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A B S T R A C T  

Neoplastic transformation mediated by ras oncogenes is associated with 
down-regulation of gene expression. We have constructed a subtracted 
complementary DNA library from preneoplastic rat 208F fibroblasts by 
hybridizing with mRNA from a ras-transformed subclone. One of the 
complementary DNA clones identified by this approach encodes the 3' end 
of iysyl oxidase, the homologue of the mouse ras recision gene. Expression 
of lysyi oxidase was almost completely down-regulated in two clones of 
H.ras- t ransformed 208F cells 0FE-8 and FE-56). We isolated a set of 
spontaneous phenotypic revertants of FE-8 cells (designated FSR) by 
cloning at limiting dilution. FSR revertant clones expressed high levels of 
lysyl oxidase and H-ras mRNA but grew only poorly in semisolid agar 
medium as opposed to anchorage-independent parental FE-8 cells. We 
obtained subclones of FSR cells which displayed again the transformed 
morphology of FE-8 cells but required anchorage for growth and contin- 
ued to express high levels of iysyl oxidase mRNA. Thus, expression of iysyl 
oxidase correlated with the suppression of anchorage-independent growth 
rather than with flat morphology. Lysyl oxidase might be a useful marker 
to distinguish between different aspects of reversion and transformation. 

nontumorigenic cell lines (19, 20). It was assumed that the hybrid cells 
continued to express tumor suppressor genes from the normal fibro- 
blasts. A transformation-reverting gene was identified by transfection 
into Ki-ras- transformed cells of a cDNA 4 library constructed from 

normal fibroblasts. The revertants obtained in this way expressed the 

K-rev gene, which is structurally similar to the ras oncogenes (21). 
Like transformation, reversion involves many alterations of gene 

expression. Oncogene-mediated effects are reversed, or novel, rever- 
sion-associated genes are induced. To identify such genes, we con- 
structed a subtracted cDNA library from preneoplastic 208F rat fibro- 

blasts. This library was about 70-fold enriched for genes that are 

down-regulated in H-ras- transformed 208F cells [FE-8 and FE-56 
(22)]. One of the cDNA clones isolated by this approach codes for 
lysyl oxidase, which shows 92% sequence identity to the mouse ras 

recision gene [rrg (23)]. Moreover, we showed induction of lysyl 
oxidase in a set of spontaneous revertants derived from FE-8 cells by 

single cell cloning from microtiter dishes. 

I N T R O D U C T I O N  

Ras proteins belong to the family of GTP-binding proteins. Ras 
proteins play an important role in the transduction of signals inducing 
mitogenesis or differentiation. Oncogenic transformation of cultured 

cells by ras genes has been extensively studied in vitro and in vivo. 

Especially, ras proteins which have been activated by point mutations 
are effective in transformation assays and induction of neoplasia in 
animals (1-4). Activation of ras proteins by point mutations is also a 
frequent event in human tumors (5). Overexpression of activated ras 

genes in murine fibroblasts has profound effects on cellular morphol- 

ogy and growth. The cytoskeleton is reorganized and the extracellular 
matrix is degraded, ras-transformed fibroblasts are able to grow with- 

out anchorage and to form tumors in nude mice. Most of these phe- 
notypic changes are the consequences of altered gene expression. 
There are many examples of genes which are induced upon transfor- 
mation by ras oncogenes (6). However, less is known about genes 

down-regulated upon neoplastic transformation. Expression of colla- 
gens (7), the major histocompatibility antigen (8), and a-actin (9) was 
reduced or abolished in oncogene-transformed cells. 

Transformation by ras oncogenes is reversible despite the continu- 
ous expression of the p21 ra~ protein. Stable revertants have been 
obtained by treatment with cytokines (10, 11), with various chemical 

inducers (12-15) and by mutagenesis followed by drug selection to 
enrich for rare flat cells (16-18). Unlike their transformed precursors, 
the revertants exhibited a flat, fibroblast-like morphology, loss of 
anchorage-independent proliferation, and a reduction or loss of tu- 
morigenicity. Suppression of the transformed phenotype was also 
observed after fusion of transformed cells with normal diploid cells or 
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M A T E R I A L S  A N D  M E T H O D S  

Cell Culture. Cells were grown in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal calf serum, penicillin (100 units/ml), and strep- 
tomycin (100/xg/ml) (standard medium). 208F cells are immortalized, nontu- 
morigenic rat fibroblasts (24). FE-8 and FE-56 cell clones were obtained after 
cotransfection of the T24 EJ-ras oncogene (25) and the pSV2neo plasmid (26) 
into rat 208F cells. REF-52 cells are immortalized rat fibroblasts which require 
the cooperative action of activated ras and nuclear oncogenes for neoplastic 
transformation (27). DNA transfections were accomplished by the calcium 
phosphate precipitation method described by Wigler et al. (28). Transfectants 
were selected in standard medium plus G418 (500 /.~g/ml). Anchorage-inde- 
pendent proliferation was determined by seeding 102 and 103 cells into stan- 
dard medium supplemented with 0.4% (w/v) Noble agar (Difco) as described 
(29). After 3 weeks of incubation at 37~ colonies were counted. Single 
colonies were isolated by aspiration with a Pasteur pipet, plated into 0.5 ml 
standard medium, and maintained as monolayer cultures for further analysis. 

eDNA Synthesis. Ten /xg of poly(A) + RNA from 208F cells, isolated by 
the guanidinium thiocyanate method (30) and two subsequent cycles of chro- 
matography on oligodeoxythymidylate cellulose (31), was reverse-transcribed 
in a volume of 100 ~xl containing 50 mM Tris buffer (pH 8.3); 6 mM MgC12; 40 
mM KCI; 10 mr~ dithiothreitol; 50 p~g/ml bovine serum albumin; 1 mr~ con- 
centrations each of dATP, dCTP, dGTP, and dqTP; 100 /xCi [32p]dCTP; 10 
pmol//~l adaptor primer (CACTAGTCGACTCGAG(T)15); 80 units RNase 
inhibitor (Boehringer); and 160 units Moloney murine leukemia virus reverse 
transcriptase (Boehringer). The primer contains restriction sites for XhoI, Sail, 
and SpeI. After 1 h at 37~ the reaction was stopped by addition of 25 mM 
EDTA and extraction with phenol:chloroform (1:1). RNA was hydrolyzed with 
150 mM NaOH for 30 min at 65~ The reaction mixture was neutralized with 
150 mM HC1 and 100 mM Tris buffer, pH 7.5. The single-stranded cDNA was 
size-fractionated on a Sepharose CL4B column (10 x 0.5 cm) in 10 mM Tris 
(pH 8)-1 mM EDTA-100 mM NaCI buffer to remove DNA fragments smaller 
than 300 base pairs. 

Subtraction and Positive Selection. We used the method described by 
Fargnoli et al. (32). About 1 /xg of cDNA was applied to a Centricon 30 
microconcentrator (Amicon), mixed with 10 txg of poly(A) + RNA from FE-56 
cells, prepared by only one cycle of oligodeoxythymidylate cellulose chroma- 

4 The abbreviations used are: cDNA, complementary DNA; poly(A) + RNA, polyade- 
nylated RNA; SDS, sodium dodecyl sulfate; HAP, hydroxylapatite; PCR, polymerase 
chain reaction; REF, rat embryo fibroblasts; dA, deoxyadenosine. 
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tography, washed twice with 10 mM Tris (pH 6.8)-0.4 mM EDTA-0.1% SDS 
buffer, and concentrated to a volume of approximately 50/xl. The cDNA/RNA 
solution was further concentrated by vacuum centrifugation to a volume of 
<15 /.1.1 and 2 M sodium phosphate buffer, pH 6.8, was added to a final 
concentration of 400 mM. The mixture was boiled for 2 min and hybridized at 
65~ to a Rot of >1000 [assuming 10.3 Rot/h and ~g//zl of poly(A) + RNA]. 
Following hybridization, single-stranded cDNA was separated from cDNA/ 
RNA hybrids by HAP chromatography using DNA-grade HAP (Bio-Rad) and 
a water-jacketed column equilibrated at 62~ The hybridization mixture was 
diluted to 1 ml with 80 mM sodium phosphate and loaded on the column packed 
with 250 mg HAP (1.5-ml bed volume). Single-stranded cDNA was eluted 
with 5 ml 130 mM sodium phosphate, double-stranded cDNA/RNA was eluted 
with 5 ml 400 mM sodium phosphate at 62~ Under these conditions, 3% of 
the cDNA was recovered in the single stranded fractions. The subtracted cDNA 
was concentrated and hybridized to 10/xg poly(A) + RNA from 208F cells as 
described above. This positive selection step removed A + T-rich sequences 
and other nonhybridizing molecules. After the second HAP chromatography, 
approximately 50% of the subtracted cDNA was recovered as cDNA/RNA 
hybrids in the double-stranded nucleic acid fraction (eluted with 400 mM 
sodium phosphate). The fractions containing cDNA/RNA hybrids were pooled 
and concentrated, and RNA was hydrolyzed as described above, cDNA was 
precipitated with ethanol, dissolved in 10/xl 10 mM Tris, (pH 8)-1 mM EDTA 
buffer and used directly for dA tailing. 

dA Tailing and Amplification by PCR. dA tailing of cDNA was accom- 
plished by incubation with 40 units terminal deoxynucleotidyl transferase 
(Pharmacia) in a volume of 25 /xl of 100 mM sodium cacodylate buffer (pH 
7.2), 0.2 mM dithiothreitol, 2 mM MgCI2, and 5/xM dATP at 37~ for 30 min. 
The enzyme was inactivated by incubation at 65~ for 20 min. Aliquots of the 
reaction mixture were directly used for PCR amplification. PCR was per- 
formed in 100-/xl volumes containing 2.5 units Taq polymerase (Perkin-Elmer/ 
Cetus); 100 pmol adaptor primer; 200 p.M concentrations each of dATP, dCTP, 
dGTP, and dTrP; 10 mM Tris, pH 8.3; 50 mM KCI, and 1.5 mM MgC12. 
One-half of the subtracted eDNA was amplified using two initial cycles at 
95~ for 1 min, at 30~ for 2 min, and at 72~ for 30 rain, followed by 33 
cycles at 95~ for 1 rain, at 50~ for 1 min, and at 72~ for 5 min. The size 
of the amplified cDNA was in the range of 300 to 1000 base pairs as estimated 
by agarose gel electrophoresis. The yield of PCR products was about 2/xg. 

Construction of the cDNA Library and Differential Screening. PCR 
products were purified on a Diagen 20 column (Quiagen) as recommended by 
the manufacturer, digested with XhoI, extracted with phenol:chloroform (1:1), 
and ethanol precipitated. Sixty ng of the subtracted cDNA were ligated to 1 /_tg 
of Xhol-digested, dephosphorylated AzapII vector DNA (Stratagene). Packag- 
ing and plating of ligated phage yielded approximately 250 recombinants/ng of 
cDNA. The recombinant phage library was amplified and 5000 phages were 
plated at low density (103 plaque-forming units/15-cm dish). Duplicate nylon 
filters (NEN) from each plate were prepared. One hundred ng of either sub- 
tracted 208F minus FE-56 cDNA or single-stranded total FE-56 cDNA were 
labeled with [32p]dCTP by random primer extension (33). Duplicate filters 
were hybridized in 50% formamide, 1 M NaC1, 10% dextran sulfate, 1% SDS, 
50 mM Tris (pH 7.5), 200 ~g/ml denatured salmon sperm DNA with 3 • 105 
cpm labeled cDNA/ml. Differentially hybridizing single phages were collected 
and stored in 0.5 ml 500 mM NaCl-8 mM MgSO4-50 rnM Tris (pH 7.5)-0.01% 
gelatin buffer. Recombinant phage clones were converted into Bluescript plas- 
raids according to the in vivo excision protocol (Stratagene). Recombinant 
plasmids were digested with XhoI and fractionatcd by agarose gel electropho- 
resis, and inserts were purified by adsorption to glass beads (Bio 101). The 
nucleotide sequence of selected clones was determined from the double- 
stranded plasmid DNA by sequencing with the T7 and T3 sequcncing primers 
using an automated sequencing system (Applied Biosystems). 

Northern Blot Analysis. Tcn/_tg of total RNA or I ~g of poly(A) ~ RNA/ 
lane were dcnatured with glyoxal (34), fractionated on 1% agarosc gcls in 10 
mM sodium phosphate buffer (pH 7), and transferred to nylon filters (Gene 
screen plus; NEN) in 1() • SSC standard saline-citrate (1 • standard saline- 
citrate is 1.5 M NaC1-0.15 M sodium citrate). RNA was bound to the filters by 
UV irradiation with 1200 MeJ. Filters were hybridized at 42~ with random 
primed, 3-~P-labeled DNA fragments (--10 ~" cpm/ml) in 50% formamide, 1 M 
NaC1, 10% dextran sulfate, 1% SDS, 50 mM Tris (pH 7.5), and 200 /xg/ml 
denatured salmon sperm DNA. Final filter washes were done in 0.1 • standard 
saline-citrate/0.1% SDS at 65~ 

R E S U L T S  

Subtraction Cloning of Genes Which Are Down-Regulated in 
H-ras-transformed Cells.  To identify genes  which  are down-regu-  

lated by overexpress ion  of  muta ted  H-ras in un t rans formed  fibro- 

blasts, we const ructed a subtracted c D N A  library f rom 208F cells. 

This  immor ta l ized  rat f ibroblast  cell line (24) is nontumor igen ic ,  is 

anchorage-dependent ,  and shows a fiat m o r p h o l o g y  (Fig. 1). We have 

in t roduced  the act ivated H-ras gene f rom h u m a n  EJ bladder  carci- 

n o m a  cells into 208F cells by cotransfect ion with p S V 2 n e o  D N A  and 

establ ished the c lones  FE-8 (20) and FE-56.  These  cells express  h igh  

levels of  H-ras m R N A  (Fig. 2)  and p21 raS (data not shown).  FE-8 and 

FE-56 clones  exhibit  a t ransformed m o r p h o l o g y  (Fig. 1) as wel l  as 

anchorage- independen t  proliferation. We subtracted c D N A  from 208F 

cells wi th  m R N A  f rom H-ras-transformed FE-56 cells. The  subtracted 

c D N A  was  hybr idized back  to 208F m R N A  to r emove  nontranscr ibed 

D N A  molecules  (32). By this procedure  we  achieved an approxi-  

mate ly  70-fold en r i chment  of  cDNAs  represent ing m R N A s  which  are 

less abundant  in FE-56 cells and therefore down-regula ted  in response 

to H-ras-mediated t ransformation.  The  subtracted c D N A  was ampli-  

fied by the po lymerase  chain  reaction and used to construct  a 208F 

cel l-specif ic  c D N A  library. This  library was  differentially screened 

wi th  the subtracted c D N A  as posi t ive and FE-56 c D N A  as negat ive 
probes.  F rom 5000 recombinan ts  screened,  approximate ly  80% gave  

a very  s trong hybridizat ion signal wi th  the subtracted 208F c D N A  and 

were  later found to encode  type 1 collagens.  We chose 122 differen- 

tially hybridiz ing plaques for further analysis because  of  their w e a k  to 

in termediate  hybridizat ion signals. Forty-f ive recombinants  repre- 

sented either o~1 or o~2 col lagen (type 1) as shown  by cross-hybrid-  

ization and sequence  analysis.  Nor thern  blot  analysis us ing a c lone 

Fig. 1. Morphology of cell lines used in this study. Phase contrast, • 160. A, rat 208F 
cells: B, H-ras-transformed FE-8 cells. 
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Fig. 2. Northern blot analysis of (A) a l  (type 1) collagen, H-ras, and 13-actin and (B) 
lysyl oxidase expression in normal and transformed cell lines. REF, diploid rat embryo 
fibroblasts; REF-52 and 208F, immortalized, nontumorigenic cell lines; FE-8 and FE-56, 
Ha-ras-transformed 208F cells. Bars, positions of 18S and 28S RNA. Ten/xg of total RNA 
were analyzed per lane. Filters were probed with (A) the 500-base pair XhoI fragment of 
clone 11.2 (type 1 collagen), the 2.8-kilobase Sacl fragment of a pBR322 plasmid 
containing the activated H-ras gene from human bladder carcinoma T24 (25), the 1.6- 
kilobase BamHI /3-actin fragment of plasmid pHF5 [/3-actin (35)] and (B) with the 
254-base pair XhoI fragment of clone 14.2 (3' end of lysyl oxidase cDNA). 

representative line, FSR 3.1 (see Fig. 4A for morphology and Fig. 5 
for Northern analysis), formed less and smaller colonies in semisolid 
agar medium than the parental FE-8 cells (Table 1). When the FRS 3.1 
cell line was passaged repeatedly, subpopulations of cells with trans- 
formed morphology appeared, especially in dense cultures. Therefore, 
we asked whether the changes of cell morphology were accompanied 
by down-regulation of lysyl oxidase. We isolated one subclone of the 
revertant FSR 3.1 with a transformed morphology (STR1; Fig. 4B) 
from a monolayer culture and 6 single colonies from soft agar cultures 
(STR2-STR7). The subclones isolated from soft agar cultures initially 
consisted of flat cells, particularly when plated at a low density of 100 
cells/25-cm 2 dish. When cultures were maintained further, the char- 
acteristic fiat morphology was gradually lost and cell populations with 
transformed morphology appeared. Subclone STR6 is shown as a 
representative example (Fig. 4C). Despite the morphological changes, 
the cloning efficiencies in soft agar of all STR subclones were still 
reduced (Table 1). Northern analysis of lysyl oxidase, H-ras, and o~1 
(type 1) collagen expression in STR cells is shown in Fig. 5. Surpris- 
ingly, increased levels of lysyl oxidase and a l  (type 1) collagen 
mRNA were retained in all STR clones. 

coding for oil type 1 collagen as a probe is shown in Fig. 2A. We 
found high expression in 208F and REF-52 cells, as compared to FE-8 
and FE-56 cells. 

Selective Expression of Rat Lysyl Oxidase in Untransformed 
Rat Fibroblasts. Northern analysis of clone number 14.2 showed 
high expression in nontumorigenic 208F and REF-52 cells but very 
low expression in the two independent H-ras-transformed 208F cell 
lines FE-56 and FE-8 (Fig. 2B). Primary REF differed from estab- 
lished nontumorigenic fibroblasts in that they exhibited a very low 
expression of clone 14.2. The nucleotide sequence of the 254-base 
pair cDNA insert was determined and compared to the EMBL data- 
base (release 27). We found near identity to a part of the 3'-untrans- 
lated region of rat aorta lysyl oxidase (Fig. 3). The few discrepancies 
are probably due to sequencing errors or replication errors during PCR 
amplification. Clone 14.2 detected two mRNA species migrating 
around 28S RNA. Likewise, two rat aorta lysyl oxidase mRNAs of 
approximately 4.5 and 6.3 kilobases have been reported (36). How- 
ever, the sequence of clone 14.2 terminated 230 base pairs upstream 
from the end of the sequence reported for lysyl oxidase isolated from 
aorta. It should be noted that the 230 base pairs missing in clone 14.2 
correspond exactly to the region of lysyl oxidase that is nearly iden- 
tical to the 3' end of rat elastin cDNA (Fig. 3). There are no poly- 
adenylation signals (e.g., AATAAA) near the 3' in the aorta cDNA 
clone and in clone 14.2. It is therefore likely that there are additional 
3'-untranslated sequences in the intact lysyl oxidase mRNA. 

Induction of Lysyl Oxidase in Spontaneous Revertants of H-ras- 
transformed 208F Cells. We have obtained a series of spontaneous 
morphological revertants by plating FE-8 cells at high dilution. Tryp- 
sinized FE-8 cells were diluted to a cell number of 10-20/ml. One 
hundred /zl of this suspension were transferred into each well of 4 
microtiter plates (384 wells in total). After 10 days the plates were 
inspected for the presence of flat colonies. Three independent flat 
clones, called FSR-3, -4, and -5, were found and propagated further. 
This indicates a reversion frequency around 1% (3 clones of about 400 
colonies inspected). FSR-3, -4, and -5 cells were recloned in microti- 
ter dishes in the same way and 24 cell lines (FSR 3.1 to FSR 5.6) with 
the characteristic fiat morphology were selected (Fig. 4A). RNA was 
prepared from each cell line and expression of lysyl oxidase and H-ras 
mRNA was analyzed on Northern blots. Fifteen of 17 cell lines ex- 
pressed much higher amounts of lysyl oxidase mRNA than FE-8, but 
less than 208F cells. In contrast, expression of H-ras was unchanged 
as shown by Northern and Western analysis (data not shown). A 

DISCUSSION 

We identified rat lysyl oxidase as one of several genes which are 
down-regulated in immortalized rat 208F fibroblasts after transforma- 
tion by activated H-ras. The expression of lysyl oxidase was partially 
restored in spontaneous phenotypic revertants that continued to ex- 
press the oncogene. Lysyl oxidase catalyzes the oxidative deamination 
of peptidyl lysine to ot-aminoadipic ~-semialdehyde residues in pre- 
cursor polypeptides of collagen and elastin (36). The enzyme requires 
copper and pyrroloquinoline quinone as cofactors (39). The deami- 
nated lysine residues form covalent cross-links thereby insolubilizing 
and stabilizing the extracellular matrix. The differential mRNA ex- 
pression of lysyl oxidase in immortalized nontumorigenic rat 208F, 
ras-transformed cells, and phenotypic revertants supports the notion 
that this gene is an important marker for the transition from the 
immortalized nontumorigenic to the transformed state and vice versa 
(40, 41). It has recently been reported that the nucleotide sequences of 
the mouse ras recision gene (rrg) and rat aorta lysyl oxidase cDNA 
are 92% identical (23). rrg was identified as a gene which is induced 
in revertants of H-ras-transformed NIH 3T3 cells obtained after long 
exposure to mouse a//3-interferon (40). Its expression is high in pre- 
neoplastic NIH 3T3 fibroblasts, down-regulated upon H-ras transfor- 
mation and partially restored in persistent interferon revertants. The 
same gene was found to be induced in revertants derived from H-ras- 
transformed NIH 3T3 cells treated with the antibiotic azatyrosine (41). 
Ninety % of lysyl oxidase activity was detected in the culture medium 
of NIH 3T3 cells. The enzymatic activity appeared to correlate well 
with the tumorigenicity of the cells. Normal cells and revertants 
exhibited a 10-fold higher lysyl oxidase activity when compared to 
H-ras-transformed cells (23). 

To find out whether rrg expression is required for the maintenance 
of the reverted phenotype, Contente et al. (40) artificially repressed 
rrg expression in revertant cells. They observed retransformation of 
revertant cells after transfection with an antisense rrg expression 
vector. Our data provide further evidence for the proposed identity of 
rrg and mouse lysyl oxidase, since the rat gene is also strongly 
down-regulated in H-ras transformed FE-8 cells and induced in most 
of the spontaneous revertants derived from them (FSR clones). Lysyl 
oxidase mRNA expression was detected in aorta, lung, and cultured 
fibroblasts but not in kidney, heart, brain, and liver (36, 42). Interest- 
ingly, lysyl oxidase mRNA transcripts were low abundant in primary 
REE It is likely that REF represent a mixed cell population that is in 
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142 

RNLOX 

AGATT -5 

I III 
TGACTTGAGGTACAACTTCTGTTTTGGAATGAATTAGATAATTCCAGATT -2200 

142 

RNLOX 

-TGGTTTGATAATTGTTGACAATTCCCCCCATGCTACTTTTTCTGAGGNC -55 

llilllllllllllllllll II illlllllillililllllll I I 
CTGGTTTGATAATTGTTGACA-TT-CCCCCATGCTACTTTTTCTGAGGGC -2248 

142 

RNLOX 

AGAAACGTCTAATGTGACGA-TCTTCACATTACCATTACGAGGANTCNCA -104 

lillillllillllllllll llllllllllilllllllillll II 
AGAAACGTCTAATGTGACGACTCTTCACATTACCATTACGAGGATACACA -2298 

Fig. 3. Alignment of 14.2 cDNA and 3'-untrans- 
lated cDNA sequences of rat aorta lysyl oxidase 
(RNLOX). cDNA sequences were scanned for 
similarity using the FASTA algorithm (37) and 
aligned by using the NALIGN program (38). The 
underlined region in the sequence RNLOX is 
nearly identical to a part of rat elastin cDNA. 

142 

RNLOX 

142 

RNLOX 

ACACAGCAAAATCATTCCGATGACAGGTGTGATAGATGGAGAGCTAACAT -154 

llllli llllllllilllillllllllllllillilllllilli III 
GCACAGCGAAATCATTCCGATGACAGGTGTGATAGATGGAGAGCTAACAT -2348 

GCAACTGCCGAGTGTTTCACTGTTAGCCAGAACTAAGTCACT-GC-CCAC -202 

lllliilililllillilillllillllillilllllllill II lii 
GCAACTGCCGAGTGTTTCACTGTTAGCCAGAACTAAGTCACTTGCCCCAC -2398 

142 

RNLOX 

ACAGCAATTACACCATGAATCTCTAACATCACAACCTTCTTTCAAATACT -252 

lllllllllllliilllllillllillllilllllllllllllill il 
ACAGCAATTACACCATGAATCTCTAACATCACAACCTTCTTTCAAATACC -2448 

142 

RNLOX 

RNLOX 

RNLOX 

RNLOX 

RNLOX 

GT -254 

CACGGACTCATCCATCCTTCCATCCGTCATCCATCCATCCGTCCGTCCGT -2498 

CCGTCCTGACTGCCTAGTGCCACTGTCTGGCTAGGCACACCCACTATCAA -2548 

CCTGGTTCACCTGTCATGGCAGCCTGTACCCACCCCCGCCACACACCCCG -2598 

ACGCTGGCCTATAGTGCAAAGGTTGTGCGGGCTGGTCCTTCCCACAATGC -2648 

AGTACTGTAATCCCCGTCCCTCCTGGAGCC -2678 

a predifferentiation state different from immortalized nontumorigenic 
fibroblast-like cell lines. REF may require a very low amount of lysyl 
oxidase for stabilization of the extracellular matrix. Moreover, early- 
passage rat embryo fibroblasts may be protected from ras-induced 

malignant transformation by suppression mechanisms not involving 
lysyl oxidase. 

The reversion of rat FE-8 cells was not induced by any mutagen, 
inhibitor of protein phosphorylation (such as azatyrosine), or cytokine. 
The isolation of revertants from H-ras-transformed rat FE-8 cells is 
probably not due to an inherent heterogeneity of the parental clone. 
FE-8 cells are near-diploid (20) and all revertants express p21 ras at a 
high level. Reversion might rather have been a consequence of the 
high dilution of the cells during the cloning process. Growth of spon- 
taneously transformed NIH 3T3 cells at low density in medium with 
a high serum concentration favored spontaneous reversion (43). On 
the other hand, spontaneous transformation of NIH 3T3 cells was 

favored by growing the cells at low serum concentration and high cell 
densities (44). Therefore, we assume that the culture conditions used 
for the isolation of the FSR clones also facilitated the spontaneous 
reversion. The maintenance of the transformed state was strongly 
influenced by the culture conditions. Under conditions of unlimited 
growth, such as excess of nutrients, growth factors, and space on the 

culture dish, cells expressing a reverted phenotype were selected for, 
while limiting growth conditions favored the proliferation of trans- 
formed cells. Similarly, after several passages and especially in dense 
cultures we observed the appearance of a subpopulation of morpho- 
logically transformed cells. However, the retransformants continued 
to express lysyl oxidase and grew only poorly in semisolid agar 
medium. Moreover, the cells displayed again the flat phenotype when 
plated at low density. Depending on the culture conditions, the cells 
adapted their morphology without significantly changing the expres- 
sion levels of lysyl oxidase or the H-ras oncogene. Expression of lysyl 
oxidase was maintained even in cells isolated from small colonies in 
semisolid agar medium. Lysyl oxidase was irreversibly induced in 
these revertants and its expression rather correlated with the inhibition 
of proliferation without anchorage than with flat morphology. Thus, 
the establishment of the anchorage-independent phenotype is accom- 
panied by almost complete down-regulation of lysyl oxidase, while 
transition from the fiat to the rounded cell shape can occur in the 
presence of increased levels of lysyl oxidase. 

Apart from lysyl oxidase, we also found weak and irreversible 
induction of cd (type 1) collagen, one of the substrates of lysyl 
oxidase, in the revertants. Thus, the two genes seem to be coordinately 
regulated. By stabilizing components of the extracellular matrix 
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Fig. 5. Expression of lysyl oxidase (A), tt-ras and/3-actin (B), and o~1 (type 1) collagen 
(C) in subclones of FSR3.1 (STR1-7) as described in Fig. 2. 

There is increasing evidence that both gene expression (45) and signal 
transduction (46) are modulated by the interaction of cells with ex- 
tracellular matrix components. In addition to procollagen and proelas- 
tin, membrane-bound proteins critical for proliferation control may 
serve as substrates for lysyl oxidase and may transduce growth-in- 
hibitory effects as was proposed earlier (40). Cooperation of a set of 
genes is very likely required for the complete and stable reversion of 
a ras - t rans formed  cell. Finding out which transcription factors control 
expression of such genes in revertants might help to unravel a com- 
mon mechanism of reversion. 
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Fig. 4. Morphology of the spontaneous revertant FSR3.1 (A) and the two subclones 
STR1 (B) and STR6 (C); phase contrast, • 160. 

Table 1 Proliferation in semisolid agar medium of normal, ras-tranfformed, and 
reverted cells 

Cell line Morphology % of cloning efficiency in soft agar 

208F Flat, fibroblastoid <0.1 
FE-8 Transformed 35 
FE-56 Transformed 43 
FSR3.1 Flat 4 a 

STR1-7 Heterogeneous 2.5--4 a 
(fiat and transformed) 
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