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ABSTRACT

Presented here is an antisense-oriented method for
functional gene screening, which we propose naming
‘antisense display’. In principle, it consists of four
steps: (i) preparation of phosphorothioate antisense
repertoires that would correspond to the Kozak's
consensus sequence, (ii) subgroup screening to
identify active antisense molecules that could cause
changes in the cellular phenotypes concerned and
(iif) RT-PCR cloning of cDNA with the 5' sense com-
plement and 3' anchor primers and sequence deter-
mination, followed by (iv) functional assays of candidate
genes. Cell-free translation in rabbit reticulocyte lysate
revealed that 10mer or longer antisense effectively
halted protein synthesis. This required the presence
of RNase H, and was achieved without prior heat-
denaturation of the RNA templates. Then, subpools
of the 10mer repertoire were administered to human
microvascular endothelial cells in culture, and
screened for anti-angiogenic activities. A single
species having the sequence 5-GGCTCATGGT-3'
consistently inhibited the endothelial cell growth
under hypoxia. Through RT-PCR with the corres-
ponding sense primer, we came across three candi-
date cDNAs. Experiments employing longer unique
antisense reproduced marked growth inhibitions in
two of the three cDNAs. One encoded a mitochon-
drial protein and the other, which encoded a putative
type-2 membrane protein containing Rab-GAP/TBC
and EF-hand like domains, was a gene previously
undescribed in human. The results suggest that the
antisense display method is potentially useful for
isolating new genes towards elucidating their func-
tions.

DDBJ/EMBL/GenBank accession nos*

INTRODUCTION

The mammalian genome contains approximately 70 000 different
genes, and ~15% of them are thought to be expressed in
individual cells (1). Which sets of genes are expressed will
determine vital cellular processes such as differentiation,
signal transduction and growth regulation. Health and diseases
are also influenced by the (mal)expression of genes and
(dys)function of their products. Therefore, it is of prime impor-
tance in molecular and cell biology to discover how gene
expressions and functions change during various biological
and pathological processes. Differential display, a method
originally developed by Liang and Pardee (2), has been used to
detect altered gene expression in eukaryotic cells. The key
element of this method is to use arbitrary, short oligonucleo-
tides for quantitative amplification of a diverse set of mMRNAs
expressed in certain cells under various conditions. Despite the
wide usage and reliability of this method, determining the
functions of the genes identified has usually been a difficult
task. Insertional mutagenesis and rescue cloning with trans-
genic animals have been used to identify over a dozen genes
based on their functionper se(3,4). Such an approach is
promising because it can elucidate relationships between
certain genic loci and their phenotypic accounts, with mice
now being regarded as a good source for yet unidentified genes
(3). However, this approach is laborious and time consuming.
In this study, we have attempted to develop a much simpler
method for functional gene isolation. Experience with the
differential display and antisense methodologies (5-9) led us
to the notion of using short, arbitrary antisense oligonucleo-
tides for identifying the genes responsible for various cellular
phenotypes. Figure 1 depicts a flow chart of this method,
tentatively named ‘antisense display’. In brief, the first step is
to prepare repertoires of antisense complements around the
Kozak’s consensus sequence (10) in order to mask almost all
the mRNA species. The second step is to screen for active anti-
sense species that can block the cellular functions concerned.
The third step consists of isolation by reverse transcription—
polymerase chain reaction (RT-PCR) of the corresponding
cDNA, and sequence determination; with the sense counterpart
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as the 5' primer and 3' anchor-type primers, the entire ope@Gell-free translation

reading frame can be expected to be covered by this sing -
step. The fourth step is to confirm the functional role of thel‘jeoo ng of poIy(Ay RINA from bovine placenta were translated

X in 25 pl of rabbit reticulocyte lysate containing®g]methio-

. . ; Mine in the presence or absence of 0.fllt’Nase H, antisense
regions of the same mRNA or with cDNA-expression Vecwrsoligonucleotides or control oligo(dA) at 3G for 1 h. Incor-

The present paper shows our initial attempts toward estabysration of 35S-radioactivity into translation products was
lishing the antisense display method. The first part deals witljetermined as described previously (13). In briefjl df the
the evaluation of antisense repertoires in a cell-free translatiomixture were spotted onto Whatman No.1 paper filter and
system. The second part demonstrates its application to a c@lfecipitated in ice-cold 5% (w/v) trichloroacetic acid (TCA)
culture system. for 15 min. Then, the filter was placed in 5% TCA at°@5for
15 min, and washed once with ice-cold 5% TCA, once with
MATERIALS AND METHODS ethanol and once wi_th_acgton@S—rgdioactivity was then

measured by liquid scintillation counting. AnothepPaliquot

DDBJ/EMBL/GenBank database accession nos AB017114f the in vitro translation products was analyzed by SDS—
(AD 3), AB017115 (AD 2), AB017116 (AD 1) and AB024057 polyacrylamide gel electrophoresis under reducing conditions,
(full-length AD 3). followed by autoradiography.

Materials Cell proliferation assays

[2H]Thymidine (90 Ci/mmol) anc®fS]methionine (1175 Ci/mmol) Human microvascular endothelial cells were seeded at a
were purchased from Dupont NEN (Boston, MA). Rabbitdensity of 2x 10° cells per well in a 96-well plate, and incu-
reticulocyte lysate was from Promega (Madison, WI). RNase Hpated at 37C under an atmosphere of 5%/6% CO/90% N,

was from TOYOBO (Osaka, Japan). Cytolite and MTT reagent§) 0.1 ml of the culture medium containing or not containing
were from Packard (Groningen, Netherlands) and Chemicofie oligonucleotides. After incubation, cell proliferation was
International Inc. (Temecula, CA), respectively. The Marathorssessed with Cytolite reagents (Packard) (14), by the MTT
cDNA amplification kit and RNA blot derived from multiple Method (15) or byH]thymidine incorporation (8).

human tissues were from Clontech Laboratories (Palo Alt

CA). The TA cloning kit was from InVitrogen Corp. °RT-PCR cloning and sequencing

(Carlsbad, CA). Poly(A)* RNA was isolated from human microvascular
endothelial cells with a Quick prep mRNA purification kit
Cells (Pharmacia), and reverse-transcribed with a 3' anchored primer

Endothelial cells from human skin microvessels (CascadélsN)- The resultant cDNA was PCR-amplified with the 5’ sense

Biologics, Inc., Portland, OR) were maintained in a Hu-Mediac®mplement of the functional 10mer antisense, the 3' anchor
MV2 medium supplemented with 5% fetal bovine serumPfimer and rTth DNA polymerase (Perkin Elmer). Thermal
(FBS), 5 ng/ml basic fibroblast growth factor, 4oy/ml  CcYcling parameters were as follows:*@4(30 s), 40C (30 s)
heparin, 10 ng/ml epidermal growth factor,uty/ml hydro- 2nd 68C (4 min). The PCR products were cloned into a
cortisone and 39.8g/ml dibutyryl cyclic AMP according to pCR2.1 vector ('”V'tfoge”)' and.th(_e resgltan'g plasmids were
the supplier’s instructions (Kurabo Corp., Osaka, Japan). Cel urified using a Flexiprep plasmid isolation kit (Pharmacia).

: tream and downstream extensions of cDNA were carried
at 5-10 passages were used for the experiments. When assa%é’ under a 5- and 3-rapid amplification of cDNA end

for their growth ability, cells were cultured in medium supple- (RACE) :

. L protocols (16). The 5' end of AD 3 mRNA was deter-
mented only with 5% FBS.' 5 ng/ml basic flbrot_)last growth mined using a human microvascular endothelial cell-derived
factor and 10pg/ml heparin. Human lung arterial vascular oligo-capped cDNA library (Nippon Gene, Toyama, Japan).

smooth muscle cells_ (Cascade Biologics)_were maintained in v this cap site cDNA cloning method, unique cap sites can be
Hu-Media SG2 medium supplemented with 5% FBS, 2 ng/migjianly identified (17,18). Nucleotide sequences were deter-

ba_sic fibroblast growth factor, ﬁg/ml insulin and _0.5 n_g/mI mined with an Applied Biosystems Inc. model 373 DNA
epidermal growth factor according to the supplier’s instrucsequencer (Perkin Elmer). Sequence homology was searched

tion_s (Kurabo Corp.). MRC-5 cells, a fibroblast cell Ii_ne for with the GenBank and the EMBL databases by BLAST
derived from human fetal lung, were cultured as described|gorisms.

previously (11).

Northern blot analysis

Synthesis of oligonucleotides
4 g Northern blot analysis was performed as described (19). In

6mer to 11mer oligodeoxyribonucleotide repertoires, 10meprief, 2 ug each of poly(A) RNAs from human endothelial
subpools and subgroups were synthesized as mixtures gglls, smooth muscle cells and fibroblasts were electro-
4 nucleotides at non-consensus positions and C or T at their $horesed on a 1.5% agarose gel containing 1.1 M formalde-
termini, using an Applied Biosystems Inc. model 392 DNAhyde, transferred to a Hybond *Nnylon membrane
synthesizer by the phosphorothioate approach with tetraethylAmersham), and hybridized to a cloned cDNA fragment
thiuram disulfide (12). The oligodeoxyribonucleotides werewhich had been labeled withaf3P]JdCTP by the random
purified by two cycles of reverse-phase HPLC. Longer oligodabeling method (20). After hybridization, the membrane was
deoxyribonucleotides were synthesized at TOAGOSEI Cowashed and autoradiographed. Northern blot derived from
(Tokyo). multiple human tissues containingu® of poly(A)* RNA per
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Kozak's consensus end of the target. The 3' terminal of the antisense oligodeoxy-
MRNA 5’ Cap =] RNNAUGGNNN } (Bya 3 ribonucleotides would then be T or C. At 3-5 nucleotides 5' to
3'-YNNTACNNNN-5" it, TAC corresponding to the AUG codon followed. +4 G was
(1) Synthesis of not considered because of its relatively infrequent occurrence.
antisense repertoire ‘ Tablg 1 lists the repertoires of the prepared phosphorothioate
antisense. Their lengths ranged from 6mer to 1lmer, the
(2) Isolation of active] 3'-YXXTACXXXX-5' respective diversity being from 32 to 32 768 species. These
antisense species arbitrary antisense oligos would thus be theoretically capable
‘ of masking the majority of mammalian mRNA species.
Evaluation in a cell-free system
5:‘ — ,.Tmmmﬂmmn ’ The effects of the 6mer to 11mer antisense repertoires on
RNNATGNNNN — MRNA translation were first tested in a cell-free system. Protein
@ RT-PCR cloning cDNAs synthesis was conducted in reticuloc_:yte lysate using bovine
placental poly(Aj RNA as a template in the presence of each

set of arbitrary antisense oligonucleotides. Oligo(dA)s having
the same chain lengths were used as controls. As shown in
Figure 2A, B*S]methionine incorporation into acid-insoluble

Responsible genes

(4) Functional analysis fractions was found to decrease as the length of the antisense
of the corresponding . . . . .
gene(s) oligos increased, while the control oligo(dA)s essentially gave

no changes. The antisense inhibition required the addition of
RNase H; without it,3*S-radioactivity incorporation did not
Figure 1. Flow chart of the antisense display method. significantly differ either among the six antisense repertoires
or between each repertoire and the respective oligo(dA)
control (data not shown). When the translation products were
lane was probed with th&P-labeled AD 3 cDNA fragment. analyzed by SDS—polyacrylamide gel electrophoresis, both the
The blots were reprobed with a humgbactin cDNA  number of bands and their intensities were found to decrease as
fragment. the length of the antisense increased (Fig. 2B). The repertoires
longer than 10mer almost totally abolished the poly(RNA-
dependent protein synthesis (Fig. 2B), indicating that these
RESULTS arbitrary antisense oligos can inhibit the translation of the
Design of antisense repertoires majority of mMRNA specie_s. Accordingly, subsequent eval-
uations were conducted with the 10mer repertoire.
As the mRNA region to be targeted by the antisense display As shown in Figure 3A, the 10mer arbitrary antisense inhibited
method, we chose the Kozak's consensus sequence (1fjein vitro protein synthesis in a dose-dependent manner; at
around the initiation codon. The rationale for this was that this| 3 M, the 3S-radioactivity incorporation began to be inhibited,
region is known to usually form a loop structure which wouldthen linearly decreased, and at >1@M reached near the level
be accessible to antisense (5-9,21,22), and also because ighout the template. The same concentrations of oligofglA)
consensus sequence would specify complementary nucleotidesly slightly inhibited3*S-protein synthesis.
and thus minimize the diversity of the antisense repertoires.  |n standard assays, template RNAs are heat-denatured prior
The consensus sequence is composed of purine at nucleotigestarting the translation (13). In viable cell systems, however,
-3, AUG at +1 to +3, and G at +4 (Talyle 1), the occurrence ofuch high temperatures cannot be applied. We therefore tested
which in vertebrate mRNAs is reported to be 97, 100 and 46%whether the template activity was changed when RNA had
respectively (10). Accordingly, we selected —3 purine as the $leen placed under various temperatures. As shown in

Table 1. Antisense repertoires corresponding to the Kozak’s consensus sequence

-3 -2 -1 +1 +2 +3 +4 +5 +6 +7 48

mMRNA 5- R N N A U G G N N N

11mer 3- Y N N T A C N N N N 5 (32 768)
10mer 3- Y N N T A C N N N N -5 (8192)
9mer 3- Y N N T A C N N N -5 (2048)
8mer 3- Y N N T A C N N =5 (512)
7mer 3- Y N N T A C N -5 (128)
6mer 3- Y N N T A C 5 (32)

Numbers on the top indicate nucleotide positions in mRNA with the first letter of the initiation codon counted as +1. R, purine; N,
mixture of the four bases; Y, pyrimidine. Numbers in parentheses indicate total number of antisense species in each repertoire.
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Figure 2. Effects of arbitrary antisense oligonucleotides inrvitro protein Figure 3. (A) Dose-dependency in the arbitrary antisense inhibition ofrihe
synthesis. &) [**S]Methionine incorporation. 500 ng of bovine placenta vitro protein synthesis. The translation reaction was performed under the indicated
poly(A)* RNA were translated in rabbit reticulocyte lysate containing RNase Hconcentrations of the 10mer antisense mixture (closed circle) or oligg(tb®en

and F°S]methionine in the presence of p# each of 6mer to 11mer antisense circle), and assayed foP5B]methionine incorporation. Symbols indicate the
repertoires or respective control oligo(dA), and the products were assayed fonean values of three separate experiments. Bars represent standard errors.
[*S]methionine incorporation as described in Materials and Methods. Column@) Antisense effects after placing template RNA at various temperatures.
indicate the average values of three independent experiments. Bars indica®eeviously non-heat-denatured bovine placenta poly@NAs were incubated at
standard errorsB) SDS—polyacrylamide gel electrophoresis of the translationthe indicated temperatures for 10 min with or without| 28 10mer oligos,
products. The reaction mixture (@) was electrophoresed on 12.5% SBS and thenin vitro translated at 3@ for 60 min. Columns indicate the average
polyacrylamide gels under reducing conditions. After electrophoresis, gelsalues of three independent experiments. Bars indicate standard errors.

were dried and analyzed with BAS-1000 (Fuji Film, Hamamatsu, Japan). Positions

of size markers are presented on the left.

Figure 3B, the translation with the RNA template pretreated alypoxia, the principal inducer of angiogenesis (8), after which
37°C was efficiently inhibited by the 10mer antisense to antheir growth was assayed. In the initial screening, several
extent similar to that with RNA pretreated at°€7, the con-  subpools were inhibitory but only one subpool designated T39
dition usually employed for denaturation. This suggests thagxhibited a consistent inhibition of the endothelial cell growth
mRNAs within cells can achieve access to the arbitrary anti, several separate experiments (data not shown). The T39
sense oligonucleotides under the physiological temperature. subpool then underwent second and third screenings (Fig. 4).
Application to a cell culture system: screen for In this screening, we could not find subpools whose antisense
angiogenesis-related genes effects were growth-stimulatory.

We then applied the antisense display method to cells in Tr;]en,we dlvge(itfhe T?%lOme(; sutbpool Into 16 sngroups,d
culture. As a model system, human microvascular endotheli§3C" COMPOSed of four indepeéndent sequences, and assayed.
cells were employed, and angiogenesis-related genes wef§ Shown in Figure 4A, one subgroup designated T39I was
screened for. found to be growth-inhibitory. The third screening revealed

First, the 10mer antisense repertoire was divided intéhat, among the four unique 10mer sequences, one species
128 subpools, each containing 64 independent sequencgigsignated T39I-3 could effectively inhibit the proliferation of
They were added to culture media to a final concentration og¢ndothelial cells (Fig. 4B). Its sequence was 5'-GGCTCAT-
64 uM, and cells were incubated at ¥7 for 72 h under GGT-3'"



Nucleic Acids Research, 1999, Vol. 27, No. %595

~ ] T 1 g ] s
= L_T_L—L L l s =2 ’_Y_
- i T =
w 3 ] T T @
©
w =3
g & 151
@
8 21 g
: L
7 5 -
b 1)
= = 1
= ]
E 2 .05
2 £
&
0 0
- 3 E 9T v E WS x o X= E E O S ) T39l-1 T391-2 T3913 T391-4
[ =) =
t2gagasaaEaAara®Ra
R N T T <TE T R O RSB X

Figure 4. Screen for angiostatic antisens&) Second screening. The subpool T39 judged as positive in the first screen was divided into 16 subgroups designated
T39a-T39p, each consisting of four independent sequences. The subgroups were administered to the culture of human microvascular endait@éligcells

and cells were incubated at @7 under 5% Q for 72 h. After incubation, cell proliferation was assayed with Cytolite (Packard) as during the first screening.
Ordinate indicates Cytolite luminescence liberated from viable cells. Values are expressed as the mean + SE in triplicate determinationl T3 kjuldpged

as positive in the second screen (closed b&).Third screening. Four unique antisense species in the positive subgroup T39I were added to the culture media at
10puM, and endothelial cells were incubated at@under 5% Qfor 72 h, after which cell proliferation was assessed by the MTT method. Ordinate indicates the
ratio of absorbances at 570 nm versus 630 nm. Values are expressed as the mean * SE in triplicate determinations. The unique antisense spegis d89I-3 ju
positive in the third screening (closed bar).

RT-PCR identification of candidate mRNA Functional assays of the candidate mRNAs

To identify mRNA sequences that would have been targete@/e then investigated which candidate(s) took an active part in
by the T39I-3 antisense, poly(ARNA from the endothelial the regulation of the endothelial cell growth. For this, we syn-
cells was analyzed by RT-PCR with the corresponding 5'thesized longer antisense oligos spanning those 10-nt regions
sense decamer (5'-ACCATGAGCC-3) and 3'-anchore@nd their sense complements, each of which had an overall
oligo(dT) primers. This approach yielded three candidatgequence unique to the respective candidate mRNA; they were
cDNA clones designated AD (antisense display) 1, 2 and 316—18 nt long withT;, at ~60C. As shown in Figure 6A, the
Nucleotide sequence analysis of the cloned cDNAs ang@ndothelial cell synthesis of DNA was markedly inhibited by
comparison with the sequences stored in DNA databaséBe long antisense oligos against AD 1 and AD 3 (AD 3a), but
revealed that they were derived from three different genes. not by the antisense against AD 2. The sense controls gave no
As shown in Figure 5A, AD 1 was 130 nt long and had achanges. In addition, a long antisense against a different region
sequence identical to the known sequence of the mitochondrigff AD 3 mRNA (AD 3b) also specifically inhibited DNA syn-
NADH-ubiquinone oxidoreductase chain 3 cDNA (23). Thelnesis by the endothelial cells (Fig. 6). Next, we conducted
human mitochondrial genome contained one 10-nt stretch thgPrthern blot analyses to determine the intracellular concen-
perfectly matched the T39I-3 sequence only at this locyrations of putative target mMRNAs in cells treated with antisense or

: . ense oligonucleotides. In northern blot analyses, antisense oligo
(nucleotide no. 10283-10292). However, it corresponded to an”~ _; '
internal AUG sequence but not to the initiator codon AUA of against AD 1 as well as T39I-3 caused a decrease in AD 1 mRNA

the oxidoreductase subunit mMRNA. AD 2 was 786 nt long, ha%F'g' 6B), and antisense oligos against AD 3 (AD 3a and AD 3b)

the same sequence as the cDNA for KIAAOS51 protein (24 swell as T39I-3 also caused decreases in AD 3 mRNA (Fig. 6D).

. . . he sense controls gave no significant changes (Fig. 6B and D).
and seemed to be primed from an A-rich region of the mRN A ; .
by oligo(dT) primer (Fig. 5B). AD 3 was 691 nt long (Fig. SC)AThese seemed to be indications that the oligos did act on the target

; : ; MRNAs and that RNase H-like activity-driven degradation of
and met no sequences that were identical to it except f

) Arget mMRNA was primarily responsible for the antisense action.
several ESTs (expressed sequence tags). Since AD 3 appeagg(lihermore, it seemed likely that blockade of ribosomal

to correspond to a novel gene, we isolated and sequenced the,qthrough might also have accounted in part for the antisense
full-length AD 3 cDNA by using cap site labeling (17,18) and action in viable cell systems, because the degree of DNA synthesis
RACE protocols. The full-length cDNA stretched 4404 nucleo-inhipition was above that of MRNA. These results suggest that,
tides, not counting the poly(A) tract (DDBJ/EMBL/GenBank among the three candidates, genes corresponding to AD 1 and 3
accession no. AB024057). The AD 3 cDNA fragment initially may have roles in the growth of endothelial cells. AD 2 antisense
obtained by RT-PCR seemed to be primed from an A-richys well as T39I-3 caused only a slight decrease in AD 2 mRNA
region of the mRNA by oligo(dT) primer (Fig. 5C). Both the (Fig. 6C). This suggested that, in the RT-PCR reactions, the
KIAA0551 protein cDNA and AD 3 cDNA contained only one 10mer region was accessible to the sense primer under denatured
stretch each that was homologous to the T39I-3 10mer antisensginditions, but in the viable cell system the 10mer region in
In both cases, 9 nucleotides out of 10 were complementary to th&D 2 mRNA could form a structure that was hardly accessible
T39I-3 sequence, but did not reside at the initiator codoro the antisense. These results would thus indicate that AD 2
regions (Fig. 5B and C). was not an actual target of T39I-3 in this screening.
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AD 1 ACCATGAGCCCTACAAACAACTAACCTGCCACTAATAGTTATGTCATCCCTCTTATTAAT 60
A e L R L T T L T R Ry T R R R R 3 S aruruey

Mitochondria ACCATGAGCCCTACAAACAACTAACCTGCCACTAATAGTTATGTCATCCCTCTTATTAAT 10342

AD 1 CATCATCCTAGCCCTAAGTCTGGCCTATGAGTGACTACAAAAAGGATTAGACTGAGCCGA 120
R L R T T R R R R R Jraraepnggngeges

Mitochondria CATCATCCTAGCCCTAAGTCTGGCCTATGAGTGACTACAAAAAGGATTAGACTGAGCCGA 10402
AD 1 ATAAAAAAAA 130

* %
Mitochondria AT 10404

AD 2 ACCATGAGCCTGCCAAGGTGAAACCAGAAGAATCCAGGGACATT 44
B khhkhhhkhhhhkkhhhkahhhhhkhhkdhkhhhhhhhkhkrhrrhhhhdorhd
KIARO551 GGATCACCTGTGCTTCCCCATGAGCCTGCCAAGGTGAAACCAGAAGAATCCAGGGACATT 2280
AD 2 AECCGGCCCAGTCGACCAGCT—————————— e GATCTGACGGCATTA 80
kkhkkkkhkhkhhkkhhkhkkhkkkhd khkkkhdkdkkkhkhkkrk
KIAARO551 ACCCGGCCCAGTCGACCAGCTAGCTACAAAAAAGCTATAGATGAGGATCTGACGGCATTA 2340
AD 2 GCCAAAGAACTAAGAGAACTCCGGATTGAAGAAACAAACCGCCCAATGAAGAAGGTGACT 140
Thdkhhkhkhhkhkhhhkhhkhhkhhhhkhhhhhhkhhhhhkhh Ak hhkhhdhkhh ot i hhhkkhhhrd
KIAAO551 GCCAAAGAACTAAGAGAACTCCGGATTGAAGAAACAAACCGCCCAATGAAGAAGGTGACT 2400
AD 2 GATTACTCCTCCTCCAGTGAGGAGTCAGAAAGTAGCGAGGAAGAGGAGGAAGATGGAGAG 200
RS R R SR SRR R RS R R RS s R S R R R R TR )
KIAAO551 GATTACTCCTCCTCCAGTGAGGAGTCAGAAAGTAGCGAGGAAGAGGAGGAAGATGGAGAG 2461
AD 2 AGCGAGACCCATGATGGGACAGTGGCTGTCAGCGACATACCCAGACTGATACCAACAGGA 200
hhkhkhkhkhhkhkrhkxhkhhhhhdhhhh kb krhhhkrdhhrhhhrhhhrdhhhhrhhrrkrhdhrd
KIARO551 AGCGAGACCCATGATGGGACAGTGGCTGTCAGCGACATACCCAGACTGATACCAACAGGA 2520
AD 2 GCTCCAGGCAGCAACGAGCAGTACAATGTGGGAATGGTGGGGACGCATGGGCTGGAGACC 320
LRSS SRS SRR R RS SRR R R R R R R R Y
KIAAO551 GCTCCAGGCAGCAACGAGCAGTACAATGTGGGAATGGTGGGGACGCATGGGCTGGAGACC 2580
AD 2 TCTCATGCGGACAGTTTCAGCGGCAGTATTTCAAGAGAAGGAACCTTGATGATTAGAGAG 380
*khkhkhhhkkhhhkkhhkkkhkrhhhhhhhkhhhhhhhkhhkxrkhhdhkhhhhrhhrhdrrbhhhhk
KIAAO0551 TCTCATGCGGACAGTTTCAGCGGCAGTATTTCAAGAGAAGGAACCTTGATGATTAGAGAG 2640
AD 2 ACGTCTGGAGAGAAGAAGCGATCTGGCCACAGTGACAGCAATGGCTTTGCTGGCCACATC 440
EE AR SRR SRR RS R RS EEEE EEE L R R R
KIAAO0551 ACGTCTGGAGAGAAGAAGCGATCTGGCCACAGTGACAGCAATGGCTTTGCTGGCCACATC 2700
AD 2 AACCTCCCTGACCTGGTGCAGCAGAGCCATTCTCCAGCTGGAACCCCGACTGAGGGACTG 500
EE RS R LR RS SRR SRR RS R EE E EE E E EE E EE  E  E E E EE EEEEY
KIAAO551 AACCTCCCTGACCTGGTGCAGCAGAGCCATTCTCCAGCTGGARCCCCGACTGAGGGACTG 2761
AD 2 GGGCGCGTCTCAACCCATTCCCAGGAGATGGACTCTGGGACTGAATATGGCATGGGGAGC 560
LA SRR R RS RS RS R SRR R R R E R R R R X R
KIAAO551 GGGCGCGTCTCAACCCATTCCCAGGAGATGGACTCTGGGACTGAATATGGCATGGGGAGC 2820
AD 2 AGCACCARAGCCTCCTTCACCCCCTTTGTGGACCCCAGAGTATACCAGACGTCTCCCACT 620
(R R RS R RS R R RS RS R E S SRR R SRR S RS S XSRS X
KIAROS51 AGCACCAAAGCCTCCTTCACCCCCTTTGTGGACCCCAGAGTATACCAGACGTCTCCCACT 2880
AD 2 GATGAAGATGAAGAGGATGAGGAATCATCAGCCGCAGCTCTGTTTACTAGCGAACTTCTT 680
khkkhhhkhhkhkhkhhhhhkhhhhhrhhkhhhhdhdbhhkhdhhhkddhhkrrdhdrdhrkdtrrrhdhh
KIAAOS551 GATGAAGATGAAGAGGATGAGGAATCATCAGCCGCAGCTCTGTTTACTAGCGAACTTCTT 2940
AD 2 AGGCAAGAACAGGCCAAACTCAATGAAGCAAGAAAGATTTCGGTGGTARATGTAAACCCA 740
khkkkhkkkkhkkhkhhhhkhkhhkhkhhdhhhhkhhhkhhhhhhkhhkhkdrhkhhhhdhrdhbrrhrdhddhhds
KIAAO551 AGGCAAGAACAGGCCAAACTCAATGAAGCAAGAAAGATTTCGGTGGTAAATGTAAACCCA 3000
AD 2 ACCAACATTCGGCCTCATAGCGACACACCAAAAAAAAAAAAAARAAAA 786
hkhkhkhhkhhhkhkdhhhhhkdhkrdrrrrhhhbhhhd *hkx * kkxkk Kk k*k
KIAAO551 ACCAACATTCGGCCTCATAGCGACACACCAGAAATCAGAAAATACAAGARACGATTCAAC 3060
Expression of AD 3 gene in vascular cells and various MRNA in endothelial cells was 7- and 14-fold higher than
human tissues those in smooth muscle cells and fibroblasts, respectively. The

Since AD 3 appeared to correspond to a novel gene, we cofi@Sults thus indicated the presence of AD 3 mRNA in vascular
ducted northern blot analysis. When poly{ARNAs from cells. We also analyzed the expression of AD 3 mRNAm various
human skin microvascular endothelial cells, human lung arteridluman tissues. Northern analysis of human tissue poty(A)
smooth muscle cells and MRC-5 human fibroblasts werdRNAs showed that AD 3 mRNA is present in nearly all human
probed with the cDNA insert of AD 3, a major hybridizing tissues examined (Fig. 7A). AD 3 was highly expressed in the
band was clearly marked at 5 kb (Fig. 7A). The level of theheart, skeletal muscle and pancreas, barely detectable in the
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RT-PCR 1 ACCATGAGCCCTACCCTGTGACTGATATTTCGGACCTGATC 41
T Y Y S R R R AR IS

AD3 cDNA CATGCCTTTTTCTCCGACGACCAGGAGCCCTACCCTGTGACTGATATTTCGGACCTGATC 2680

RT-PCR CGGGATTCCTATGAGAAATTTGGAGACCAGTCTGTGGAGCAGATCGAGCACCTACGTTAC 101
L R Y Y R R A

AD3 cDNA CGGGATTCCTATGAGAAATTTGGAGACCAGTCTGTGGAGCAGATCGAGCACCTACGTTAC 2740

RT-PCR AAGCACAGGATCAGGGTCCTCCAAGGCCACGAGGACACCACAAAGCAGAACGTGCTTCGA 161
LR Y e Y s

AD3 cDNA AAGCACAGGATCAGGGTCCTCCAAGGCCACGAGGACACCACAAAGCAGAACGTGCTTCGA 2800

RT-PCR GTCGTTATCCCGGAAGTCTCAATTCTTCCTGAAGACCTAGAGGAGCTCTACGACTTATTC 221
R R R R R

AD3 cDNA GTCGTTATCCCGGAAGTCTCAATTCTTCCTGAAGACCTAGAGGAGCTCTACGACTTATTC 2860

RT-PCR AAGAGAGAACATATGATGAGCTGTTACTGGGAGCAGCCCAGGCCCATGGCCTCACGCCAC 281
T R R R AR AR

AD3 cDNA AAGAGAGAACATATGATGAGCTGTTACTGGGAGCAGCCCAGGCCCATGGCCTCACGCCAC 2920

RT-PCR GACCCCAGCCGGCCCTATGCTGAGCAGTACCGCATAGACGCCCGGCAGTTTGCACACCTG 341

Fhkhkkkhhhkkkkhkkk ko h ek khhh kA Ak kR hhkkkkhhhhhhhhhhdhdhk

AD3 cDNA GACCCCAGCCGGCCCTATGCTGAGCAGTACCGCATAGACGCCCGGCAGTTTGCACACCTG 2980

RT-PCR TTTCAGCTAGTCTCGCCCTGGACCTGCGGGGCCCACACGGAGATCCTCGCCGAAAGGACG 401
LR e S Y RS R )

AD3 cDNA TTTCAGCTAGTCTCGCCCTGGACCTGCGGGGCCCACACGGAGATCCTCGCCGAAAGGACG 3040

RT-PCR TTCAGGCTCTTGGATGACAACATGGACCAGCTCATCGAGTTCAAAGCGTTTGTGAGCTGC 461
R Y S R R i I

AD3 cDNA TTCAGGCTCTTGGATGACAACATGGACCAGCTCATCGAGTTCAAAGCGTTTGTGAGCTGC 3100

RT-PCR CTCGATATTATGTATAATGGAGARATGAATGAGAAGATTAAACTATTATACAGGCTTCAT 521
L R R R I T

AD3 cDNA CTCGATATTATGTATAATGGAGAAATGAATGAGAAGATTAAARCTATTATACAGGCTTCAT 3160

RT-PCR ATCCCTCCAGCACTCACTGAAAATGACCGAGACAGCCAGTCGCCGTTGAGGAATCCTCTG 581
R T T T L PR R R g R g gy

AD3 ATCCCTCCAGCACTCACTGAAAATGACCGAGACAGCCAGTCGCCGTTGAGGAATCCTCTG 3220

RT-PCR TTGTCAACATCGAGACCCCTGGTTTTCGGGAAACCCAATGGTGATGCAGTTGATTATCAG 641

R T L R T RS R P R R T R R R R R R grgrgrpgy
AD3 cDNA TTGTCAACATCGAGACCCCTGGTTTTCGGGAAACCCAATGGTGATGCAGTTGATTATCAG 3280

RT-PCR AAACAGCTGAAGCAGATGATTAAGGATTTAGCCAARAAAAARAAAAAAAA 691

REA KKK I KR KNI RN KRR KNI R R AR NI IR I T KRk AT & hkkk
AD3 cDNA AAACAGCTGAAGCAGATGATTAAGGATTTAGCCAAAGAAAAAGATAAAACTGAGAAAGAA 3340

Figure 5. (Opposite and above) Nucleotide sequences of cloned cDNAs (AD 1, AD 2 and AB)3)pper sequence represents the nucleotide sequence of AD 1
isolated by the RT-PCR cloning. The lower one represents the mitochondrial sequence for NADH-ubiquinone oxidoreductase chain 3 (23) alignizd ttomaxi

logy. Asterisks indicate identical nucleotides. Double underlines indicate nucleotides matched to the 10mer sense primer used in the RT-gPCRdeldinies

indicate nucleotides corresponding to the longer antisense oligos (AD 1) used in the functional assay (BjgUfpef sequence represents the nucleotide
sequence of AD 2. The lower one represents the sequence of cDNA for KIAA0551 protein (24) aligned to maximize homology. Nine nucleotides out of 10 were
complementary to the T39I-3 sequence, and did not reside at the initiator codon regions. Double underlines indicate nucleotides matched setise J0mear

used in the RFPCR cloning. Underlines indicate nucleotides corresponding to the longer antisense oligos (AD 2) used in the functior@) bsasr. §equence
represents the nucleotide sequence of AD 3 isolated by th€°RR cloning. The lower one represents the sequence of the full-length AD 3 cDNA (DDBJ/EMBL/
GenBank accession no. AB024057) which was obtained by cap site cDNA and RACE approaches. Nine nucleotides out of 10 were complementary to the T39I
sequence, and did not reside at the initiator codon regions. Double underlines indicate nucleotides matched to the 10mer sense primer usetlimdeiliseER.
indicate nucleotides corresponding to the longer antisense oligos (AD 3a) used in the functional assay.

brain, placenta and lung, and at intermediate levels in the live®,21,22), and it has been suggested that an 11mer oligonucleo-
and kidney. The major AD 3 transcript was 5 kb, while tracetide, or perhaps smaller, could bind to a unique sequence if the
amounts of an ~7 kb form were also detected. non-random nature of the mammalian RNA sequence is taken
into account (21,22). Accordingly, we synthesized 6mer to
DISCUSSION 11mer antisense phosphorothioate oligonucleotide repertoires
corresponding to Kozak’s sequon (Teﬂle 1), and evaluated first
In this study, we have attempted to develop an antisenséheir effects on cell-free protein synthesis. Theitro evalu-
oriented method for functional gene screening, which weation demonstrated that antisense oligonucleotides longer than
propose naming ‘antisense display’ (Fig. 1). Studies in manyOmer specifically and efficiently inhibited protein synthesis in
laboratories, including our own, have shown that antisensa manner dependent on RNase H (Figs 2 and 3), the degra-
oligos against the region around the translation initiation cododation by which has been regarded as the major mode of action
work better than those against other regions of mMRNA (5-of phosphorothioate antisense oligodeoxyribonucleotides (25).
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Figure 7. (A) Probing poly(A} RNA from vascular cells with AD 3 cDNA.

Two pg each of poly(A) RNAs isolated from human skin microvascular
endothelial cells (EC), human lung arterial smooth muscle cells (SMC) and
MRC-5 human fibroblasts (Fibroblast) were electrophoresed on 1.5% agarose
gel, transferred to a nylon membrane and hybridized®2Rrlabeled AD

3 cDNA fragment. Positions of size markers are presented on the left. The
same filter hybridized to th#P-labeled3-actin probe.B) AD 3 mRNA levels

in human tissues. A filter containing Bg each of poly(A} RNA from
indicated human tissues was hybridized to¥iRelabeled AD 3 cDNA fragment.
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et Based on the results, we chose a 10mer antisense oligonucleo-
tide repertoire for application to cellular systems.
We applied the antisense display method to human micro-

C _ - - vascular endothelial cells in culture as a model system, and
£ = < v £ screened for angiogenesis-related genes. Angiogenesis, the

e = oo g formation of new capillary networks, is physiologically essen-

S [ = R — . ! . - .

0 - - < D tial for embryogenesis, reproduction and wound healing, and is

AD2 = e wia 3 o also related to various pathological states, including tumor
. growth and metastasis, diabetic retinopathy and rheumatoid
B-actin == P [eessey arthritis (26,27). 128 subpools and 16 subgroups of the 10mer

antisense repertoire were assayed for their abilities to affect the

D = = ﬁ W % n growth of endothelial cells, and this screening led to an identi-
g% & ; gﬁh = = fication of one species, designated T39I-3, that was consistently
g3 -N-N-N- growth-inhibitory (Fig. 4). Subsequent RT-PCR with the corres-
o= O < < < <« ponding sense primer and assays with longer unique antisense

AD3 = e - - — yielded two candidate cDNA clones, AD 1 and 3. AD 1 mRNA

B-actin =g " " encoded mitochondrial NADH-ubiquinone oxidoreductase

chain 3. Since it is involved in the electron transfer system in
mitochondria, the gene may be related to endothelial cell
growth as a housekeeping gene. To the authors’ knowledge,
this may be the first report that antisense oligonucleotides can

Figure 6. (A) Confirmation of the function of candidate mRNAs. Effecfs o target mitochondrial mRNA. Mitochondrial uptake of phOS—
longer oligodeoxyribonucleotide complements of regions spanning the 10mer )

sequence (AD 1, AD 2 and AD 3a, F[g. 5) and of a different region of AD 3 phorOthiO_ate oligos has recently been suggested (Dr Akira
mRNA (AD 3b) on endothelial cell growth. Antisense sequences correspondinlylurakami, Kyoto Institute of Technology, personal communi-
to AD 1, AD 2, AD 3a and AD 3b were 5'-GTTTGTAGGGCTCATGGT-3', 5'- Cation)_ AD 3 mRNA would seem to be derived from a pre-

TTGGCAGGCTCATGGG-3', 5-GGGTAGGGCTCCTGGT-3' and 5-GCT- i ;
CGTGTCCTCCATCTT-3' (the last one corresponding to nucleotides 1439—145¥|0USIy undescribed human gene. It was expressed abundantly

of the full-length AD 3 cDNA), respectively. These antisense oligos and their" endothelial Ce”S. but at much lower levels i':‘ arterial smooth
sense controls were added to culture media to a final concentrationy110 muscle cells and fibroblasts (Fig. 7), suggesting that AD 3 has
and cells were incubated at¥7 for 24 h under 5% @ after which cellswere  some endothelial cell-related functions. The AD3 ¢cDNA had

!abeled with EH]thymldlne for 4 h. Columns indicate the mean ve_alues ofthreeone |arge open reading frame of an 897-amino acid protein
independent experiments. Bars, standard errors. Effects of antisense oligos

endothelial cell contents of AD 1Bj, AD 2 (C) and AD 3 @) mRNAs. The ﬁE,ig- 8A). Comparison of the_ amino acid sequence of AD 3
human microvascular endothelial cells were incubated in medium containingvith the sequences stored in databases revealed that AD 3
10pM antisense or sense oligos for 48 h, after which total RNAs were isolateghrotein exhibits a high degree of homology (90%) with a pro-

as described previously (19). Texg of the RNA were electrophoresed and ;.: _ ; ; ;
analyzed by northern blotting using AD 1, AD 2 or AD 3 cDNA fragments as tein name.d mouse BUB 2. like protein (28)’ WhICh has
probes. AD 1, AD 2 and AD 3 mRNAs were detected at ~0.4, ~10 and ~5 kn@PPeared in the database quite recently. AD 3 protein also has
respectively (see also Fig| 7 for AD 3 mRNA). Hybridization to 1.9@hctin  significant homology with human KIAA0676 protein (29),

transcript is shown in the bottom panel as a loading control. Caenorhabditis elegan¥45F10A.6 protein (30) and yeast
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Figure 8. (A) Amino acid sequence deduced from the full-length AD 3 cDNA sequence. The cDNA has only one large open reading frame encoding an 897-aminc
acid protein, which we named VRP (vascular Rab-GAP/TBC domain-containing protein). Underlines indicate TBC/Rab-GAP homology and EF-hand like
domains. Double underline indicates a putative transmembrane doBaBcliematic representation of VRP.

MIC 1 protein (31). As shown in Figure 8, AD 3 protein as well increasing the chain-length of the antisense oligos. The second
as these proteins contains a conserved domain named Rai®int concerns the sensitivity. In this study, we screened sub-
GAP/TBC domain (32,33). Furthermore, the AD 3 protein hagools each of which contained 64 sequences, and were able to
a putative transmembrane domain, and the C-terminal portioidentify only one active antisense species. Because of their
of AD 3 protein showed a significant homology to EF-hand-toxicity at high concentrations, phosphorothioate oligos should
containing calcium-binding proteins (34) (Fig. 8). We thusnot be added to the culture at concentrations >{BD This
propose naming this gene product VRP (vascular Rab-GARjerhaps results in incomplete inhibition, especially that of
TBC domain containing protein). The physiological roles of theabundant mMRNA species. This may explain why only one
AD 3 gene in endothelial cell growth remain to be established. inhibitory subpool or no stimulatory subpool was detected and
The results obtained in this study thus suggest that the antivhy two mRNAs were identified from the single subpool; the
sense display method is potentially useful for the isolation ofatter case could be regarded as an indication that a certain
novel functional genes. This method would have the followingfunctional synergism of plural mMRNA species in the inhibition
advantages: (i) it uses short oligonucleotides which can bef endothelial cell growth might contribute to positive detec-
easily prepared and would ensure reproducibility; (ii) it wouldtion. This point may be improved by decreasing the number of
enable the isolation of new genes based on their funcpens antisense species per subpool or by using appropriate carriers
se (iii) it is applicable to a wide range of cells over various for intracellular delivery such as cationic liposomes (35) or
phenotypes. It should be noted here that sequence-dependesiteptolysin O (36); a higher concentration of each antisense
non-antisense mechanisms like the aptamer mechanism magecies can then be achieved. Thirdly, in searching for genes
also work; the antisense repertoire screening has the potentthle antisense inhibition of which would cause a loss of
to encounter active oligonucleotide molecules that can adtnction, the blockade of housekeeping genes might give false-
through interactions with proteins. However, this antisensgositive results. We thus think that this method would work
display method would seem to require several improvementbetter when searching for genes the antisense inhibition of
The first point concerns specificity. In the present experimentsyhich would cause a gain of function, i.e., suppresser genes
a single 10mer antisense yielded plural candidate clones, atile those for angiostatic factors or antioncogenes.
the targeted site of each mRNA did not correspond to the Our results presented here show that antisense oligos will
Kozak’s consensus sequence. This issue may be resolved play an important role in functional genomics, and that genes
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once identified by this method and their products may becoméz2.

good targets for a strategy of inhibition by specific drugs or
antisense oligos. 13

14.
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