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A genome-wide survey of RAS transformation targets
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*These atthors contributed equally to this work.

An important aspect of muiti-step tumorigenesis is the muta-
tional activation of genes of the RAS family, particularly in
sporadic cancers of the pancreas, colon, lung and myeloid sys-
tem!. RAS genes encode small GTP-binding proteins that
affect gene expression in a global way by acting as major
switches in signal transduction processes, coupling extracellu-
lar signals with transcription factors?™. Oncogenic forms of
RAS are locked in their active state and transduce signals
essential for transformation, angiogenesis, invasion and
metastasis via downstream pathways involving the
RAF/MEK/ERK cascade of cytoplasmic kinases, the small GTP-
binding proteins RAC and RHO, phosphatidylinositol 3-kinase
and others6. We have used subtractive suppression
hybridization (SSH), a PCR-based cDNA subtraction tech-
nigue’, to contrast differential gene expression profiles in
immortalized, non-tumorigenic rat embryo fibroblasts and in
HRAS-transformed cells. Sequence and expression analysis of
more than 1,200 subtracted ¢DNA fragments revealed tran-
scriptional stimulation or repression of 104 ESTs, 45 novel
sequences and 244 known genes in HRAS-transformed cells
compared with normal cells. Furthermore, we identified com-
mon and distinct targets in cells transformed by mutant HRAS,
KRAS and NRAS, as well as 61 putative target genes con-
trolled by the RAF/MEK/ERK pathway in reverted cells treated
with the MEK-specific inhibitor PD 98059.

The genetic complexity of cellular transformation at the level of
mRNA expression was originally described more than ten years
ago®®. Global sequence information related to altered gene
activity involved in the pathogenesis of cancer was only obtained
after novel gene expression profiling methods were devel-
oped!%-12, Several gene regulators, including ETS-domain tran-
scription factor ELKI, serum-responsive factor (SRF), the
leucine zipper protein JUN, activation transcription factor 2
(ATF2) and nuclear factor-xB (NFxB), are stimulated by sig-
nalling pathways downstream of RAS (refs 4,5), indicating that
mutant RAS expression affects a complex set of transcriptional
targets. A systematic assessment of RAS-signalling targets in
transformed cells has not been performed. To provide a general
catalogue of transcriptional changes related to permanent RAS
signalling, we chose the preneoplastic rat 208F fibroblast line
and the malignant, HRAS-transformed derivative FE-8 (Fig. 1a).
These cell lines had a near-diploid karyotype without gross
numerical or structural chromosomal aberrations (Fig. 15). In
the 208F/FE-8 cell system, chromosomal abnormalities, which
frequently accumulate in cell lines established from tumours or
after induction of conditional RAS (refs 13,14), do not mask
RAS-mediated transcriptional changes. The 208F cells do not
transform spontaneously'®, whereas FE-8 cells are anchorage-
independent (Fig. 1c) and form rapidly growing tumours in
athymic nude mice and newborn rats'®17,

We recovered gene fragments representing differentially
expressed mRNAs in normal 208F and transformed FE-8 cells
from two cDNA libraries established after SSH (ref. 7). To isolate
sequences downregulated during the transition from the normal
to the transformed state, we used tester cDNA prepared from
208F fibroblasts and excess driver cDNA from malignant FE-g
cells (forward subtraction). To recover sequences upregulated
upon neoplastic transformation, we used FE-8 tester and 208F
driver c¢DNA (reverse subtraction). We determined the
nucleotide sequence of 1,257 subtracted cDNA clones and identi-
fied 823 individual sequences. The list of differentially expressed
genes classified with respect to selected functional properties of
their products is shown (Table 1). The method used to establish
expression differences between normal and transformed cells
permitted isolation of genes expressed at high- and low-abun-
dance classes. The intrinsic equalization step contained in the
SSH method allowed recovery of abundantly expressed tran-
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Fig. 1 Characteristics of normal 208F fibroblasts (left) and HRAS-transformed
FE-8 cells, untreated (middle) and incubated with the MEK-inhibitor PD 98959
(right). a, Morphology obtained by phase contrast microscopy, magnification
%100. b, DNA histograms obtained by flow cytometry show the absence of
gross chromosomal abnormalities in 208F and FE-8 cells. Abscissa, fluorescence
intensity; ordinate, cell counts; numbers refer to the fraction of cells (%) in dif-
ferent phases of the cell cycle. ¢, XTT-based colorimetric proliferation assays
indicate anchorage-dependent and anchorage-independent growth of cells on
poly-HEME-coated surfaces. Western-blot analysis of p21ra (d) and phospho-
p44/42 MAPK (e) is shown.
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Table 2 ¢ RAS targets sensitive to MEK inhibition

pownregulated genes
Expression level

208F FE8 FE8
sequence identity (GenBank/EMBL) +PD
3-hydr.3-methylglutaryl coA synthase (Hmgcs1) B aa
actin binding protein-280, filamin (FLNA) S A T
a-actin (Actvs) R s
antioxidant enzyme AOE372 o+ o+t
AP56, selenium binding protein 2 (Selenbp2) ++ 0 ++
Cdc21 (Mcmd4) N
centromeric protein CENPC (Cenpc) (a) +++ 0 ++
collagen o1 (ColaT) Fbd b
colony stimulating factor 1(Csf7) ++ 0 ++
DOC-2, p96 phosphoprotein (Dab2) F+ 0 4
ER81 ets-related transcription factor (Etsrp87) I = 3
ERp99/GRP94 (TraT) St 4
ETF TEA domain transcription factor (Tead2) +++ 0 ++
fibronectin (Fn1) o+ 4+
follistatin-related protein TSC-36 (Fst/) ++ o+
Gu binding, inhibitor of activated Stat1 (DDXBP1) +++ O +
heat shock protein 90 (HSPCA) ++ 0 ++
Hspg core fibroglycan, syndecan-2 (Sdc2) +++ 0 ++
interferon induced gene 4+ 0 ++
L1 retroposon +4++ 0 ++
laminin B1 (Lamb1-1) A+ 4
lysyl oxidase (Lox) +++ 0+
lysyl oxidase-related protein (LOXL2) ++ 0 +
Mama gene (Ppicap) +++ 0 +
MMP-2, gelatinase A (Mmp2) + 0 +++
Tfe3 X-linked transcriptional activator (Tcfe3) ++ o+ ++
nuclear autoantigen GS2NA ++ 0 +++
osteoglycin (Ogn) ++ 0 4+
p5 protein 4+t
P-cadherin (Cdh3) ++ 0 +++
phosducin-like protein (Pdc/) +++ O +
serum inducible kinase (Snk) +++ 0 4+
STATSa1 transcription factor (Stat5a) ++ 0 +++
thrombospondin 1 (Thbs1) +4++ 0 +
tissue inhibitor of metalloproteinase 2 {(Timp2) +H+
TRPM-2, clusterin (Clu) (b) dbt A A

Upregulated genes
Expression level
208F FE8 FE8

Sequence identity (GenBank/EMBL) +PD

bleomycin hydrolase (B/mh) +
BRCAT1-associated Ring domain protein (Bard1) 0 ++ +
E1B 19k/Bcl-2-binding protein homologue (Bnip3) 0 +++ ++
exportin-T (XPOT) + At A
Flap endonuclease-1 (Fen7) 0 +++ +
Fkbp51, T-cell-specific immunophilin (Fkbp5) 0 4++  +
Flice-like inhibitory protein (Cash) 0 ++ 0
GEF-H1 0 +++ +
lamina-associated polypeptide 1C 0 +++ O
Mam domain protein 0 +++  +
MAPK phosphatase cpg21 (Dusp5) (c) 0 +++ +
MMP-3, stromelysin 1 (Mmp3) 0 +++ O
MMP-10, stromelysin 2 (Mmp10) (d) 0 +++ O
Myb-binding protein P160 (Mybbp1a) + o+
NF-1 transcription factor (Nfic) 0 4+ 0
non-neuronal enolase 1 (Eno7) + b bt
oxygen-regulated 150-kD protein + A+
p67 isoprenylated protein (Gbp2) 0 A+t A+
PkB kinase (PdpkT1) 0 +++ +
Rap1B GTP binding protein (Rap7b) (e) 0 +++ +
Ras-GTPase-activating protein (G3bp2) 0 +++ +
spinocerebellar ataxia type 3 gene (Mjd) 0 +++ +
stromal antigen 1 (Stag?) 0 ++ +
sortilin 1 (SORTT) 0 +++ 4+
tumour susceptibility gene 101 (tsg707) L

PD, MEK inhibitor PD 98059. Transcript levels: 0, mRNA not detectable on northern blots with total RNA; +, ++, +++, low, intermediate or high mRNA expression,
We hybridized <DNA arrays comprising all differentially expressed sequences detectable by reverse northern analysis (Table 1) with 32P-|abelled probes prepared
from RNA of untreated and inhibitor-treated FE-8 cells. In addition, we performed conventional northern analysis of 177 preferentially expressed known genes.
Sequences marked a-e (in parentheses) were used as probes on northern blots shown in Fig. 2.

scripts (for example, those encoding cytoskeletal proteins) and of
low-copy-number mRNAs (for example, those encoding tran-
scription factors). The cDNA fragments obtained in this study
represent a large fraction of the genes differentially expressed in
the two cell lines. Others have reported a similar number of dif-
ferences between normal cells and tumour cells!®11,

The known RAS targets displaying stimulated or de novo
expression in FE-8 cells comprise the genes encoding the metas-
tasis-related glycoprotein Cd44, the transcription factor Fra-1,
the o-chemokine Mob-1, the metallo-proteinases Mmp-1 and
Mmp-3, and the myosin regulatory light chain. The known
downregulated RAS pathway targets include the genes encoding
O-actin, collagen o1, entactin/nidogen, fibronectin, TGFp-
stimulated sequence TSC-36, lysyl oxidase, smooth muscle
myosin light chain (Mlc)-2 and NADH dehydrogenase. We did
not recover RAS targets such as those encoding the glucose trans-
porter, Myc, Pdgf receptor and Cox-2. These divergent results
may be due to the use of different cell types, growth conditions or
methods of gene isolation.

FE-8 cells expressed elevated levels of genes triggering invasion
and metastasis. These encode the laminin receptor, Mmp-1 (col-
lagenase), Mmp-3 (stromelysin-1), Mmp-10 (stromelysin-2) and
the Cd44 glycoprotein. There was a close link between perma-
nent RAS signalling and gene repression. Several genes exhibiting

nature genetics * volume 24 » february 2000

anti-proliferative, anti-invasive or anti-angiogenic activity were
simultaneously downregulated. The genes encoding syndecan-2,
tissue inhibitor of metalloproteases-2 (Timp2), lysyl oxidase,

v 49
- v
£ §
B &
]
o~ o~

. 208F
FE-8

. FE8+PD
FE-8
208F

Fig. 2 Effects of the Ras/Raf/MEK signalling pathway and of different RAS iso-
forms on selected target gene transcription. Probes a-e, northern-blot analysis of
mRNA expression in normal 208F fibroblasts, FE-8 cells and FE-8 cells treated with
MEK inhibitor PD 98059. Probes f-k, northern-blot analysis of mRNA expression
in normal 208F and HRAS (FE-8), KRAS and NRAS transformants. Mmp3, repre-
sentative example of a gene without significant differential expression.
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thrombospondin-1, protein kinase A II, the myristoylated, ala-
nine-rich, C kinase substrate (Marcks) and the growth-
arrest—specific protein Gas-1 may act as class Il tumour
suppressars in the RAS transformation model. Class 1I genes,
unlike class I tumour-suppressor genes, are not targeted by
tumour-initiating mutations, but rather are regulated by
upstream signalling pathways and associated transcription fac-
tors'8. Moreover, we recovered genes involved in diverse signal
transduction processes regulating mitogenic activity and cell sur-
vival, cytoskeletal reorganization, stress response, oxidative
phosphorylation, glycolytic energy generation, fatty acid oxida-
tion, transport and cytotoxic drug processing (Table 1).

Besides Raf kinase, the key downstream effector of Ras, Raf-
independent pathways contribute to Ras-mediated transcriptional
alterations and transformation®, We determined to what extent the
Raf signalling cascade affects target gene transcription and trans-
formed phenotypes in FE-8 cells. On treatment with the specific
Mek inhibitor PD 98059 (ref. 19}, FE-8 cells displayed a more nor-
mal morphology (similar to that of 208F cells; Fig. 1a) and a
reduced capacity of anchorage-independent proliferation (Fig. 1c)
in the presence of unaltered levels of p21** (Fig. 1d), but decreased
levels of phospho-p44/42 Mapk (Fig. 1e). We found 61 RAS targets
to be sensitive toward MAP-kinase inhibition by reverse and con-
ventional northern analysis of RNA from treated FE-8 cells
(Table 2 and Fig. 2a—e). Mapk inhibition blocked downregulation
of 36 targets and upregulation of 25 targets. The inhibitor did not
affect the steady-state mRNA levels of 116 genes or expressed
sequences. The sensitivity of transcriptional alterations toward
Map kinase inhibition defines a subset of Ras-sensitive targets reg-
ulated by substrates of Erk1/Erk2. The 116 unaffected genes are
most likely controlled by Mek-independent pathways.

Although the products of HRAS, KRAS and NRAS are similar
in structure and function, the RAS protein isoforms differ in car-
boxy-terminal amino acid composition, expression pattern and

a
b 2
1.5
i
0.5
o]
208F 208F
KRAS NRAS
C p:r_lra.s' »o

Fig. 3 The 208F cell lines transformed with oncogenic HRAS, KRAS and NRAS
exhibit similar neoplastic characteristics. a, Morphology of normal 208F fibrob-
lasts, FE-8 cells, and KRAS and NRAS transformants, respectively. Phase con-
trast, magnification x100. b, Anchorage-independent proliferation of cells in
cultures on poly-HEME—coated surfaces determined by XTT-based colorimetric
assay. ¢, Western-blot analysis of p2172s,

post-translational modification*, Moreover, individual isoforms
are preferentially mutated in different types of cancers'. To deter-
mine how the two other RAS isoforms affect transcription, we
compared the expression of targets in FE-8 and 208F cells
expressing activated KRAS or NRAS (Fig. 3), respectively.
Approximately 90% of sequences (n=237) sensitive to HRAS
transformation showed a similar expression pattern in cells
transformed by other mutated RAS isoforms (data not shown).
This suggests that the oncoproteins encoded by mutated HRAS,

Table 3 « RAS isoform-specific transcriptional alteration

Sequence identity (GenBank/EMBL) 208F
ABC transporter Moat-B (ABCC4) 0
BCSC-1, breast cancer suppressor candidate 1 +
cyclooxygenase 1 (PtgsT) +
E1B 19k/Bcl-2-binding protein homologue (Bnip3) 0
EST AA743557 bt
EST AA792426 +
EST AA924000 +
ETF TEA domain transcription factor (Tead?2) bt
farnesyl diphosphate synth. (Fdps) +
Flap endonuclease-1 (FenT) 0
Flice-like inhibitory protein (Cash) 0
JAK1 protein tyrosine kinase (Jak7) +
MAPK phosphatase cpg21 (Dusp5) 0
melanoma antigen family B3 (MAGEB3) 0
MARCKS (Macs) ot
MMP-10, stromelysin 2 (Mmp10) 0
Mob-1, interferon activated gene 10 (/fi10) (f) 0
Tfe3 X-linked transcriptional activator (Tcfe3) et
Myb-binding protein P160 (Mybbp1a) +
novel transcript N317 4+t
P-cadherin (Cdh3) (g) -+t
phosphatidylinositol 3-kinase p170 (Pik3c2a) +++
Ras-GTPase-activating protein (G3bp2) 0
SBF1 phosphatase (SBFT1) 0
serum inducible kinase (Snk) (h) ottt
tyrosine phosphatase 1A-2a (Ptprn) (i) 0

Expression level

FE-8 HRAS 208F KRAS 208F NRAS
et 0 +
++++ 0 +
bt + +++

++ ++++ ++
+ 0 ++
++++ + +
++++ + ++
0 ++ ++
+++ 0 +
++++ + 0
+ ++ o+
o+t + +
++ +++ +++
B 0 0
0 + +t+
++ ++ 4+
o+ ++ +
0 + +
e+ ++ ++
0 ++ et
0 0 -
0 + ++
++t 0 0
+t+ + +
0 +++ 4
+++ 0 ++

Quantitation of transcript levels as in Table 2. Sequences marked f-i (in parentheses) were used as probes on northern blots shown in Fig. 2. We hybridized
labelled cDNA probes derived from 208F cells transformed by mutant KRAS and NRAS to cDNA arrays comprising HRAS-transformation-sensitive sequences
(n=233) and verified the results of reverse northern analysis by conventional northern blot. Moreover, we analysed 30 genes with low expression on northern
blots. Overall, we found more targets responding to HRAS than to KRAS or NRAS signalling. The analysis may be biased, however, because we derived the

expression profile primarily from HRAS-transformed cells.
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KRAS or NRAS generally impinge on identical transcriptional
targets. The transcript levels related to 26 ¢DNA fragments
showed distinct differences (Table 3 and Fig, 2f-i). The isoform-
specific downstream targets may aid in elucidating the mecha-
nisms of how distinct phenotypic effects are generated by genetic
ablation of different RAS genes®. The specificity of targets
responding to the RAS isoforms may be obscured by technical
differences in the selection procedures used for establishing
transformed cells. Similarly, not all genes shown to be regulated
by RAS signalling may turn out to be true targets. Some tran-
scription units may be predominantly controlled by rather indi-
rect mechanisms. Several selected targets, however, showed a very
similar expression pattern in normal rat ovarian surface epithe-
lial cells® (ROSE), in a KRAS-transformed derivative and in
208F cells carrying isopropyl-1-thio-B-D-galactoside (IPTG)-
inducible HRAS (ref. 21, see also http:// genetics.nature.com/sup-
plementary_info/). This confirms the specificity of the gene pro-
files described in the 208F/FE-8 cell system.

We have provided detailed sequence information on transcrip-
tional changes related to the activity of mutated RAS genes which
mediate the most prevalent oncogenic signal-transduction path-
ways in experimental and human cancer. RAS pathways are
elevated even in tumours not carrying activating mutations?%23,
In the absence of intrinsic mutations, the RAS signalling pathway
is stimulated by inactivating mutations of the gene encoding RAS
regulator NF-1 GAP in neurofibromatosis type I (ref. 24), by
complex formation of upstream effector proteins with the BCR-
ABL protein tyrosine kinase in chronic myelogenous leukaemia23
and by direct association of Ras with the STP-C488 protein of the
DNA tumour virus Herpes saimiri?®, We verified the differential
expression of 393 (47.8%) genes and gene fragments by north-
ern-blot analysis. In addition, we recovered 236 cDNA sequences
related to very low abundance transcripts, which likely exhibit
differential expression at a similar proportion. Overall, of all
expressed genes (estimating 5,000-15,000 different sequences),
2.6%-7.8% were transcriptionally altered in tumorigenic, RAS-
expressing cells relative to normal cells. The gene expression pro-
file of RAS-transformed cells provides correlative rather than
causal information. The specific set of genes recovered by cDNA
subtraction can be used for investigating the relationships
between oncogenic signalling molecules and their targets at the
level of the transcriptome. In this way, the number of targets
potentially executing the repertoire of biological activities of
tumorigenic cells may be narrowed to a limited set of genes
which can be assayed thoroughly for causal involvement in spe-
cific aspects of tumorigenesis. The distinct effects of the Mek
inhibitor on the RAS-specific gene expression profile indicate
that the expression profiling approach is useful in defining novel
drug targets with possible therapeutic payoff. The SSH method
permitted an efficient identification of RAS target genes with
known function and an unbiased isolation of novel sequences
not represented among pre-selected genes available on DNA
microchips*?8, In view of the number of putative class II
tumour-suppressor genes'”1%2 downregulated in RAS-express-
ing cells, SSH is a powerful approach for the identification of
anti-cancer genes and may complement the search for deletions
and mutations at the genomic level.

Methods

Cell culture and DNA transfections. We cultured cells in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
and antibiotics. Transfections were done by calcium-phosphate precipita-
tion'®, The FE-8 cell line is a G418-resistant, HRAS (G12V)-transformed
derivative of preneoplastic rat 208F cells!®. We used FE-8 cells from stocks
cryopreserved early after isolation and 208F cells maintained in culture

nature genetics * volume 24 ¢ february 2000

notlonger than 30 days for RNA isolation and construction of subtracted
¢DNA libraries. We isolated NRAS-transformed 208F cells after co-trans-
fection of the pcDneo resistance plasmid and the NRAS (G12D) onco-
gene® (kindly provided by J.J. McCormick) and selection in DMEM con-
taining G418 (400 pg/ml; Gibco). We isolated the KRAS-transformed 208F
cell line from morphologically transformed transfectants. KRAS (C12V)
was cloned from the SW480 human colon carcinoma cell line. Trans-
formed rat ovarian surface epithelial cells were isolated after transfection of
ROSE199 cells®® with KRAS (C12V). To generate cells expressing inducible
HRAS, we co-transfected 208F cells with the plasmids pSVlacOras and
pHplacINLSneo (ref. 21). We treated cells with IPTG (20mM; ICN) for4 d
to induce RAS expression and neoplastic transformation.

Inhibitor studies and proliferation assay. The MEK inhibitor PD98059
(Alexis; ref. 19) was dissolved in DMSO to a final concentration of 50 mM.
We treated FE-8 cells for 2 d with PD98059 at a final concentration of 50
MM. Anchorage-independent proliferation was measured semi-quantita-
tively in cultures grown on microtitre dishes coated with poly-2-hydrox-
yethyl methacrylate (poly-HEME; Sigma). We added a 5 mg/ml poly-
HEME stock solution (75 pl) dissolved in 95% ethanal to the wells and
allowed it to dry for 72 h at 37 °C. We seeded cell suspensions (1,000
cells/well) on coated dishes and monitored growth after 5 d using a sodi-
um 3° [1‘(phenyl-amino-carbonyl)-3,4—tetrazolium}—bis(4—methoxy-6—
nitro)-benzene sulfonic acid hydrate (XTT)-based colorimetric assay
(Roche). Formazan dye formation in metabolically active cells was mea-
sured at 490 nm.

Cloning of differentially expressed sequences by SSH. We prepared total
RNA from subconfluent cultures as described?!. Messenger RNA was isolat-
ed from 1 mg total RNA using the mRNA Separator kit (Clontech). We per-
formed c¢DNA synthesis and subtraction with the PCR-select cDNA sub-
traction kit (Clontech) according to the manufacturer’s protocol with mod-
ifications: we used a driver/tester volume ratio of 2:1 in the first hybridiza-
tion. We carried out 26 cycles of primary PCR and 10 cycles of secondary
PCR with the Advantage cDNA polymerase mix (Clontech). To evaluate the
efficiency of cDNA subtraction, we compared the transcript levels of the
housekeeping gene Gapd by RT-PCR in subtracted and unsubtracted cDNA
populations from 208F and FE-8 RNA, respectively. Detection of Gapd
sequences for both subtractions required 28 PCR cycles with subtracted
cDNA as template, whereas only 18 cycles were sufficient to amplify Gapd
from control cDNAs. Furthermore, transcript levels of genes known to be
differentially expressed in 208F and FE-8 cells were tested by RT-PCR. As
expected, HRAS-specific sequences were enriched in subtracted versus
unsubtracted FE-8 cDNA. Lysyl oxidase levels were increased in subtracted
versus unsubtracted 208F cDNA and decreased from a low level in unsub-
tracted FE-8 cDNA to a non-detectable level in subtracted FE-8 cDNA.

We purified subtracted ¢cDNA sequences using the QIAquick PCR
purification kit (Qiagen) and inserted 10 ng into the T/A cloning vector
pCR2.1 (Invitrogen). Individual transformants carrying cDNA fragments
were isolated from white colonies on X-gal/IPTG agar plates. To assess the
quality of the libraries with respect to redundancy and specificity, we ran-
domly picked 35 cDNA transformants from each library DNA and deter-
mined their sequence. We also analysed differential expression of the
individual cDNA sequences on northern blots with total RNA (10 pg) from
208F and FE-8 cells.

Sequence analysis. Sequencing reactions were performed with the M13
universal primer using the BigDye sequencing kit (Perkin Elmer) according
to the manufacturer’s protocol. Sequences were determined on an ABI377
sequencer. We discontinued sequencing of the cDNA inserts of subtracted
libraries when the number of redundant sequences exceeded that of novel
clones. Clustering was performed using the gap4 software (Staden pack-
age). Sequence homology searches were done against GenBank (nr) and
EST (dbEST) databases using the BLASTN program at NCBI (http:/fwww.
ncbinlm.nih.gov/BLAST). The last BLAST analysis was performed on 22
June 1999. Sequence management was performed with database tools
developed in our laboratory.

cDNA arrays and northern-blot analysis. We transferred non-redundant
plasmid DNA probes of all identified fragments to 96-well microtitre
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plates. Using PCR-Select adaptor-specific primers, we carried out PCR
amplification for 30 cycles (30 s 94 °C, 30 s 68 °C, 90 s 72 °C). The average
size of the inserted fragments was 800 bp. The PCR amplified inserts were
blotted onto duplicate 25%12 cm Nytran nylon membranes (Schleicher and
Schuell). We performed reverse northern analysis as described'?, except
using different hybridization conditions. For prehybridization of mem-
branes, we used 5xDenhardt’s reagent, 5XSSC, phosphate buffer (50 mM),
0.5% SDS and tRNA (100 ng/ml) at 65 °C for 3 h. Hybridization was per-
formed in the same buffer without Denhardt’s reagent and phosphate
buffer (50 mM) at 65 °C for 16 h.

For conventional northern-blot analysis, total RNA (10 jig) was fraction-
ated by electrophoresis through 1% agarose gels containing formaldehyde
and blotted in 20xSSC onto Protran nitrocellulose membranes (Schleicher
and Schuell). We labelled cDNA fragments with [32P]dCTP using the
ReadyPrime system (Amersham). Hybridization was performed in
ExpressHyb hybridization buffer (Clontech) at 68 °C overnight. Membranes
were washed twice in 2xSSC, 0.1% SDS at 42 °C for 20 min, twice in 0.1x5SC,
0.1% SDS at 66 °C for 30 min and exposed to X-ray film at-80 °C for 6 h-3 d.
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