene from the two library screens (Adeno library made from adeno-carcinoma cell line and Fetal
library made from fetal-lung tissue). The fifth column provides information on the predicted nucleic
acid-binding motif present in the protein encoded by the corresponding gene (as determined by

searching the PFAM database).
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Table 1b. Description of Novel Clones

Novel
clones Description

405_111 Splice variant of cold inducible RNA-binding protein
(Hs. 119475)

346_711 Splice variant of a hypothetical protein FL|10261
(Hs. 26176)

405_311 Homology to human KIAA1002 protein
(NM_014925)

412_111 Splice variant of Positive Cofactor 4-PC4 (Hs.
356473)

418_321 Splice variant of RNA-binding motif single stranded
interacting protein-RBMS3 (Hs. 158446)

421_111 Homology to Musashi homolog 2 mRNA
(NM_138962)

The first column refers to the novel clones and the second column
to a short description of homology of the corresponding novel
clone to known sequence. Accession/UniGene numbers are indi-
cated in parenthesis.

cinoma and five from the fetal lung library) consisting of both
novel genes and unreported splice variants (see Table 1b).
Overall, this screening method is effective in cloning a variety
of DNA and RNA-binding proteins.

Sorting the Activity of NBPs

Nucleic acid-binding proteins can be further distinguished on
the basis of their ability to bind DNA or RNA and particular
conformations (ss, ds, hairpins, etc.). It is thus desirable to
further characterize clones obtained from the primary screen
and to further distinguish their individual nucleic acid-
binding activities. To do this, sorting of the 30 unique nucleic
acid-binding proteins obtained from our primary screens was
attempted by use of a similar filter-binding strategy. For this
purpose, we tested the binding characteristics of these unique
clones to seven additional sorting oligonucleotides, each hav-
ing a specific predicted conformation (Fig. 1). Six of these
display features contained in distinct regions of the universal
substrate such as (1) dsDNA, (2) mismatched dsDNA, (3) mis-
matched dsDNA with a hairpin, (4) DNA hairpin, (5) random
ssDNA, and (6) ssSRNA. An additional sorting substrate was
used in the form of poly (I)-poly(C), a synthetic dsRNA ana-
log. Our goal was to use this battery of oligonucleotides as
baits to sort the activity of the clones obtained from the pri-
mary screen into useful categories on the basis of their indi-
vidual nucleic acid-binding properties.

A multiplicity of infection of 10* of each purified positive
clone was used to infect E. coli Y1090 and plated on a 150-mm
plate. Filter-binding assays were performed as described
above, except that each filter was cut into eight equal slices
and each slice was allowed to bind one of the eight end-
labeled binding substrates. Random clones from the adeno-
carcinoma library were used as a negative control and human
Staufen, a dsRNA-binding protein was used as a positive con-
trol for poly(I)-poly(C) binding. Results of the sorting experi-
ment are shown in Figure 2.

Each block represents an independent experiment. As
expected, all 30 proteins bind the universal substrate. A total
of 21 bound to ssDNA, 15 to mismatched DNA hairpin, 11 to
ssRNA, 9 to a DNA hairpin, 8 to dsDNA, 7 to mismatched
dsDNA, and 3 to poly (I)-poly(C). No protein was capable of
binding to all eight substrates, indicating the sufficient diver-
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sity of the sorting substrates. In summary, these results indi-
cate that the activity of nucleic acid-binding proteins can be
rapidly sorted by this simple filter-binding assay. Knowledge
of each protein’s binding property is informative in designing
new experiments for further functional characterization. For
example, clone 35, which bound to mismatched dsDNA and
not to a perfect duplex, may be involved in the recognition of
damaged DNA.

Synexpression Studies using GeneChip Profiling

The results presented above show the feasibility of our novel
approach to clone and further characterize the activity of
large numbers of NBPs. To extend the functional annotation
of individual clones that were identified, we took advantage
of the availability of the human genome sequence and the
ability to monitor the mRNA expression of thousands of
genes with microarrays. Our rationale was to use microarray
data to identify genes that are regulated in a similar manner as
our NBP of interest and to analyze the cis-regulatory elements
of these genes. This may enable the identification of distinct
binding sites for unique combinations of transcription factors
that regulate this group of genes as a whole, providing further
insight into their biological function and regulation.

Using GeneChip microarrays, we examined the normal-
ized transcription profiles of 12,500 genes in 14 breast-derived
cell lines (Table 2) and uncovered distinct clusters of genes
with similar expression patterns to the 24 known genes that
were obtained from our primary screen for NBPs (see Table
1a). This analysis was performed using GeneSpring 4.11 with
a Pearson correlation and threshold set above 0.95. Six clus-
ters (of the 24 examined) that contained from 5 to 50 mem-
bers were selected for further analysis. The results are depicted
in Figure 3, in which each graph illustrates the expression
profile of one of the six selected positive clones in the 14
breast cell lines along with that of other probe sets that rep-
resent additional coexpressed genes.

Computational whole-genome analysis suggests that
known DNA-binding sites are significantly enriched in up-
stream promoter regions compared with other regions and
random sequences (Aach et al. 2001). We thus retrieved 4 kb
of DNA sequence upstream from the transcriptional start site
of all the clustered genes (from the NCBI human genome
database) and searched for transcription factor binding sites
within each 4-kb upstream region using TRANSFAC database
at a default threshold of 85 (http://molsunl.cbrc.aist.go.jp/
research/db/TFSEARCH.html). Whereas many transcription
factor binding sites were found within each of the upstream
4-kb regions, only those that had at least one putative binding
site in the 4-kb upstream sequence of all members within a
cluster (or synexpression group) were considered for further
analysis. Only 31 of ~1500 relevant binding sites in the data-
base met this criteria (Table 3). Examination of the results
presented in Table 3 led to the following hypotheses: First,
transcription factors such as AML-1a, deltaEF1, GATA-1,
GATA-2, GATA-3, 1k-2, Lyf-1, MZF1, Nkx-2.5, CdxA, and SRY
are probably not conferring expression specificity because
their binding sites are present in the 4-kb upstream sequence
of all the genes from all six clusters; secondly, it is possible
that different combinations of the remaining 20 putative
binding sites may determine the specificity of each synexpres-
sion group. Although some transcription factors (such as USF)
are ubiquitously expressed, they have been shown to exert
cell-specific regulation of different genes in association with
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Figure 2 Sorting nucleic acid binding proteins. Each block represents an independent experiment. Numbers at top refer to gene identity (see
Table 1a); (St) Staufen; negative control. (+/—) The binding activity of each clone to the corresponding binding substrate.

other factors depending upon the cell type that they are ex-
pressed in (Andrews et al. 2001). Finally, some transcription
factors such as CREB, Sox-5, p300, Pbx-1, CDP, NF-kB, and
GATA-X contain binding sites unique to only one of the six
synexpression groups.

Table 2. Breast Cancer Lines

Cell lines ATCC number Tumorigenicity
MCEF-7 HTB-22 Yes
AB5589 Lab stock No
SK-BR-3 HTB-30 Yes
MDA-MB-468 HTB-132 Yes
T-47D HTB-133 Yes
MCF-10A CRL-10317 No
BT-20 HTB-19 Yes
BT-474 HTB-20 Yes
ZR-75-1 CRL-1500 Yes
MDA-MB-134 V1 HTB-23 Yes
MDA-MB-361 HTB-27 Yes
MDA-MB-231 HTB-26 Yes
MDA-MB-157 HTB-24 Yes
Breast Cancer-3 Lab stock Yes

The first column lists the fourteen cell lines used for expression
profiling and the second column indicates the corresponding
ATCC number where available. The third column refers to the
tumorigenicity of the individual cell line.

We then addressed the possibility that the presence
of these 31 transcription factor binding sites in the 6 pro-
moter clusters was occurring by chance. To do this, we
first counted the total number of binding sites for each tran-
scription factor as it occurred within an entire cluster and
divided by the number of genes in that cluster. This gave
a measure of the average number of binding sites for each
transcription factor within the 4-kb upstream region of each
gene within a synexpression group. We then compared this
number with the average number of binding sites that were
expected to occur for each transcription factor by chance
in random sequences. For this calculation, 6 sets of 100
different 4-kb random sequences were generated (using JAVA
random number generator), but the base composition of
the promoter cluster was maintained. A search for transcrip-
tion factor binding sites in each of these 100 random se-
quences was done, and the average occurrence of each bind-
ing site in the random sequence was calculated. The results
are presented in Figure 4, in which we have plotted the ratio
of the average occurrence of each transcription factor binding
site in each promoter cluster to the number of times it is
expected to occur by chance, expressed as a percentage dif-
ference. It appears from this analysis that only 8 (Table 4) of
31 (Table 3) predicted transcription factor binding sites are
occurring at over twice the frequency that is expected by
chance (Fig. 4). This analysis suggests that only a subset of the
predicted transcription factor binding sites that occur in each
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Figure 3 Clustering genes with similar expression patterns in 14 different breast-derived cell lines. Each panel displays groups of genes (in blue)
with similar expression patterns in the indicated (normal and cancer) cell lines to the query gene (in red) denoted at top. GeneChips were scaled
to 2500 and each gene was median centered by computing its median expression level across all of the cell lines (provided that this value was at
least 10 and that the ratio of the absolute expression and median was at least 0.001). Selection was done by use of a Pearson correlation with a

threshold >0.95 with GeneSpring software 4.11.

cluster (as shown in Table 4) may be responsible for synex-
pression.

DISCUSSION

Major goals of genomic research in the post-sequencing era
include efforts to discover and functionally annotate novel
genes and to further characterize known genes. This study
highlights the use of a broad combination of innovative mo-
lecular and computational techniques such as activity expres-
sion cloning and sorting, microarray clustering, and compu-
tational promoter analysis, to functionally characterize large
numbers of NBPs.

Current in silico approaches to identify genes are useful

1180 Genome Research
www.genome.org

but suffer from several predictive failures including the iden-
tification of false positives and false negatives (Venter et al.
2001) or the inability to detect unknown but real genes (Fu-
treal et al. 2001; Murray and Marks 2001). Because the func-
tion of the majority of the genes encoded by the human ge-
nome is not known (Lander et al. 2001) and 40% of the pre-
dicted proteins cannot be ascribed with distinct molecular
functions (Venter et al. 2001), there is a need to develop new
methods to solve these problems. Even if a gene is accurately
predicted, the value of genomic information can be realized
only when it is coupled with further biochemical character-
ization (Tupler et al. 2001).

Over the last decade, the cloning of DNA-binding pro-
teins by screening expression libraries with specific binding
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Table 3. Transcription Factor Binding Sites in the 4-kb
Upstream Sequence of Clustered Genes

CIRBP DBPA  HNRPDL PABPC4 SRP75 U2AF65
an (® (13) (18) (41) (20)
AML-la AML-la AML-la AML-la  AML-la AML-la
SEF1 SEF1 SEF1 SEF1 SEF1 SEF1

GATA-1 GATA-1 GATA-1  GATA-1

GATA-2 GATA-2  GATA-2 GATA-2  GATA-2 GATA-2
GATA-3 GATA-3  GATA-3 GATA-3  GATA-3 GATA-3
1k-2 1k-2 1k-2 k-2 k-2 1k-2
Lyf-1 Lyf-1 Lyf-1 Lyf-1 Lyf-1 Lyf-1
MZF1 MZF1 MZF1 MZF1 MZF1 MZF1
Nkx-2.5 Nkx-2.5  Nkx-2.5 Nkx-2.5  Nkx-2.5 Nkx-2.5
SRY SRY SRY SRY SRY SRY
CdxA CdxA CdxA CdxA CdxA CdxA
AP-1 AP-1 AP-1 AP-1 AP-1
c-Ets-1 c-Ets-1 c-Ets-1 c-Ets-1 c-Ets-1
Oct-1 Oct-1 Oct-1 Oct-1 Oct-1
USF USF USF USF
HNF-3b HNF-3b HNF-3b
S8 S8 S8
C/EBPb1 C/EBPb1  C/EBPb1
C/EBP C/EBP
CRE-BP CRE-BP
HFH-2 HFH-2
HSF2 HSF2
STATX STATx
Spl Sp1
CREB
GATA-X
NF-kB
p300
Pbx-1
Sox-5
CDP

The top row displays the positive clones selected for synexpression
studies. Numbers in parenthesis refer to the number of genes that
have similar expression patterns to the corresponding gene in 14
breast cell lines as determined using Gene Spring software (see
Results). Binding sites for transcription factors present in the 4-kb
upstream region of all the members of a cluster group are repre-
sented in each column.

sites has become an established technique for researchers who
study transcriptional regulation (Singh et al. 1988). This
method was designed to clone individual DNA-binding pro-
teins using an oligonucleotide that has multiple copies of a
binding site of interest. Using a modification of this approach,
we show the feasibility of cloning not one but a spectrum of
NBPs. This is based on a novel oligonucleotide binding sub-
strate (Fig. 1), designed to form several structural features,
which enabled the activity cloning of 30 unique NBPs having
diverse cellular functions (Table 1a). A majority of the NBPs
obtained in this screen were RNA-binding proteins. One ex-
planation of this result is that RNA-binding proteins are more
abundant in the cell compared with DNA-binding proteins.
Alternatively, as our approach cannot detect NBPs that bind
only as heteromers, this would also diminish the identifica-
tion of DNA-binding transcription factors. In addition to
known NBPs, the screen also identified six novel clones, sug-
gesting that this is a reasonable approach for gene discovery.

Comparison of positive clones that were identified by
our screen derived from normal fetal lung tissue versus the
adenocarcinoma cell line revealed an asymmetrical distribu-
tion for some NBPs. An example is the very high representa-

tion of the transcription factor YB-1 (19 of 91) in the adeno-
carcinoma cell line (Table 1a). YB-1 is known to be expressed
at high levels in several cancers, including colorectal carci-
noma (Shibao et al. 1999). In contrast to YB-1, HNRPA1 is
highly represented in the fetal lung library screen (14 of 80).
This protein is primarily involved in the packaging and trans-
port of mRNA (Nakielny et al. 1997) and is also thought to
have a role in the formation of specific myometrial protein
species in parturition (Pollard et al. 2000). From these two
examples, it appears that our screening method is not only
effective in cloning a spectrum of NBPs but also provides use-
ful information regarding the tissue-specific distribution of
expressed transcripts.

Several fusion clones were obtained in both library
screens (data not shown). None of the six fusion clones ob-
tained from the adenocarcinoma library were represented
more than once, suggesting that they may have arisen as in
vitro artifacts during library construction. However, we can-
not rule out the possibility that some of these may actually
represent translocations or other genomic rearrangements.
One of the six independent fusion clones obtained from the
fetal lung library was represented twice. This clone represents
a fusion between the gene encoding cold inducible RNA-
binding protein (Chromosome19) and the gene encoding col-
lagen1 (Chromosomel7). The functional significance of this
fusion remains to be elucidated.

Using a battery of binding substrates shown in Figure 1
and a further modification of our screening procedure, the
activity of NBPs obtained from our screen could be further
characterized on the basis of their specific nucleic acid-
binding properties. This one step filter-binding-based sorting
assay is a rapid alternative for preliminary characterization of
binding activities compared with other approaches that re-
quire tedious and time-consuming subcloning and protein
purification strategies for every clone.

The approach of clustering genes that show similar ex-
pression patterns across many microarray experiments and to
identify common cis-regulatory elements has been applied to
lower eukaryotes such as yeast (Roth et al. 1998; Spellman et
al. 1998; Pilpel et al. 2001). Using normalized microarray data
from 14 breast-derived cell lines (see Results section and Fig.
3), we clustered genes displaying similar expression patterns
to each of the genes identified in our screen. Known upstream
cis-regulatory elements unique to each cluster were identified
from the transcription factor binding site database. The pres-
ence of unique combinations of putative binding sites for
certain transcription factors in the upstream regulatory region
of each gene cluster is in agreement with combinatorial gene
regulation strategies thought to be used by eukaryotes (Smale
2001), suggesting that each gene cluster may be regulated by
a unique mechanism. Our results are consistent with this hy-
pothesis, as only 31 of ~1500 binding sites examined were
present in these 6 clusters. When the frequency of occurrence
of these transcription factor binding sites in real sequences for
each cluster of coexpressed genes was compared with ran-
domly generated sequences (see Results), without exception,
all six clusters had transcription factor binding sites that were
enriched, which lends credibility to this approach. However,
only 8 of the 31 transcription factor binding sites are pre-
dicted to occur greater than twofold in real clusters compared
with random sequences. Although this observation may sug-
gest that only a smaller subset (compare Tables 3 and 4) of
transcription factors may be responsible for synexpression,
caution needs to be exercised when interpreting these results,
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Figure 4 Relative abundance of transcription factor binding sites in experimentally derived versus
random DNA sequence clusters. Each panel refers to a cluster of genes coregulated with a queried gene.
The ratio of the relative abundance of each transcription factor binding site in a real (experimentally
derived) compared with a random DNA sequence cluster is expressed as a percent change on the Y-axis.

Transcription factors are plotted on the X-axis.

as some of the biologically relevant transcription factors may
be excluded. This analytical strategy may provide leads to
decipher the function of poorly characterized and novel genes
by virtue of their being coexpressed with genes that are

Table 4. Computational Filtering of Putative Transcription
Factor Binding Sites in Clustered Promoters

CIRBP DBPA HNRPDL PABPC4 SRP75 U2AF65
an (€)) (13) (18) (41) (20)
1k-2 1k-2 1k-2 1k-2 1k-2 1k-2
Lyf-1 Lyf-1 Lyf-1 Lyf-1 Lyf-1 Lyf-1
HNF-3b HNF-3b HNF-3b

MZF1 MZF1
HFH-2 HFH-2

Sp1l Spl
AEF1
p300

This table represents filtered data that appears in Table 3, display-
ing only binding sites for transcription factors that are enriched by
at least 100% in the real (experimentally derived) versus random
DNA sequence clusters.
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Preparation of 32P-Labeled
Binding Substrates

The binding substrates were end
labeled with [y**P]ATP (NEN Life
Science Products) using T4 poly-
nucleotide kinase (Sambrook et
al. 1989). Oligonucleotides were
denatured at 20°C above their Tm
and allowed to renature by slow
cooling except for random ssDNA
and ssRNA (see Fig. 1), which, af-
ter denaturing for 5 min, were
chilled on ice to prevent renatur-
ing. Typically, a 20-pL reaction
contained 50 picomoles of oligo,
13 L of [y**P]ATP (130 pCi), 2 pL
of 10X kinase buffer, and 1 pL of T4 polynucleotide kinase.
The reaction mixture was incubated at 37°C for 45 min. Re-
action was stopped with 16 pL of stop solution (40% glycerol;
100 mM EDTA; 0.02% SDS), and the unincorporated nucleo-
tides were removed from the reaction by passing through 1
mL of Bio-gel P30 resin (Bio-Rad Laboratories).
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Agtll Expression Libraries and cDNA Screening

The human fetal lung and the human colorectal adenocarci-
noma cDNA libraries were constructed in the expression vec-
tor Agt11 by Clontech Laboratories, Inc. Each library contains
~10° independent clones with an average insert size of 1.7 kb.
E. coli strain Y1090 was used as a host for screening the library
and for phage DNA extraction.

cDNA library screening was performed as a modification
of a protocol originally described in Vinson et al. (1988).
Twenty milliliters of LB medium (supplemented with 10 mM
MgSO, and 0.2% Maltose) was inoculated with E. coli strain
Y1090. The culture was grown for 6 h at 37°C with agitation.
The cells were collected by centrifugation and resuspended in
1/2 vol of 10 mM MgSO,. Infection was performed in sterile
snap-cap polystyrene tubes (USA Scientific). For primary
screening, 300 pL of E. coli cells were mixed with phage (at
1-2 X 10* pfu for each 150 X 15-mm plate) and incubated
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for 20 min at 37°C. Eight milliliters of molten top agarose
(LB-Mg with 0.7% agarose) prewarmed to 45°C was added and
the mixture was vortexed and poured onto LB agar plates
(containing 50 pg/mL of ampicillin). Petri dishes were incu-
bated inverted for 4 to 5 h at 37°C until pinpoint plaques
appeared. Nitrocellulose membrane circles (Schleicher & Sch-
uell, BA8S; pore size 0.45 ym) were labeled with a pencil and
soaked in 10 mM IPTG for 30 min. Membranes were air dried
on 3-mm Whatman paper for 20-30 min and placed gently
on the plates containing pinpoint plaques. Plates were incu-
bated for an additional 10-12 h at 37°C, and chilled at 4°C for
1 h. Orientation of the filter with respect to the plate was
marked by making three asymmetric holes through the filter
with a needle dipped in India ink. Membranes were removed
from the top agarose and air dried for 20-30 min. on 3-mm
Whatman paper. Membrane-bound proteins were subjected
to denaturation and renaturation by sequential 10-min incu-
bation cycles with agitation at 4°C with 6 M, 3 M, 1.5 M,
0.375 M, and 0.185 M guanidine hydrochloride in Binding
buffer [25 mM HEPES (pH7.9); 25 mM NaCl; 5 mM MgCl,; 0.5
mM DTT; 50 uM ZnCl,]. The membranes were then washed
twice for 45 min with binding buffer, blocked with 5% BSA in
Binding buffer, and rinsed twice with Binding buffer contain-
ing 0.25% BSA. For binding assays with radiolabeled oligo-
nucleotides, membranes were incubated with 3?P-labeled
binding substrate (1-2 X 10° Cerenkov counts/min/mL) in
binding buffer with gentle agitation, initially for 1 h at 4°C,
followed by 2 h at room temperature. After three consecutive
washes with binding buffer containing 0.1% Triton X-100 in
a shaker, the membranes were air dried for 20-30 min. on
3-mm Whatman paper, wrapped with Saran wrap, and ex-
posed to film for autoradiography or to a Phosphorlmager
screen for imaging. Positive plaques were picked and sus-
pended in 1 mL of SM buffer [50 mM Tris-Cl (pH 7.5), 100 mM
NaCl, 8 mM MgSO,, 0.01% gelatin], and stored in 2 drops of
chloroform. The eluted phages were used for secondary
screening by a method exactly as detailed above ,except that
a smaller petri plate (100 X 15 mm) was used. For sorting
experiment, each NBP clone was plated on 150 X 15 mm LB
amp plate at a density of 800-1000 plaques. As a negative
control, the library itself was plated to get a similar number of
plaques. The filter-binding assay in the cDNA screen was per-
formed as detailed above, except that each filter is cut into
eight equal slices. Eight individual binding reactions were per-
formed, each containing one of the seven labeled sorting sub-
strates depicted in Figure 1 and with poly (I)-poly(C).

N DNA Preparation and Sequencing

\ plate lysate preparation and DNA extraction were performed
as described in Sambrook et al. (1989) with the exception that
NZCYM and \ diluent were replaced with LB medium and SM
buffer, respectively.

Phage lysates were prepared by plating 2-3 X 10* pfu on
150 X 15 mm LB/Mg agarose plates. After overnight incuba-
tion at 37°C, the top agarose was harvested and resuspended
in 2 mL of SM buffer and a few drops of chloroform, followed
by vigorous vortexing. Lysate was collected after centrifuga-
tion.

For DNA extraction, ~4 mL of lysate (~10'° pfu) was de-
chloroformed and treated with DNasel (100 units/mL final)
and RNaseA (20 pg/mL final) at 37°C for 1h. The lysate was
incubated at 4°C for 1 h with NacCl to a final concentration of
1 M. Debri was removed by centrifugation and the superna-
tant was incubated at 4°C for 1 h with polyethylene glycol
(8000) to a final concentration of 10%. Phage particles were
centrifuged at 10,000¢ for 15 min, and each pellet was resus-
pended in 1 mL of SM buffer. EDTA and SDS were added to a
final concentration of 20 mM and 0.5%, respectively and in-
cubated for 10 min at 68°C. Aliquots (600 pL) were transferred
to microfuge tubes, and phage DNA was purified by extracting

twice with phenol and once with chloroform. DNA was pre-
cipitated with ethanol and the pellets were resuspended in TE
(10 mM Tris-Cl and 1 mM EDTA). The DNA pellets were
treated with RNaseA (20 pg/mL final) and further processed
by phenol extraction and ethanol precipitation.

N\ forward (GGTGGCGACGACTCCTGGAGCCCG or
GGTCTGCGCTGCGGGACG) and \ reverse (TTGACAC
CAGACCAACTGGTAATG) sequencing primers were used to
determine the end sequences of positive clones. Sequencing
was performed using Big Dye Terminator version 2.0 with
BAC modifications, and the reaction products were run on
an ABI 373 automated DNA sequencer (PE-ABI). Sequences
were analyzed using BLAST (http://www.ncbi.nlm.nih.gov/
BLAST/). Conserved domain searches were performed using
the PFAM database (http://pfam.wustl.edu/hmmsearch.
shtml).

GeneChip Expression Profiling and Data Analysis

Expression profiling using Affymetrix GeneChips was per-
formed as described previously (Carmel et al. 2001). Approxi-
mately 5 pug of total cellular RNA from 14 breast cell lines
(Table 2) was prepared from Trizol homogenates, followed by
ethanol precipitation, and used for each target. RNA was re-
verse transcribed into cDNA with a T7 promoter-containing
primer using Superscript II (Invitrogen Life Technologies). Af-
ter phenol-chloroform extraction and ethanol precipitation,
the cDNA was used as a template in a biotin-labeled in vitro
transcription reaction (Enzo BioArray, Affymetrix). The result-
ing target cRNA was purified on RNeasy columns (QIAGEN)
and fragmented for hybridization to Affymetrix U95A
GeneChips that contain probes representing ~12,500 human
genes. Hybridization was done overnight at 45°C for 16 h on
a GeneChip Hybridization Oven 640 (Affymetrix). The
GeneChips were then processed on the Affymetrix GeneChip
Fluidics Workstation 400, following the EukGE-WS2v4 proto-
col, except that only 7 pg of fragmented cRNA was added to
the hybridization cocktail. The GeneChips were scanned on a
Hewlett Packard GeneArray Scanner, and the results analyzed
using Affymetrix Microarray Analysis Suit 4.0. Each
chip was scaled to an arbitrarily selected average difference
value of 2500. Clustering for synexpression was done using a
standard Pearson correlation coefficient (GeneSpring 4.11;
Silicon Genetics). The 4-kb upstream sequences relative to the
transcription start site were retrieved from NCBI human ge-
nome database. Searches of transcription factor binding sites
were done using the TRANSFAC database at a default thresh-
old setting of 85 (Heinemeyer et al. 1998) (http://molsunl.
cbrc.aist.go.jp/research/db/TFSEARCH.html).
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