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ABSTRACT

We have developed a method for high-efficiency
window separation of cDNA display by increasing the
specificity of priming in reverse transcription. In the

conventional method, two-base anchored oligo(dT)

primers (5 'dT1gVN3', where N is any base and V is G, A

or C) are used to make windows for the display of
transcripts. However, reverse transcriptase often
extends misprimed oligonucleotides. To avoid mis-
priming from dT 1gVN primers, we have developed two
new technologies. One is higher temperature priming
with reverse transcriptase thermoactivated by the
disaccharide trehalose. The other is the use of com-
petitive oligonucleotide blockers that hybridize to the
non-selectively primed mRNAs, preventing the mis-
priming from the VN site. These methods were com-
bined to improve restriction landmark cDNA scanning
(RLCS), resulting in the elimination of the redundant
signals that appear in different windows. This was
achieved by the increased specificity of initiation of
reverse trans-cription from the beginning of poly(A)
sites. This method paves the way for the precise
visualization of transcripts to allow expression profiles
in individual tissues and at each developmental stage
to be understood.

INTRODUCTION

resolution limitations of analytical technologies such as electro-
phoresis. To overcome this problem, we introduce the concept of
‘window separation’ in an expression profile. The ‘window’ is
defined as a set of transcripts with a certain sequence identity that
are displayed together. Ideally, to give expression profiles of each
tissue, each signal on the profile should show one-to-one
correspondence to a transcript without redundancy.

Lots of effort has been used to develop methods for transcript
visualization. These methods include differential display (313),
arbitrary fragment length polymorphism (AFL#), restriction
landmark cDNA scanning (RLCS) and molecular indexing
(MI; 6,7). RLCS has advantages: it has the highest resolution,
being able to show several thousand mRNAs in a single profile,
and the intensity of the spots reflects the frequency of the
transcripts. In contrast, because DD, AFLP and MI use PCR
amplification to reduce the complexity, the intensity of bands does
not reflect the frequency of the transcripts. Furthermore, DD and
AFLP do not achieve one-to-one correspondence between a single
signal and a transcript. In fact, several signals may be produced
from a single mRNA owing to the use of arbitrary primers in the
case of DD and the possibility that cDNAs have several restriction
sites in AFLP. Ml employs a combination of selective ligation at
class IIS restriction sites [such Bek (GGATGN9/N13)] and
oligo(dT) priming, followed by one-dimensional electrophoretic
separation. Because MI uses one-dimensional efgairesis, it is
necessary to divide cDNAs into 192 windows. In contrast, in
RLCS, selection by two-base anchored oligo(dTg{sVN3',
where N is any base and V is G, A or C) is sufficient on its own
because the resolution shows up to several thousand spots in one

cDNA display technology is important for revealing expressiomprofile. Here, theoretically, if separation using the two-base
patterns of both known and unknown transcripts and to deteghchored oligo(dT) is perfect, each spot shows one-to-one
mutations and polymorphisms. In higher organisms such a®rrespondence with each mRNA. However, when we use RLCS,
human and mouse, approximately 100 000 genes are differentialinich should be separated into 12daws, it frequently happens
expressed in various tissues. It is very difficult to display thesthat many spots appear redundantly in seveimtaews, thus
complex patterns of expression on a single profile owing to thaecreasing the potential resolution power of the technique. This
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means that two-base anchored oligo(dT) selection is not perfentRNA for RLCS
MI, DD and AFLP are also based on oligo(dT) priming for cDN .
preparation. In this sense, two-base anchored oligo(dT) selecticﬁl_r %tal RNA was extracted from mouse (C57BL/6J) brain by the
elementary to all of these methods for the visualization of cDNAZC gua.rfllld(;umft;r)]henol—lch'loc\)rofor_mk megms)( th?f.” TRN'i. ¢
Therefore, we focused in this study on obtaining conditions that c%éis tpurl 1€ LWI ] "a E%y( ) quick m purtfication ki
achieve the highest efficiency of window separation. ratagene, La Jolia, CA).

The incompleteness of two-base anchored oligo(dT) selectig

is caused mainly by the ambiguity of initiation of reverseé]or“’e”t'onal reverse transcription

transcriptase: the mismatcheddBgVN3' primers can be A 6.5ul mixture including 200 ng dh vitro transcribed RNA as
extended at similar efficiency to the matched primers. This ig template and 130 ng of single;@¥N primer was heated at
analogous to results reported for HIV-1 and AMV reversess°C for 10 min then put on ice for 5 min and heated again at
transcriptases, which allow mispaired primer extension angb°C. After 2 min, the reaction mixture [4 first strand buffer
misincorporation to a high exten81). To overcome this (5x; Gibco-BRL), 2l dithiothreitol (0.1 M), 1.34 dNTP mix
problem, we used higher temperature cDNA priming with reversg 0 mMm each), 0.3l [a-32P]dCTP (6000 Ci/mmol; Amersham
transcriptase thermoactivated by the disaccharide trehalose ashrmacia Biotech, Aylesbury, UK), 100 U Superscript |l reverse
competitive oligonucleotide blockers (oligo-blockers), whichtranscriptase, 0.fl bovine serum albumin (0.1%) and b
hybridize with all mMRNAs that are expected not to be templategater] was added and incubated for 1 h.

for first strand cDNA synthesis in a given window. The use of

trehalose in this step is based on our finding that thermostabilizatipiyt-start reverse transcription

and thermoactivation of reverse transcriptase is achieved by the ) ] ]

addition of trehalosel@,13). Trehalose seems to function as a 6.5 pl mixture including 200 ng of template RNA, 0.GRof
chaperonin to protect and stabilize many enzymes, resulting in A€ of the 12 digVN primer—oligo-blocker sets (0.2%/ul for
increase in the optimal working temperature. This allows hot-sta#@ch primer and blocker) and 8uf 80% glycerol was heated
priming’ achieving high_stringency conditions for primers toat65oc for 10 min, then cooled to 5Q. Aftel’ 2 min, the reaCth_n )
hybridize. To further improve the window separation, wemixture [the same as for the conventional reverse transcription
introduced in a given window the use of 11 oligo-blockers that w@xcept that 6.5l of saturated trehaloseé§0% w/v) was used
anticipated would suppress non-specific annealing by competifigptead of 6.l water] was added after pre-heating atGdor

with the extendable primer. Finally, we found the optimal conditiong Min. In Figure?, trehalose, oligo-blockers or both were omitted
for high-efficiency window separation and confirmed these byfom the reaction and water was substituted. Subsequently, the
RLCS pattern. These conditions can be applied to any method, stiefxtures were cooled to various annealing temperatures

as DD, AFLP or MI, on which oligo(dT) priming is based. (37-47C) for 2 min. Finally, samples were heated again €50
and incubated for 1 h. To test the several annealing temperatures

effectively and accurately, all reactions were done in parallel with
MATERIALS AND METHODS a RoboCycler (Stratagene). After the reactions, part of each sample
RNAs was loaded on an alkaline agarose gel (0.8% agarose) and run
(15). Then the gel was dried and autoradioactive imagings were

The cDNA clones in aZAP Il cloning vector were picked Up ghtained by a BAS 2000 imaging analyzer (Fujix, Tokyo, Japan).
from a mouse kidney full-length cDNA libraryi4) and were

sequenced to determine th@8ly(A)-attached site. Clone length | cg

varied from 0.8 to 2.0 kb. Bulk-excised plasmid DNA was

purified, digested witikhd and transcribeéh vitro with either ~ First strand cDNA was synthesized fronug of mouse brain

T7 or T3 RNA polymerase (Gibco BRL, Grand Island, NY).mRNA with 1.56 ug dTigVN primer—oligo-blocker mixture
Because a diEVN primer mixture was used for making the under either conventional or hot-start conditions. Then second
cDNA clones, the prepared RNAs had a 16 base poly(A) stretcirand reaction mixture (40Escherichia colDNA polymerase,

20 U E.coli DNA ligase and 2 U RNase H) was added and
incubated at 18C for 2 h (L7). To complete the second strand
synthesis, additional enzyme mixture [10 U Ex-Taq polymerase
dT1gVN primers and oligo-blockers were synthesized with a DNATakara, Tokyo, Japan), 40 U Ampligase (Epicentre, Madison,
synthesizer (Perseptive, Framingham, MAYABIino-Modifier C3 ~ WI) and 1 U Hybridase (Epicentre)] was added and incubated at
CPG 500 (Glen Research, Sterling, VA) was used for the initi#l5°C for 15 min (4). After complete digestion of the remaining
synthesis of the' 3ite of the oligo-blockers:Biotinylated dfgVN mRNA by 15 U RNase | (Promega, Madison, WI) for 30 min,
oligonucleotides for RLCS were prepared usibiétin phosphor- 10 ug proteinase K was added and incubated &€3@r 30 min.
amidite (Glen Research). The sequences wemdtih-AGAGA-  To remove free dNTPs, 2 vol of cethyltrimethylammonium
GAGAGTTTTTTTTTITTTTITTTVN-3 for the dfigVN primers  bromide (CTAB)-urea solution (1% CTAB, 25% urea, 10 mM
and 3-AGAGAGAGAGTTTTTTTTTTTTTTTTVN-Am-3' for ~ Tris—HCI, pH 7.0, 4ug Escherichia colitRNA and 0.5 mM
oligo-blockers (Am represents an amino modifier). SynthesizeDTA) (14) were added and incubated at room temperature for
dT16VN primers and oligo-blockers were purified by denaturingl h. After centrifugation at 15 000 r.p.m. for 10 min, the cDNA
polyacrylamide gel electrophoresis containing 8 M ufég. (  pellet was washed with 2Q0 of 70% EtOH containing 0.2 M
Eleven oligo-blockers (8g/ul each) and the specific ggVN  NaCl to remove the remaining CTAB. The cDNA was resuspended
primer (3ug/ul) were mixed in an equal volume and 12 sets oin 90l TE, 15 U RNase | was added and the mixture was incubated
these mixtures (Pg/ul total, 0.25ug/ul for each primer and for 30 min at 37C and extracted with phenol—-chloroform. The
blocker) were prepared. aqueous phase was purified by Sephadex G75 (Amersham

dT1gVN primers and oligo-blockers
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Figure 2. Comparison of the efficiency of priming using thg 3T primer for

two single clones ah vitro transcribed RNA...aaCA RNA @A), which was
complementary to the d§GT primer, and..aaCG RNA B), a representative
RNA that showed the most non-specific priming, were used for reverse
transcription. The reverse transcription was done under different conditions and
at different annealing temperatures (372@Yin the presence or absence of
trehalose and oligo-blockers: |, trehalose (-), oligo-blockers (-); II, (-, +); Il
(+, -); IV (+, +). We achieved the best window separation in the presence of
trehalose and oligo-blockers at higher annealing temperatures (45 47
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Figure 1.Reverse transcription was done with 12 differeng®dN primers for . : :
each of 12 RNAs differing in their VN sequence at the poly(A) site sequences at the poly(A) site and the primers have different VN

(144 reactions in total). Conventional conditions were used for the reactiorS€quences at the-nd. By using 12 sets each of template RNA

(Fig. 2A). The three underlined primers showed especially strong mispriming.and primer, 144 reactions were done in total (Bigdeally, only

@, the strongest annealing mismatch with 8T among the 12 RNAs. 12 reactions, where a primer and an RNA are complementary,
should produce specific signals. However, as shown in Figure

}veral mismatched primers were extended and showed strong

S . . S
Pharmacia Biotech) in a home-made spin column and etharg? nals. Primers that have thymine at theer®l tend to be

precipitation was done. Recovered cDNA was resuspended dgiended even if the-8nd is mismatched ¢). We confirmed the
7 Wl TE and the blocking reaction was dobg The cDNAWaS o5 e tendency (primersttAT, ...ttCT and...tGT), although

then digested witlkmd and the restriction site was labeled by bOththe reverse transcripti ; ;

3 3 : ption was also elongated with other mismatched
[X' 2P]dhCTPPz?1nd d- Z!D]dBC_;TP with Sequenase V.2 polymeraseyrimers. This suggests significantly higher ambiguity of reverse
(Amersham Pharmacia Biotects).( transcriptase than with tfi@q polymerase. These results show

Ten micrograms of tRNA was added to 120f streptavidin— o2y that two-base anchored oligo(dT) selection is incomplete
magnetic beads (CPG, Lincoln Park, NJ) for one reaction and | dery conventional conditions (th.. (@n P

on ice for 30 min to suppress any non-specific cDNA interaction
with the beads, then the cDNA was captured with the beads. The - . _ .
beads were washed twice with washing solution (2 M Nacligh-efficiency window separation using trehalose and

50 mM EDTA). The cDNA and magnetic beads were mixed fopligo-blockers

15 min at room temperature, then the beads were washed Wg@ hoyght that the incomplete window separation under conven-
with washing solution and twice with 0.2% SDS. The CDNAWa§iona| conditions was due to the lower annealing temperature.
released from the magoneth b_eads by the ad_dlfuon oflreleasmg "#inning the reaction at a higher temperature allows the primer to
(40 ngll tRNA, 1.25% biotin, 4 M guanidine thiocyanate, ppridize to template RNA more specifically. However, under

25 mM sodium citrate, 0.5% sodiuNilauroylsarcosinate) and o ; i
: ' normal conditions, the reaction would not be efficient because the
incubated at 45C for 2 h. The recovered cDNA fragments were

) o ) ctivity of reverse transcriptase would decrease. Recently we
extracted with phenol—chloroform and precipitated with ethanogl vy P y

hef h p q di .“discovered that in the presence of a disaccharide, trehalose,
The fragments were then processed to produce a two-dimensiopglerse transcriptase can be thermostabilized and thermoactivated

electrophoretic patternsS). Hinfl was used for the in-gel % 13). Trehalose seems to function as a chaperonin-like
digestion. At the end, the gel was processed, dried, and expoggiecule (2). Furthermore, high temperature reverse transcription
for autoradiography(18). in the presence of trehalose can melt the strong secondary
structure of MRNA, achieving the synthesis of full-length cDNA
Analysis of RLCS spots effectively. Thus, we used hot-start reverse transcription with
ﬁhalose, annealed primers and mMRNAs at a higher temperature.
9 further increase the specificity of the priming, we also tested
e addition of oligo-blockers to suppress non-specific annealing by
competition with the mismatched annealindgjg®blockers have
RESULTS AND DISCUSSION an amino group at the'-8nd instead of a hydroxyl group;
The incompleteness of two-base anchored oligo(dT) enzymat_ic polymerization will not start from this group. Eleven
selection other oligo-blockers added to the extendable primer would
compete with the given primer to anneal to a mismatched mRNA.
To understand exactly how two-base anchored oligo(dT) selectionTo evaluate the effect of trehalose and oligo-blockers, we used
works under traditional conditions, we used reverse transcriptiarepresentative set of template RNAs and a primer. As shown in
with 12 differentin vitro transcribed mRNAs and 12 different Figurel, the mismatched primer dgGT produced the highest
primers. Thesen vitro transcribed RNAs have different VN signal when..aaCG RNA was used as a template. We therefore

The numbers of the RLCS spots were scored by visual inspecti
by eye. Two persons contributed independently to count the spo
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Figure 3. Improved reverse transcription. Using the g3 T primer (Fig. 2),
reverse transcription was done for all 12 RNAg.Qptimal conditions found

in Figure 2. RNA and primer including oligo-blockers were denatured®&t 65
for 10 min then cooled to BC. After 2 min, the remaining reaction mixture
containing trehalose (heated in advance toC5fbr 2 min) was added. The
mixture was cooled to 4& for annealing for 2 min and then incubated &t50

for 1 h. The following RNAs were used: lane. 1aaUU-; lane 2,..aaUG-;

lane 3, ...aaUC-; lane 4,...aaUA-; lane 5,...aaGU-; lane 6,...aaGG-;

lane 7,...aaGC-; lane 8,..aaGA-; lane 9,...aaCU-; lane 10,..aaCG-;

lane 11,...aaCC-; lane 12,..aaCA-. B) Conventional conditions. The
mismatched reverse transcription was promisingly decreased in (A) (lanes 1-11
The much higher specific reverse transcription for a single RNA was obtained ir
the high temperature reaction containing trehalose and oligo-blockers (lane 12).

decided to use dEGT primer with ...aaCG RNA as a
mismatched pair and..aaCA RNA as a matched pair. We
considered the best condition to be achieved when the matct
pair produced the highest signal and the mismatched péu
produced the lowest.

Various different conditions (with and without trehalose or rigyre 4. RLCS profiles using window-separated mouse brain mRNAS.
oligo-blockers and at different annealing temperatures) Weren) Twelve dTigNV primers without competitors were used for reverse
tested with a matched and a mismatched pair @Agand B, transcription, followed by RLCSBEG) Three representative sets of,@WV,
respectively). Athough the amealing temperatures of severdLeT BINE L AN B TES Oe I mE
primers were ?Stlmated to 50.0’ a range of 37-4T. was (E-G) dTleGPI', dT16GG and dIGCC,prespectively, were used with oligo-
tested to obtain higher specificity. In the absence of trehaloSgockers and trehalose at thermoactivated condition.

(Fig. 2,  and 11), cDNA could be synthesized from both matched

and mismatched RNA at almost the same level and no specificity

could be observed. The addition of trehalose (Riglll), biotinylated oligo(dT9s VN primer for the first strand cDNA
however, seems to improve specificity; this may be caused by tBgnthesis, RLCS ideally can produce one signal from a transcript
increased fidelity of reverse transcriptase (unpublished datdpne-to-one correspondence). Because 30 000 genes at most are
Mismatched cDNA synthesis was suppressed efficiently at trexpressed in a tissue, we considered 12 window separation to be
higher annealing temperature. By comparing IV in FiQieand reasonable when RLCS, whose resolution is >2000 spots, is used for
B, we determined that the best annealing temperatures were 45 ¥isgalization of MRNAs.

47°C with trehalose and oligo-blockers. In this paper we also report for the first time three improvements
to RLCS. First, we used CTAB precipitation to remove free
dNTPs that were used for the first and second strand cDNA
synthesis. Second, we performed additional ligation in the second
To confirm whether the best conditions above (Biglso work  strand cDNA synthesis step at a higher temperature to achieve
for other RNAs, we used reverse transcription with the sanmgore efficient extension and ligation with thermostable RNase H
primer (dTgGT). Figure3 shows the reverse transcription under(Hybridase), thermostable ligase (Ampligase) and Ex Taq
improved (Fig3A) and conventional conditions (FigB). Here  polymerase. Third, to increase the efficiency of cDNA recovery
we could clearly see that with trehalose and oligo-blockers aritbm the streptavidin beads, we used excessive free biotin in
annealing at a higher temperature °@% only matched pairs guanidine thiocyanate to exchange biotinylated cDNAs with free
could produce a specific signal (FBA). Under conventional biotin. This exchange reaction, in the presence of a chaotrophic
conditions (Fig.3B), the mismatched primer could extend andagent, allowed more efficient release of the biotinylated cDNA

Best conditions for high-efficiency window separation

produced non-specific signals. fragments. With these improvements, we reproduced the RLCS
pattern more efficiently and produced spots that we considered to
Evaluation of the best conditions using RLCS be derived from longer CDNAs.

Figure 4 shows the resulting pattern of RLCS using high-
To confirm whether the conditions found in the previous experimetfficiency window separation. Figu4é shows the whole RLCS
using one MRNA and one primer at a time were also best for tisspofile with a mixture of 12 dgVN primers without trehalose or
MmRNAs where various mMRNAs are expressed, RLCS wadigo-blockers. As representative cases of window separation, we
performed using mouse brain mRNAs. Because we used thbow three different windows using three sets agdN primes:
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ESTs and the Body Maj2¥) suggests several variations in the
cleavage site for some mRNAs (data not shown).

We conclude that window separation using trehalose and
oligo-blockers can greatly improve the specificity of RLCS window
separation. This method can easily be extended to any method that
is based on oligo(dT) priming, such as DD, AFLP or MI.
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