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ABSTRACT

An accurate and streamlined approach
to differential display (DD) band identifica-
tion and verification is described. To mini-
mize false positives, the strategy avoids the
use of impure Northern blot probes ob-
tained from PCR-amplified DD bands. To
increase throughput, the cloning of DD
bands is replaced by a gene-specific primer
approach, and hybridization arrays are
used in place of Northern blots. In summa-
ry, DD bands obtained with long primers
were directly sequenced to allow the design
and synthesis of gene-specific primers,
which were then used to PCR-amplify ho-
mogeneous probes for the verification of ex-
pression patterns by hybridization array
analysis. Differential expression of 60 of the
63 genes tested was confirmed. Thus, false
positives are not inherent to DD. The results
demonstrate the power of DD used with hy-
bridization arrays to rapidly generate infor-
mation on expression patterns of differen-
tially expressed genes.

INTRODUCTION

Differential display (DD) is a pow-
erful method widely used for the iden-
tification of genes differentially ex-
pressed between similar cell types or
cell growth conditions (14). This meth-
od allows the rapid isolation of tags for
differentially expressed genes and re-
quires small amounts of total cellular
RNA. However, a drawback to the orig-
inal method is that in many reports,
only about half of the genes identified
as differentially displayed were actual-
ly verified as such by secondary meth-
ods. Furthermore, the process of verifi-
cation by Northern blot analysis can be
time-consuming and laborious when
many genes are involved.

We have applied DD to study ex-
pression genetics in breast cancer (22,
23). Sixty-five candidate tumor-sup-
pressor genes were selected as those
expressed at higher levels in normal hu-
man breast epithelial cells than in a
metastatic breast tumor cell line. Our
initial DD comparisons suggested that
approximately 3% of all expressed
genes fit this criterion. Because 10 000–
15 000 genes are expressed in any giv-
en cell type (1), we estimate that at
least 300 genes must be identified to
approach saturation of this system. We
describe the revised and streamlined
approach we have used to identify and
verify differential expression of an ini-
tial 60 candidate tumor-suppressor
genes. The results show that the meth-
ods used do not generate a significant
number of false positives. Our ap-
proach is complementary to others re-
cently described (13,20) and hence ex-

pands on the strategies available for
discovery and analysis of differentially
expressed genes.

MATERIALS AND METHODS

Cells, RNA and DD

76N normal human breast epithelial
cells (4) and MDA-MB-435 human
breast tumor cells (ATCC, Rockville,
MD, USA) were cultured in DFCI-1
medium (4). Normal luminal epithelial
and myoepithelial cells were separated
from primary cultures of mammoplasty
specimens (7). Total cellular RNA was
isolated by the guanidinium isothio-
cyanate method (6).

DD (14) was performed using meth-
ods and primers described by Zhao et
al. (26). Anchor primers were a series
of three 21-mers, each with an EcoRI
restriction site, a T11 stretch and a sin-
gle 3′ base, either G, A or C. Arbitrary
primers were 18- to 21-mers referred to
as the LHA- or OPA-series (17,26).
Two additional primers with arbitrary
sequences, 15-A (CAGTTTCTTGGG-
ACATAGGA) and 15-B (CTCAGCC-
GTGCTCCACCTAGC), were synthe-
sized and the combination used to
generate bands 15D and 15L from
cDNA produced by reverse transcrib-
ing total cellular RNA with the anchor
primer LH-T11C. All polymerase chain
reactions (PCRs) were performed in
duplicate and electrophoresed in paral-
lel on extended-format denaturing 6%
polyacrylamide gels using the pro-
grammable genomyxLR DNA Se-
quencer (Genomyx, Foster City, CA,
USA) (3). 

1018 BioTechniques Vol. 24, No. 6 (1998)

Cancer Research Techniques

Identification and Verification of Differential
Display cDNAs Using Gene-Specific Primers and
Hybridization Arrays
BioTechniques 24:1018-1026 (June 1998)



Vol. 24, No. 6 (1998) BioTechniques 1019

Figure 1. Strategy for identifying and verifying differential expression of DD band cDNAs. Normal-
specific bands were excised from DD gels, PCR-amplified and directly sequenced. For those with read-
able sequences that matched database entries, gene-specific primers were synthesized and used to pre-
pare pure probes for hybridization array analysis. DD bands that produced sequences that were
unreadable or could not be matched to database entries were cloned and the clones screened for differen-
tial expression by hybridization analysis.

Figure 2. DNA sequencing to access gene tag purity. (A,C) cDNAs derived from DD bands 13 and 25
were PCR-amplified for 25 cycles using the appropriate DD primers, then cycle-sequenced. Sample 13
was sequenced from the anchor primer and sample 25 from the arbitrary primer. (B) Subclone 13e was
PCR-amplified for 25 cycles using the DD primers and then cycle-sequenced from the anchor primer.
(D) cDNA from band 25 was PCR-amplified for 25 cycles using a gene-specific primer designed to hy-
bridize just inside the DD anchor primer, in combination with the DD arbitrary primer, then cycle-se-
quenced from the arbitrary primer. Sequencing tracks are shown in the order G, A, T, C.



DD Band Identification and
Verification

DD bands were identified and their
differential expression verified as dia-
grammed (Figure 1). DNA from excised
DD bands was eluted (14), directly se-
quenced (16) and sequences queried
against National Center for Biotech-
nology Information (NCBI) databases
using the Basic Local Alignment Search
Tool (BLAST) (2) algorithm. A match
was defined as ≥96% identity of bases
over a stretch of ≥30 bases. Following
database verification, a single gene-spe-
cific 20-mer was designed that would
hybridize to the DD fragment just inside
the arbitrary primer site. This gene-spe-
cific primer was synthesized and used in
combination with the appropriate DD
anchor primer to PCR-amplify a homo-
geneous probe for Northern blotting
(12) or gene tag for hybridization arrays.

Hybridization arrays (16,19,25) were
prepared by spotting nylon membranes
(ZetaProbe; Bio-Rad, Hercules, CA,
USA) in a 96-well format (Bio-Dot
manifold; Bio-Rad) with individual

DNA gene tags. Replicate arrays were
then hybridized with 32P-labeled cDNA
prepared by reverse transcription (RT) of
total cellular RNA using a poly(dT)12-18
primer. Each gene tag was applied either
to four spots as a 3-fold serial dilution
series using approximately 0.1 µg
agarose gel-purified DNA in the first
spot (Figure 2) or two spots using ap-
proximately 0.1 µg DNA in the first spot
and 0.003 µg in the second. Replicate
membranes were hybridized in parallel
with different preparations of 32P-la-
beled cDNA made from the RNA of
specified cell types (16). Membranes
were hybridized in bags or roller bottles
using standard Northern blot procedures,
and signals were detected by phosphor
imaging. Signal intensities were calcu-
lated for individual spots, backgrounds
were subtracted, and values were nor-
malized to the intensity of control gene
36B4, a tag for which was included on
each membrane. 36B4 is equally ex-
pressed in tumor and normal breast ep-
ithelial cells (18). Relative differences
were calculated for spots with equal
amounts of tag loaded, and differential

values were selected from spots with the
lowest detectable signals. Equal loading
of tags was controlled for by stripping
replicate membranes, rehybridizing with
labeled cDNA prepared from normal lu-
minal epithelial cells and correcting final
values appropriately. All experiments
were performed at least twice, and most
were performed three times with compa-
rable results. Independent extractions of
76N and MDA-MB-435 RNA were used
for duplicate tests. A single RNA extrac-
tion of sorted cells was used. Geometric
means are presented.

DD bands that did not yield readable
direct sequences or whose sequences
did not match database entries were
cloned using standard methods (26)
and the subclones screened for differ-
ential expression by hybridization dot
blotting as described above.

RESULTS

DD Band Identification and
Probe/Gene Tag Preparation 

cDNAs from 104 normal-specific
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Figure 3. Hybridization array and Northern blot analyses of samples 12 and 13. (A) Hybridization array results. Two membranes, A and B, are replicates
loaded with equal amounts of identical gene tags. In the left set (Differential hybridization), the membranes were hybridized in roller bottles with labeled cDNA
from cultured 76N breast epithelial cells (Normal) and MDA-MB-435 (Tumor) cells. In the right set (Loading control), both membranes were stripped and then
rehybridized with labeled cDNA from cultured 76N breast epithelial cells (Normal). Ratios listed to the right of filter sets indicate normal/tumor values. In the
case of the differential hybridization, these were normalized by the 36B4 and H4 signals. Tags “12 DD” and “13 DD” were derived from DD bands 12 and 13,
respectively, by PCR amplifying for 25 cycles using the appropriate DD primers. Tags “12 cloned” and “13 cloned” were generated from cloned bands by PCR
amplification as before. 36B4 and H4 represent nondifferentially expressed controls, T44 is a novel up-regulated gene isolated by DD and included as a control.
(B) Northern blot results of sample 13. The left panel used a probe made by directly PCR amplifying DD band 13 using the DD primers. The right panel used a
probe produced from a clone of band 13. RNA was obtained from cultured 76N breast epithelial cells (N) or the MDA-MB-435 breast tumor cell line (T).



DD bands were eluted and analyzed fol-
lowing the strategy diagrammed (Figure
1). Fourteen bands (samples 11–22 plus
15D and 15L) originated from compar-
isons of 76N normal and MDA-MB-
435 tumor cells. The majority of bands
(samples 23–112) were selected from
comparisons of sorted breast epithelial
cells and the MDA-MB-435 tumor cell
line. Sizes of the cDNAs ranged from
150 to 600 bp and averaged 280 bp.

Of the 104 bands, 86% produced
readable sequencing tracks, and 92% of
the readable sequences matched nonre-
dundant or expressed sequence tag
(EST) database entries. For most of
these bands, a nested 20-mer primer
was designed that would hybridize near
the 5′ end of the DD fragment. This
gene-specific primer was used in com-
bination with the appropriate anchor to
PCR-amplify a pure gene tag (probe)
from the original DD band cDNA. The
ability of the gene-specific primer to
PCR-amplify a correctly sized DNA
fragment confirmed the accuracy of the
direct sequence and database match.
The DNA fragment was recovered from
an agarose gel and used as a probe to
verify differential expression by North-
ern blot or hybridization array analysis.
DNA sequencing showed that PCR with
a gene-specific primer produced rela-
tively homogeneous gene tags from het-
erogeneous DD band cDNA (Figure 2).
This approach reduced the need to
clone and screen DD bands. Seventeen
bands that did not produce readable di-
rect sequences or whose sequences did
not match database entries were cloned.

The 104 DD bands analyzed repre-
sented 67 different genes. One band
(band 27) contained multiple differen-
tially expressed genes, although in gen-
eral, bands were not checked for multi-
ple genes. Fifteen genes were isolated
multiple times. Twelve of these were
isolated from pairs of adjacent bands
that likely represent the paired cDNA
strands separated on denaturing DD
gels. One gene was displayed as 20 dif-
ferentially expressed bands on DD
tracks generated from a single arbitrary
primer (OPA3) used in combination
with either of two anchor primers
(LHT11C or LHT11G). These bands
were identified as ribosomal protein
S10, though sequences were difficult to
read, apparently because of poor PCR

amplification of this fragment, which
has multiple potential hybridization
sites for both the arbitrary and anchor
primers.

Complete Analysis of Three DD
Bands

To validate the methods used, three
bands were analyzed in detail. Bands
11–13 were directly sequenced, then
cloned, and the clones were sequenced.
Differential expression was then as-
sayed both by hybridization array
analysis and by Northern blotting. Both
of these assays were performed using
cloned DNA as tags/probes, and the re-
sults were compared to those obtained
using tags/probes produced by the con-
ventional method of PCR amplifying
DD band cDNA using the DD primers.
Results were as follows. Direct se-
quencing identified band 11 as PAI-2,
band 12 as a new gene with an EST
match and band 13 as laminin β3. All
eight clones from band 11 matched the
PAI-2 sequence, all eight clones from
band 12 matched the EST sequence,
and band 13 clones included laminin
β3 cDNAs (13c and 13e) and two addi-
tional tags, each encoding a different
new gene (13g and 13h).

Hybridization array analysis per-
formed using gene tags generated from
clones 12a and 13e confirmed differen-
tial expression of these two genes (Fig-
ure 3A). In comparison, when gene
tags were prepared by PCR amplifica-
tion of the DD band using DD primers,
samples 12 and 13 each appeared
markedly less differential. Control gene
tags showed nondifferential expression
of 36B4, histone H4 (Figure 3A) and β-
tubulin (not shown), as well as up-reg-
ulation of a novel uncharacterized
gene, T44, which was isolated by DD.
Membrane stripping and rehybridiza-
tion with normal 32P-labeled cDNA
showed that the replicate membranes
were equally loaded. 

Northern blotting was also per-
formed to compare probe preparation
methods. Blots performed using a
probe prepared from clone 13e showed
differential expression, while blots pre-
pared using probes made by amplifying
the DD band with DD primers pro-
duced nondifferential results (Figure
3B). For sample 12, Northern blots us-
ing a probe prepared from a clone gave

Vol. 24, No. 6 (1998) BioTechniques 1021



no detectable signal, while those using
probes made by PCR from the DD
band with DD primers produced many
bands with no obvious differential sig-
nals (data not shown). Sample 11 gen-
erated no Northern blot signal for either
method of probe preparation (data not
shown). Thus, hybridization-based as-
says performed with heterogeneous
probes, such as those produced by PCR

amplification of DD bands using DD
primers, can lead to inaccurate classifi-
cation of DD bands as false positives.

Results of Hybridization Arrays and
Northern Blotting

Hybridization arrays were used to
rapidly screen expression levels of all
65 genes isolated by DD. Representa-

tive results are shown (Figure 4A), and
the means of repeated assays for all of
the samples that produced detectable
signals are summarized as bar graphs
(Figures 4, B and C). Expression of two
genes (bands 97 and 105) was not de-
tected. Differential expression, defined
as an expression difference of at least
3-fold, was confirmed by this analysis
for 59 of the 65 genes. 
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Figure 4. Hybridization array analysis of expression levels of 63 DD-selected genes in normal breast cells relative to breast tumor cells. (A) Representa-
tive hybridization array assays. The three membranes shown are replicates loaded with equal amounts of identical gene tags and hybridized with labeled cDNA
prepared in parallel from luminal epithelial, myoepithelial and tumor (MDA-MB-435) cells. The image was generated by overnight exposure to film. Band iden-
tification numbers are indicated at the left of each row, which is a series of three 3-fold serially diluted gene tags (a fourth spot representing a further 3-fold di-
lution is not shown). The upper gene tag is the nondifferential control gene 36B4. Sample 87 was a nondifferential false positive, and the others shown were
down-regulated in the tumor cells. Luminal/tumor (L/T) and myoepithelial (M/T) ratios indicated to the right of the panels were determined by phosphor imag-
ing and normalized to 36B4. (B) Expression of bands 9–22 in 76N relative to MDA-MB-435 cells. (C) Expression of bands 23–112 in myoepithelial and lumi-
nal epithelial cells relative to MDA-MB-435 cells. Bars are superimposed. Maspin, a breast tumor-suppressor gene known to be markedly down-regulated in
breast tumor cells (23), was included as a positive control.

A B

C



The hybridization arrays were per-
formed using conditions that parallel
Northern blotting (12) conditions; e.g.,
hybridization and washing buffers, in-
cubation times and temperatures were
identical. The amounts of gene tags
used (3–100 ng) encompass the amount
of DNA used to generate Northern blot
probes (10–30 ng). The validity of the
hybridization array results was con-
firmed by checking 10 genes using
Northern blot assays. Northern blotting
confirmed differential expression of 9
genes: 13e, 14, 20, 25, 28e, 36d, 46a,
and 85 and 100f, while one gene tested,
sample 15, was nondifferential (Figure
5). These Northern blotting results
were in agreement with the hybridiza-
tion array results with the exception of
band 20, identified as a false positive
by hybridization array analysis but con-
firmed as a true differential by North-
ern blotting. Thus, 62 of the 65 genes
were verified as differentially ex-
pressed using hybridization arrays,
while 9 of 10 were verified using
Northern blots. These results corre-
spond to false positive rates of 5% and
10% for the two assays, respectively.

Sample 28e was unusual in that
Northern blots showed two differential
bands (Figure 5). A large upper band
that ran at the exclusion limit of the gel
was specific to normal cells, while a
lower band of approximately 5 kb was
specific to the tumor cells. Apparently
the larger message, which would have
incorporated significantly more [32P]
dCTP than the smaller, was the pre-
dominant species detected by the hy-
bridization array, hence the differential
result. This gene may be differentially
spliced in tumor vs. normal breast cells
so that one of the DD primers did not
recognize the shorter transcript. Further
analysis of this gene is in progress.

DISCUSSION

To gain information on breast tu-
morigenesis, we have applied DD to
identify genes expressed in normal
breast epithelial cells but not in breast
tumor cells. To carry out this study, we
developed a new strategy to identify and
verify expression patterns of relatively
large numbers of genes. The new strate-
gy is composed of previously described

techniques assembled in a novel man-
ner. The strategy is streamlined and
highly accurate in that it rapidly enabled
the identification of 65 candidate breast
tumor-suppressor genes and resulted in
a negligible rate of false positives.

The DD technique is essentially bi-
partite, consisting of: (i) RT, PCR and
electrophoresis, and (ii) gene identifi-
cation and verification. Regarding the
former, we have used recent improve-
ments reported to reduce false positives
to levels of approximately 30%. For ex-
ample, we used improved DD primers
and PCR conditions reported by Zhao
et al. (26). All PCRs were performed
and electrophoresed in duplicate, and
only bands that reproducibly differen-
tially displayed were selected (26). The
extended-format programmable geno-
myxLR electrophoresis apparatus was
used to produce reproducible, well-re-
solved band patterns (3). Our new strat-
egy improves on the latter steps of gene
identification and verification by apply-
ing previously published techniques in
a novel manner. Most importantly, we
have avoided the use of impure probes,
such as those that result when DD
bands are amplified with the original
DD primers. This improvement is like-
ly responsible for the reduction in false
positives to approximately 5%. Reduc-
ing false positives to low levels by im-
proving the verification procedure indi-
cates that in some studies, DD bands
might be incorrectly classified as false
positives. Hence, high rates of false
positives are not inherent to the DD
technique.

Two approaches to identifying and
verifying DD band cDNAs have been
used here. In general, bands that pro-
duced legible direct sequence informa-
tion were pursued with the gene-specif-
ic primer approach and were not
cloned, while bands that produced poor
direct sequences were cloned, and
those clones were screened for differ-
ential expression. Of the 65 genes iso-
lated, 23 were cloned and 42 were not.
We note that considerably more time
and effort were required to clone and
screen the 23 than to design and synthe-
size primers for the 42. Hence, the
gene-specific primer approach greatly
reduced time and effort by reducing the
need to clone and screen. 

Direct sequencing is a useful first
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step in the process of DD band identifi-
cation and verification because it is less
sensitive to cDNA heterogeneity than
are hybridization assays. Whereas low
levels of contaminating cDNAs in
probes prepared directly from DD
bands can obscure Northern blots if
they hybridize efficiently to highly rep-
resented RNAs, DNA sequencing is not
sensitive to hybridization efficiency or
to cellular message representation lev-
el. Hence, a 90% homogeneous DD
band will produce a clear direct se-
quence superimposed on a background
signal with an intensity approximately
10% that of the main signal. Direct se-
quencing has been previously applied
in several DD studies (15,24). Se-
quence information can readily be con-
firmed by database matching and used
to design a gene-specific primer that
hybridizes to the predominant cDNA of
a DD band, allowing amplification of a
homogeneous probe for use in hy-
bridization assays.

Hybridization arrays also improve
the efficiency of DD by streamlining
the verification of differential expres-
sion. This assay has been used in previ-
ous DD studies (19,25) and provides
advantages over Northern blotting in
terms of time, effort and amount of
RNA required per gene assayed, while
obtaining at least comparable levels of
sensitivity. However, hybridization ar-
ray assays do not provide transcript size
information, which can be used to veri-
fy hybridization to the correct mRNA,
hence the results are not as informative
as those of a Northern blot.

The following conclusions show that
the hybridization array assay is sensi-
tive and reliable in its ability to detect
changes in mRNA levels in a manner
similar to a Northern blot: (i) the assay
showed down-regulated expression for
95% of genes selected as down-regulat-
ed using DD when the same two cell
types were compared; (ii) results corre-
sponded to those of 9 of 10 Northern
blots (the exception, sample 20, was
differential by Northern blot and non-
differential by reverse Northern blot as-
says); (iii) the assay showed appropriate
expression of three nondifferential con-
trol genes (36B4, histone H4 and β-
tubulin), an up-regulated control gene
(T44) and a down-regulated control
gene (maspin); and (iv) loading controls

verified that the gene tags were reliably
loaded on the replicate membranes.

Hybridization array signals for a
given gene showed two types of behav-
ior as the amount of gene tag applied to
the membrane decreased. Signals re-
mained constant; i.e., there was no dis-
crimination between the different
amounts of gene tag applied to the
membrane (Figure 4A, sample 91), or
the signal decreased as the amount of
gene tag decreased (Figure 4A, sample
88). In such cases, lack of discrimina-
tion between gene tag amounts did not
alter the ability of the assay to detect
changes in RNA levels in a manner
similar to Northern blotting (Figure 3,
A and B, 13 cloned and 36B4). Hy-
bridization rates might depend entirely
on the concentration of 32P-labeled
cDNA in solution if cDNA availability
is the limiting factor. The differential
values obtained by comparing signal
intensities for equally loaded spots hy-
bridized with cDNAs from different
cell types also showed two general be-
haviors. Either ratios (normal/tumor)
remained constant across the gene tag

dilution series (Figure 3A, sample 13,
cloned gene tag), or ratios increased as
the amount of gene tag bound to the
membrane decreased (Figure 3A, sam-
ple 13, DD primer method of tag prep-
aration). The latter behavior showed
differential expression only at low
amounts of gene tag, while higher
amounts gave similar signals, apparent-
ly because of increased hybridization
to contaminants in the gene tag prepa-
ration and/or heterologous (nonspecif-
ic) hybridization. This demonstrates
the importance of preparing mem-
branes with a range of gene tag
amounts and obtaining differential val-
ues from the spots with the lowest de-
tectable signals.

The types of previously known
genes isolated in this study further vali-
date the methods used. Of the 65 differ-
ent gene tags isolated, 30 matched pub-
lished sequences of known genes
encoding four types of proteins: (i) pro-
teins involved in cell adhesion and
communication, including three hor-
mones or cytokines, three protease inhi-
bitors, two extracellular matrix proteins
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Figure 5. Northern blots of 10 genes selected as down-regulated in breast tumor cells by DD. Upper
panels represent gene-specific hybridization, and lower panels are loading controls. For 15 and 28e, two
gene-specific bands were observed. The loading control for 13e and 15 is the 36B4 gene and for the re-
mainder is the photo-inverted ethidium bromide signal of 28S rRNA. RNA was obtained from cultured
76N breast epithelial cells (N), the MDA-MB-435 breast tumor cell line (T) or immunomagnetically
sorted populations of normal breast luminal epithelial (L) or myoepithelial (M) cells.



and two cell membrane-associated re-
ceptor/signal-transduction proteins, (ii)
filamentous proteins, including six cy-
tokeratins, (iii) enzymes and (iv) regu-
latory proteins, including two DNA-
binding proteins and a cell cycle
inhibitor. These classes of genes identi-
fied fit well with our understanding of
tumor cells as defective in their ability
to respond to growth-regulatory signals
from neighboring cells and the extracel-
lular matrix. A number of the individual
genes have been previously reported as
tumor suppressors and/or as down-reg-
ulated in breast and other tumors, e.g.,
PAI-2 (band 11) (9), 5′ nucleotidase
(band 43) (8,21) and ribosomal protein
S10 (bands 52–72) (10). The activity of
cystatin A (stefin A) (band 49), an in-
hibitor of cysteine protease inhibitors,
is reduced in tumors derived from sev-
eral tissue types and has been proposed
to be a tumor suppressor (5). Interferon
γ (band 90) is a known inhibitor of
breast epithelial cell proliferation (11)
and is currently used to treat a variety of
tumor types. Known genes not previ-
ously associated with breast tumor for-
mation were also identified. Further
tests will be required to establish the
generality with which these genes are
down-regulated in tumors.

Results of this study demonstrate
the power of DD used in combination
with hybridization arrays to obtain rel-
atively large amounts of information on
patterns of expression of panels of
specifically selected genes in the ab-
sence of sophisticated robotics and
mechanization. Within the cancer field,
this approach is applicable to the devel-
opment of multifaceted marker systems
for screening and categorizing patient
tumors in terms of both prognostic and
diagnostic information and can be used
to gain information on coordinate gene
expression and molecular pathways in-
volved in tumorigenesis.
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