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otide sequences were Al (TAGCGTCCGGCGCAGCGACG-
GCCAG) and A2 (GATCCTGGCCGTCGGCTGTCTGTC-
GGCGC). One microgram of oligonucleotide A2 was first
phosphorylated at the 5' end using T4 polynucleotide kinase
(PNK). After phosphorylation, PNK was heat denatured, and
I jig of the oligonucleotide Al was added along with lOx
annealing buffer (1 M NaCl/l00 mM Tris-HCl, pH 8.0(/10mM
EDTA, pH 8.0) in a final vol of 20 ,lI. This mixture was then
heated at 65°C for 10 min followed by slow cooling to room
temperature for 30 min, resulting in formation of the Y adapter
at a final concentration of 100 ng/p,u. About 20 ng of the cDNA
was digested with 4 units of Bgl II in a final vol of 10 ,l for 30
min at 37°C. Two microliters (-4 ng of digested cDNA) of this
reaction mixture was then used for ligation to 100 ng (-50-
fold) of the Y-shaped adapter in a final vol of 5 ,ul for 16 hr at
15°C. After ligation, the reaction mixture was diluted with
water to a final vol of 80 ,lI (adapter ligated cDNA concen-
tration, -50 pg/pl) and heated at 65°C for 10 min to denature
T4 DNA ligase, and 2-p,l aliquots (with 100 pg of cDNA)
were used for PCR.
PCR and Display. The following sets of primers were used

for PCR amplification of the adapter ligated 3'-end cDNAs:
RP 5.0, RP 6.0, or RP 9.2 was used as 3' primer while Al.1
(TAGCGTCCGG CGCAGCGAC) served as the 5' primer.
To detect the PCR products on the display gel, 24 pmol of
oligonucleotide AL.1 was 5'-end-labeled using 15 pul of
[,y-32P]ATP (Amersham; 3000 Ci/mmol) and PNK in a final
volume of 20 pl for 30 min at 37°C. After heat denaturing PNK
at 65°C for 20 min, the labeled oligonucleotide was diluted to
a final concentration of 2 ,uM in 80 plA with unlabeled oligonu-
cleotide A1.1. The PCR mixture (20 plA) consisted of 2 pul (-100
pg) of the template, 2 ,ul of 1ox PCR buffer (100 mM Tris HCl,
pH 8.3/500 mM KCl), 2 plA of 15 mM MgCl2 to yield 1.5 mM
final Mg2> concentration optimum in the reaction mixture, 200
,uM dNTPs, 200 nM each 5' and 3' PCR primers, and I unit
of Amplitaq. Primers and dNTPs were added after preheating
the reaction mixture containing the rest of the components at
85°C. This "hot start" PCR was done to avoid artefactual
amplification arising out of arbitrary annealing of PCR primers
at lower temperature during transition from room temperature
to 94°C in the first PCR cycle. PCR consisted of 28-30 cycles
of 94°C for 30 sec, 56°C for 2 min, and 72°C for 30 sec. A higher
number of cycles resulted in smeary gel patterns. PCR prod-
ucts (2.5 pAl) were analyzed on a 6% polyacrylamide sequencing
gel. For double or multiple digestion following adapter liga-
tion, 13.2 ptl of the ligated cDNA sample was digested with a
secondary restriction enzyme(s) in a final vol of 20 pul. From
this solution, 3 pul was used as template for PCR. This template
vol of 3 ,ul carried -10() pg of the cDNA and 10 mM MgCl2
(from the lO(x enzyme buffer), which diluted to the optimum
of 1.5 mM in the final PCR vol of 20 gl. Since Mg>+ comes
from the restriction enzyme buffer, it was not included in the
reaction mixture when amplifying secondarily cut cDNA.
Bands were extracted from the display gels as described (7),
reamplified using the 5' and 3' primers, and subcloned into
pCR-Script with high efficiency using the PCR-Script cloning
kit from Stratagene. Plasmids were sequenced by cycle se-
quencing on an ABI automated sequencer.

RESULTS AND DISCUSSION
The general scheme for our approach is shown in Fig. l. A
2-base anchored oligo(dT) primer with a heel is used for
first-strand cDNA synthesis from total RNA using reverse
transcriptase followed by second-strand synthesis by the
Gubler-Hoffman method (18). All cDNA molecules thus
acquire a common 3' heel. This cDNA is digested with a
restriction enzyme and ligated to a Y-shaped adapter similar
in principle to the bubble adapter (19). The adapter has an
overhang on its 3' end for ligation, and on the 5' end it has a
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FIG. 1. Schematic of the method for 3'-end cDNA amplification.

stretch of noncomplementary sequence on the opposite
strands giving rise to its Y shape (Fig. 1). The 5' PCR primer
is made from this Y region (Fig. 1) and therefore cannot anneal
to the adapter itself. The upstream fragments of digested
cDNA with adapter ligated on both the ends or only one end
in the 5'-terminal piece will, therefore, not be PCR amplified.
However, the 3' primer anneals to the heel of the 3'-end
fragments of cDNA during the first PCR cycle and extends
DNA synthesis into the Y region of the ligated adapter, thus
synthesizing complementary sequences to which the 5' PCR
primer can now anneal. The two PCR primers can then
selectively amplify the 3'-end fragments of the cDNA under
stringent PCR conditions.
Each 6-base cutting restriction enzyme cuts -8% of the

cDNAs at positions between 50 and 400 bases from the poly(A)
tract so that more than 12 6-base cutters will be needed to
approach complete representation of cDNAs, each being used
with several different anchored oligo(dT) primers. Also, we
estimate that, at best, 100-150 discrete bands can be detected
in a single gel lane. Therefore, at least 100 lanes need to be run
under different conditions to study the overall pattern of gene
expression in any single cell type.
A major advantage of the present approach is that the size

of a known cDNA product and hence its position on the display
gel is predictable. Interleukin 2 (IL-2) is a well studied
cytokine expressed only in activated but not in resting T cells
(13) and should be displayed as a band of predictable size. To
confirm this and to test the ability of the method to display
differences, we made cDNA from resting and 4-hr activated
human peripheral blood T-lymphocyte RNA using oligo(dT)
primer RP 5.0, which has a heel and 3' anchor residues
3'-TA-5' complementary to the 5'-AT-3' dinucleotide in the
IL-2 mRNA sequence immediately preceding the poly(A) tail
(for details, see ref. 20). Restriction digestion with BstYl
should produce a 146-bp 3'-end fragment of IL-2 cDNA (21).
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When added to the sizes of the 3' oligo(dT) and 5' adapter, this
should produce a band of 209 bp on the display gel. A distinct
band of the predicted size was produced in the activated but
not in the resting T-cell sample on display of BstYl cut cDNA
(Fig. 2, lane 2). Sequencing of this fragment confirmed the
presence of the 5' adapter followed by a BstYl site, IL-2 3'-end
sequences, the polyadenylylation signal AATAAA, the down-
stream oligo(A) tract, and the heel primer (data not shown).
We then compared RNA from resting and 4-hr activated

Jurkat cells. We initially displayed 3' cDNA fragments pro-
duced by restriction enzymes Bgl II, Bcl I (data not shown), and
BamHI as they produce GATC overhangs compatible with the
same adapter. These enzymes produced different display
patterns with the same pool of cDNAs (Fig. 3B). Moreover,
these patterns were consistently reproducible in several dif-
ferent sets of experimental conditions described in the legend
to Fig. 3. The reproducibility of the method was also illustrated
by the large number of common bands between untreated and
activated Jurkat cDNAs (Figs. 2 and 3).
To examine the validity of differences seen on the display

gels, bands were subcloned and sequenced, and a specific pair
of oligonucleotide primers based on these sequences was used
for reverse transcription PCR (RT-PCR) (17) with total RNA
from untreated and activated normal T cells and Jurkat cells.
Two differences in Bgl II-digested cDNA (Fig. 3C, see arrows
pointing to lanes 1 and 2; see also Fig. 4) were verified to be
true.
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FIG. 2. Predictability of the band size of known cDNAs on the

display gel. Display of BstYl-digested cDNA prepared from resting
and activated T cells produces the predicted 209-bp band correspond-
ing to IL-2 mRNA 3-end sequence in activated T cells (lane 2) but not
in resting T cells (lane 1). After extracting the band from the gel, it was
confirmed to be IL-2 by sequencing. Before PCR amplification, the

adapter ligated cDNA was recut with Alii 1, Rsa I, and Msp 1 since
without recutting smeary patterns resulted, as BstYl is a more

frequently cutting restriction enzyme. Numbers on left are bp.

Overlapping bands that mask the true differences can be
resolved on recutting the adapter ligated 3'-end cDNA frag-
ments (shown in step 5 of Fig. 1) before PCR amplification. If
a site for a restriction enzyme used for recutting is present in
one of the two comigrating bands, it will be cut into one part
with an adapter and the other with a heel, which cannot be
PCR amplified and will therefore be eliminated. Using this
approach, we successfully uncovered additional differences
between untreated and 4-hr activated Jurkat cells when Bgl
IT-cut and adapter ligated cDNA was further digested with
Hinfl (Fig. 3C, see arrows pointing to lane 4; see also Fig. 4).
The choice of enzymes for primary or secondary cutting was

arbitrary although a combination of more than one enzyme
can be used for recutting. Another advantage of recutting is
that recovery of low-abundance cDNAs is enhanced because
removal of high-abundance bands by recutting allows access of
these fragments to PCR primers (Fig. 3C, lanes 3 and 4). In
addition, recutting can be used to minimize redundancy be-
tween fragments in different lanes. For example, Bgl TI-cut
cDNA fragments can be recut with BamHl and vice versa, so
that the two samples share no amplified products. Confirma-
tion that a band corresponds to a known cDNA sequence can
be obtained by recutting the cDNA with appropriate restric-
tion enzymes prior to amplification. A large number of vari-
ations of the display patterns can therefore be produced in this
method to look for differentially expressed genes by (i) a
combination of a number of different 2-base anchored oli-
go(dT) primers with a heel for making cDNAs, (ii) a number
of different restriction enzymes that can be used for primary
cutting of these cDNAs and, (iii) the number of restriction
enzymes used for secondary cutting for each primary cut.

Consistent with the reproducibility of the gel patterns, most
differences in the intensity of cDNA amplification products
corresponded to differences in mRNA levels. A total of 16
bands were subcloned, sequenced, and examined by RT-PCR.
Of these, 15 showed changes in levels of expression predicted
from the gel pattern (Fig. 4). Of the 15 sequences, 1 was c-myc
transcription factor Puf (22), 1 was IL-2 (21), and the remain-
der were novel sequences not represented in the data bases.
Each product contained a polyadenylation signal upstream of
the oligo(dT) tract. At the other end of each product, the
expected 4-base overhang of the adapter was seen, followed by
the base predicted from the specificity of the enzyme used for
the initial cutting of the cDNA. For example, bands from
display patterns generated with the enzyme Bgl II all had the
sequence of the adaptor including the GATC of the adapter
overhang, followed by a T that would be expected if the 5' end
of the attached cDNA had been generated by Bgl II. In every
instance, bands recovered from the gel lacked internal cleav-
age sites for the restriction enzymes used for primary or
secondary cutting. The levels of PCR products of the 12
induced and 1 down-regulated cDNAs and presumably their
mRNAs vary with respect to IL-2 and j3-actin (Fig. 4). There-
fore, while it is easier to detect and isolate cDNA fragments
corresponding to the more abundant mRNAs, this approach
allows us to detect and subclone samples from quite rare
mRNAs.
One of the most important factors affecting clarity of the

display patterns is quantity of the template and the number of
PCR cycles. We found that 100 pg of cDNA template is
appropriate for PCR amplification. However, before attempt-
ing to analyze differences in display gels, we routinely ampli-
fied serial dilutions of the template to choose a concentration
that will produce clear and reproducible patterns in 28-30
PCR cycles. High template concentrations produced smeary
patterns, while at very low template concentration bands
started to drop out, producing artefactual differences on the
gel. Good quality of RNA is also a prerequisite for clean
display patterns. Replicates of PCR amplified samples were
run on the gel to look for the consistency in the difference of
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FIG. 3. Reproducibility of display patterns and their diversity generated by different restriction enzymes and anchors in oligo(dT) primers with
a heel. (A) Reproducible patterns were observed on display of Bgl 1I-digested cDNAs prepared by using oligo(dT) primer RP 6.0 from untreated
(lanes 1 and 2) and activated (lanes 3 and 4) Jurkat RNA samples isolated in two separate experiments. (B) Lanes 1, 3, 5, 7, and 9, cDNA samples
from untreated cells; lanes 2, 4, 6, 8, and 10, cDNA samples from activated Jurkat cells. Different display patterns were produced on Bgl II digestion
of cDNAs prepared by using different anchor bases (RP 9.2 in lanes 1 and 2; RP 6.0 in lanes 3 and 4). However, digestion of the RP 6.0 cDNAs
with different restriction enzymes produced different display patterns (Bgl II in lanes 3 and 4 and BamHI in lanes 5 and 6). Aliquots of RP 6.0
cDNAs digested with BamHI in separate experiments showed consistent patterns between untreated (lanes 5 and 7) and activated (lanes 6 and
8) Jurkat cells when ligated to adapter and PCR amplified. Separate adapter ligations to aliquots of the same batch of restriction enzyme-digested
cDNAs, as expected, showed identical patterns (data not shown). However, in the absence of adapter ligations no pattern was generated (lanes
9 and 10). All samples in A and B were run on the same gel; however, lanes 1-4 in A and lanes 1, 2, and 3-10 in B were run in adjacent lanes on
the gel. (C) RP 6.0 cDNA from untreated (lanes 1 and 3) and activated (lanes 2 and 4) Jurkat cells was displayed upon digestion with Bgl II (lanes
1 and 2), while in lanes 3 and 4 Bgl II-digested and adapter ligated cDNA was redigested with restriction enzyme Hinfl before PCR amplification.
Arrows point to bands revealed as true differences on recutting (see text and Fig. 4). For detailed display protocols, see Materials and Methods.
Numbers on left are bp.

intensity of the band under consideration and unligated
cDNAs were PCR amplified as controls. We found that
subcloning a band of interest is better than direct analysis of
the reamplified band recovered from the gel, and it is neces-
sary to determine whether the recovered band is of the correct
size.

Increasing the number of adapter ligated 3'-end cDNA
fragments in a sample can cause blurred patterns. Sau3A1 (a
4-base cutter) produced smeary patterns, although the same
amount of cDNA digested with Bgl II or BamHI (6-base
cutters) produced clear gel patterns. Sau3A1 being a frequent
cutter produces more amplifiable 3' ends from a cDNA
population, which then crowd together on the gel. RNA
primed with oligo(dT) primers containing a mixture of bases
in the subterminal anchor position produced crowded patterns
because a larger number of cDNA molecules are synthesized.
The extent to which anchored oligo(dT) primers prime

cDNA synthesis from mRNAs whose sequence does not match
the anchor bases perfectly has been a major limitation of
cDNA display methods. We tried a number of conditions to
enhance specificity of this priming and found that primer
extension by reverse transcriptase at 50°C was optimal. How-
ever, even under these optimized conditions some known
cDNA products arose because of mispairing or looping out of
the subterminal anchor base (data not shown). Nevertheless,

different yet consistent and reproducible patterns were ob-
tained with cDNAs made from oligo(dT) primers with differ-
ent anchor bases.

Overall, from four pairs of lanes representing untreated and
activated Jurkat cell mRNAs, -700 bands could be evaluated.
Of these 4% appeared to represent species that increase on
activation and as many as 2% significantly decreased on
activation. T-cell activation is an extensively studied phenom-
enon and -80 genes whose expression is increased in the early
phase of activation have been recognized (13). In the present
experiments, the estimated number of 3'-end mRNA se-
quences whose expression is altered within 4 hr after T-cell
activation is an order of magnitude higher than might be
presumed from earlier studies (2-4).
One cDNA, JkR1, that was down-regulated on activation in

both peripheral blood T cells and Jurkat cells was chosen for
further study. Down-regulation of JkR1 in peripheral blood T
cells was evident 4 hr after addition of ionomycin and diacyl-
glycerol. When resting T cells were exposed to actinomycin D,
JkR1 mRNA was relatively stable for up to 3 hr (data not
shown). This raises the possibility that part of the down-
regulation might be achieved by mRNA destabilization.
Schneider et al. (23) have studied a small group of GAS genes
whose mRNA levels decline on refeeding cells with serum, and
several of these mRNAs were, also down-regulated by desta-
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FIG. 4. Analysis of differences from display gel by RT-PCR of

original total RNA sample. In each of the panels 1-15 the left lane
represents untreated while the right lane represents activated Jurkat
cell cDNA. (However, in panel 7 but not in panel 7a peripheral blood
T-cell RNA was used for RT-PCR.) Bands of interest were extracted
from the display gel, subcloned, and sequenced, and specific PCR
primers were made. The method to prepare RNA and RT-PCR has
been described (17). Briefly, 1 ,ug of total RNA was reverse transcribed
at 37°C using 100 ng of random hexamer primer in a total vol of 20 ,lI.
After heat inactivation of reverse transcriptase, the final volume of the
reaction mixture was adjusted to 50 ,tl with water. Of this diluted
sample, 2 ,ul was taken for PCR amplification in a final vol of 50 ,ul
containing S ,ul of 1ox PCR buffer (100 mM Tris.HCl/500 mM KCl),
200 nM each 5' and 3' primers, 200 ,LM dNTPs, 1 unit of Amplitaq,
and 1.5 mM MgCl2. PCR consisted of 30 cycles of 94°C for 30 sec, 55°C
for 1 min, and 72°C for 30 sec. PCR samples were analyzed on 1.5%
agarose gel and stained with ethidium bromide. Samples in panels 1-15
were analyzed in separate experiments; however, IL-2 and ,B-actin
always showed the same patterns in each experiment as in panels 14
and 15, respectively.

bilization (20). JKR1, however, is different from the GAS
genes both in sequence and in the fact that the level of its
mRNA was not decreased simply by refeeding but only after
specific activation of T cells.

Strikingly, there are very few references in the literature to
genes whose expression is down-regulated on T-cell activation
(15, 16). In addition, a gene with a zinc finger motif, cloned in
our laboratory, is also down-regulated in 4-hr activated Jurkat
and peripheral blood T cells (K. Prakash and S.M.W., unpub-
lished results). The present results suggest that changes in the
intracellular environment upon T-cell activation are a com-
bined result of down-regulation of a set of genes in addition to
induction of gene expression.
We have shown the ability of the present method to uncover

multiple differences between rather similar samples of un-
treated and 4-hr-activated Jurkat cells. The reproducibility and
extensive representation ofmRNAs obtained with this method
allow a systematic analysis of a sample, taking full advantage
of sequence data bases. Since the lane and size of the band of
a known gene can be easily predicted, gel patterns can be used
to evaluate changes in the level of expression of known
mRNAs prior to further analysis. As a large fraction of cDNAs
become represented in the data bases as 3' expressed sequence

tags (ESTs), one can use data base searches to limit or define
candidate genes corresponding to any band whose abundance
changes. This will be an increasingly powerful approach as

more cDNA and genomic sequences accumulate. We are also
exploring an approach to display internal restriction fragments
of cDNAs by using either one adapter to display fragments
produced by one restriction enzyme or two separate Y-shaped
adapters for the fragments with two different restriction sites
at their ends. This should allow unmasking of the differentially
expressed cDNAs from others that share a common 3' un-

translated sequence and hence could not be differentiated by
displaying 3'-end cDNA fragments. Alternative spliced forms
of an mRNA producing different sized internal fragments
could also be analyzed. Furthermore, by using fluoresceinated
primers, automated analysis of the control and test samples
may be possible. And finally, the use of two different restric-
tion sites, one within the adapter and the other within the heel
primer, can expedite and orient the cloning. Because of its
enhanced sensitivity this approach could be used to study the
time course of appearance or disappearance of a set of mRNAs
in a variety of eukaryotic systems and extrapolate back to
shorter time intervals after initiating the stimulus.

Note. While the present manuscript was under review, an
alternative technique to display restriction endonuclease frag-
ments near the 3' end of cDNAs was described (24).
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