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Histological and anatomopathological studies performed on 152 independent myeloblastosis-associated virus
type 1 (MAV1)-induced nephroblastomas allowed us to precisely define the chronology of tumor development
in chickens. Three tumors representing increasing developmental stages were used to construct genomic
libraries and to study both the state of proviral genomes and the sites of MAV1 integration in genomic DNA.
We established that increasing levels of proviral rearrangement, eventually leading to the elimination of
infectious MAV genomes, were associated with tumor progression and that 22 individual tumors, repre-
sentative of different developmental stages, did not contain any common MAV1 integration site. Cloning of
cellular fragments flanking the MAV1-related proviruses in tumor DNA showed that each one of eight
nephroblastomas tested expressed a high level of an as yet unidentified cellular gene (nov) whose transcription
is normally arrested in adult kidney cells. Cloning of the normal nov gene established that in one tumor, fused
long terminal repeat-truncated nov mRNA species were expressed, indicating that at least in that case, the high
level of nov expression was under the control of the MAV long terminal repeat promoter. The normal nov gene
encodes a putative 32-kDa secreted polypeptide, which is a member of a new family of proteins likely to be
involved in cell growth regulation. We also showed that the expression of an amino-terminal-truncated nov
product in chicken embryo fibroblasts was sufficient to induce their transformation.

The avian nephroblastoma induced by myeloblastosis-
associated virus (MAV) is generally considered a good
model for the human Wilms' tumor because of their histo-
logical similarities (i.e., embryonic tissues consisting of a het-
erogeneous mixture of immature and differentiated renal
elements) (18, 23). It is now well established that nephro-
blastoma development in humans is associated with deletion
of at least one of two distinct genetic loci assigned to
chromosome 11: llpl3 (11, 27, 33, 40), lip15 (26, 37), and
alteration of a locus outside of llp (16, 21, 43). There is also
a growing body of evidence to suggest that recessive alleles
at these loci are involved in tumorigenesis. Recently, one of
the candidate Wilms' tumor genes, located at the chromo-
some llpl3 locus within the WAGR complex, was reported
to encode a potential zinc finger protein (7, 13).
We believe that studying MAV-induced nephroblastoma

may lead to the characterization of molecular events asso-
ciated with tumor development which might not be directly
accessible in the human system. MAV is a replication-
competent retrovirus responsible for the induction of neph-
roblastoma, osteogenic osteoblastoma (osteopetrosis), and,
less frequently, lymphoid leukemia and sarcoma in chickens
(48). On the basis of differences in their pathogenicity, two
strains of MAV2 were identified as inducing preferentially
osteopetrosis [MAV2(0)] or nephroblastoma [MAV2(N)],
although plaque-purified MAV2(0) and MAV2(N) still in-
duced 20% nephroblastomas and 30% osteopetrosis, respec-
tively (48, 53). Tl-resistant oligonucleotide maps established
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for these two viral strains confirmed that they were geneti-
cally distinct (54), but the molecular basis of tumor induction
by MAV remains to be elucidated. On one hand, studies of
nephroblastoma induced with plaque-purified MAV2(0) did
not detect proviral insertion in the vicinity of known proto-
oncogenes (5); on the other hand, a provirally activated
c-Ha-ras was revealed in one case of MAV2(N)-induced
nephroblastoma (55). Insertional mutation and transduction
of the c-fos proto-oncogene have also been reported in avian
leukosis virus-induced nephroblastomas (8, 31).
We have previously reported the isolation of an infectious

MAV1 proviral clone (35) and shown that the corresponding
genetically pure MAV1 strain induced specifically nephro-
blastomas when injected into day-old chicks (49). This
system therefore represented a unique tool with which to
study the molecular events involved in the genesis of MAV-
induced nephroblastoma in chickens and to determine
whether the avian and human tumors might share common
pathways of induction.

After a preliminary characterization of the state of proviral
DNA in tumor cells, we had reported evidence suggesting
that nephroblastomas are polyclonal tumors (49). We could
show, in addition, that the MAV1-induced nephroblastomas
contained a number of rearranged proviral genomes which
increased in number with the development of the tumors
(49). To understand the relationship that might exist between
proviral rearrangements and tumor induction or progression,
we analyzed the proviral content of several independently
induced nephroblastomas and characterized the MAV1 inte-
gration sites in tumor DNA. The results reported below
show that the rearrangements of proviral sequences, which
increase with tumor progression, result in the elimination of
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NEW CELLULAR GENE OVEREXPRESSED IN NEPHROBLASTOMAS 11

intact MAV1 proviruses and give rise to MAV1-related
structures bearing only one long terminal repeat (LTR).
Also, all of the tumors that we have tested express a high
level of an as yet unidentified gene (nov) which belongs to a
new family of immediate-early genes likely to play a role in
cell growth regulation. We report for the first time that
overexpression of such a gene is associated with tumorigen-
esis and that expression of a truncated version of nov in
chicken embryonic fibroblasts (CEF) is sufficient to induce
the transformation of CEF in vitro.

MATERIALS AND METHODS

Virus and chicken strains. The MAV1 strain used in this
study was propagated from CEF transfected with the DNA
of a A 311411 MAV1 proviral clone (35) under previously
described conditions (49).
Chickens were from the C/E Brown Leghorn Edinburgh

strain (gs+ chf' V-) from Station de Pathologie Aviaire et de
Parasitologie, Institut National de la Recherche Agrono-
mique, Nouzilly, France. Day-old chicks were inoculated as
previously described (49).

Histological analysis. Every fifth day, following inocula-
tion, five birds were sacrificed and necropsied. Kidneys from
two control and from three infected chickens were fixed in
toto by immersion in Holland Bovin's fixative or neutral
formalin.
For each animal, four kidney samples (i.e., one sample for

each rostral and caudal lobe of the left and right kidneys)
were then embedded in paraffin. Sections (5 to 6 ,um thick)
were routinely stained with hemalum-eosis-saffron.

Periodic acid-Schiff, Masson's trichrome (9), and Jowe's
silver methenamine (24) staining were also performed when
necessary.

Molecular cloning. Procedures for nucleic acid purifica-
tion, Southern and Northern (RNA) blotting, and standard
cloning protocols were described previously (34). Dichloro-
methane was used instead of chloroform for nucleic acid
purification (29). Recombinant lambda DNA was prepared
as described previously (15).

Viral probes. The H191, EBG, BGE, and EXE probes
used for screening genomic libraries and mapping restriction
sites of recombinant clones were previously described (35,
50). The MAV U3-specific probe (HO) is a 160-nucleotide
oxaNI-HindIII DNA fragment derived from the MAV1 U3
LTR sequences and subcloned in pUC. This probe does not
cross-react with other retroviral U3 sequences (55).

Preparation of genomic libraries. Genomic libraries of
tumor DNA (tumors 501D, 501, and 725, described in
reference 49) were constructed in lambda EMBL4. High-
molecular-weight DNA (150 ,ug) purified from each tumor
was partially digested with EcoRI and fractionated by cen-
trifugation through a 10 to 40% sucrose gradient. DNA
samples (1.5 p.g) ranging in size from 15 to 20 kb were ligated
to 3 ,ug of EcoRI-digested lambda EMBL4 DNA and used to
infect Escherichia coli P2 after in vitro packaging (28). A
total of 4 x 105 to 5 x 105 recombinant clones from each
library screened by hybridization with 32P-labeled nick-
translated U3-specific probe under stringent conditions (34)
gave rise to 29 independent clones whose structures are
described in Results.
Genomic probes. Genomic DNA fragments free of repeti-

tive sequences and containing the cellular sequences flank-
ing proviral genomes in tumor DNA were purified and
subcloned in pUC18, pUC19, or pBR322 to generate the
probes represented in Fig. 2.

Isolation of nov cDNA. A 25-ng sample of cDNA [corre-
sponding to 13-day-old CEF poly(A) RNA] was ligated with
1 ,ug of lambda gtlO arms to prepare a normal chicken
fibroblast cDNA library, using an Amersham kit. Following
screening with the HX1024 probe, seven clones were puri-
fied. The longest insert (1.9 kb) was purified according to the
Geneclean method (Bio 101) and subcloned at the KpnI site
of Bluescript KS+ (Stratagene) to generate the pClK clone.

Nucleotide sequencing. Sequencing was performed by the
dideoxy-chain termination method (42) in the presence of
[a-35S]dATP and either T7 polymerase (Pharmacia) or Se-
quenase (U.S. Biochemical) under the conditions described
by the manufacturers. Templates were obtained from
M13mpl8 and M13mpl9 recombinant clones. Sequencing
primers were purchased from New England Biolabs. GC
compressions were resolved by using deoxyinosine (U.S.
Biochemical). Sequence data treatments were performed by
using the computer facilities at CITI2 in Paris.
cDNA polymerase chain reaction (PCR) amplification of

tumor RNA. One microgram of poly(A) RNA purified from
tumor 725 was used to direct cDNA synthesis in the pres-
ence of 1.6 ,ug of oligo(dT) under the conditions recom-
mended in the Amersham kit. Following RNA hydrolysis at
50C for 30 min in the presence of 300 mM NaOH and
neutralization with 214 mM HCI-70 mM Tris-HCl (pH 7.5),
the cDNA was purified from nucleotides, oligo(dT), and salts
by two successive centrifugations through Centricon C-100
microconcentrators (Amicon).
The two amplimers used for PCR amplification were

synthesized on an Applied Biosystems synthesizer. They are
(i) specific for the U5 region of the MAV1 LTR (5'-ACCTC
TCACCACATTGGTGT-3') and (ii) complementary to the
3' and 5' boundaries of nov exons 2 and 3, respectively
(5'-TGTCTGTATGCAGCCATAGC-3').
PCR amplification was performed in the presence of 1 ng

of cDNA and 40 pmol of each primer under the conditions
initially recommended by Cetus (200 mM each deoxynucle-
oside triphosphate, 5% [vol/vol] dimethyl sulfoxide, and 2.5
U of Taq polymerase in a total volume of 100 ,ul). Thirty
cycles (2 min of denaturation at 94°C, 30 s of annealing at
55°C, and a 1-min extension at 72°C) followed by a 6-min
final extension at 72°C were carried out in a Perkin-Elmer
Cetus DNA thermocycler. The PCR products to be se-
quenced were blunt ended in the presence of PoliK (New
England Biolabs), phosphorylated in the presence of poly-
nucleotide kinase (New England Biolabs), and subcloned at
the SmaI site of M13mpl9. Recombinant clones containing
the relevant sequences were isolated following hybridization
with 32P-labeled oligonucleotidic probes (5'-CTTCAGCTT
CATTCAGGTGT-3' and 5'-ACACCTGAATGAAGCTGA
AG-3') specific for the MAV U5 sequences which were
expected to be coamplified.

Construction of pRSV recombinants and transfection. A
BamHI-HindIII fragment containing nov sequences (nucle-
otides 1 to 1452) and five nucleotides of polylinker was
cloned at the corresponding restriction sites in the CLA12
adaptor plasmid (22). The truncated nov sequences repre-
sented in tumor 725 which are delineated by an Aval site
(nucleotide 289) and a HindIII site (nucleotide 1452) were
cloned at the SmaI site of plasmid CLA12 following fill-in
with PoliK. These inserts were subcloned at the ClaI site of
the RCAS nondefective Rous sarcoma virus (RSV)-derived
proviral vector (22). The ClaI site is located 3' to a splice
acceptor, which allows the synthesis of a subgenomic nov
mRNA whose translation starts at a nov-specific initiation
codon. Clones pRSV 172 and pRSV 173 contain the entire
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FIG. 1. Histological and anatomical studies of nephroblastoma appearance and development. (a) Normal kidney, control chicken,
subcapsular embryonic rest. Seen is a nest of nephrogenic cells (arrowheads), with an island of primitive epithelial differentiation (white
arrow) from which tubules are differentiating (curved arrow). Also seen are well-differentiated urinary tubules (T). Magnification, x246. (b)
Pretumoral lesion, infected chicken. Seen are a hyperplastic lesion (H) with foci of blastema cells (star) and numerous poorly differentiated
urinary tubes (arrow); diffuse inflammatory infiltration is composed mainly of lymphocytes and plasma cells. The underlying renal tissue
shows well-differentiated tubules (T). Magnification, x66. (c) Nephroblastoma. The tumoral tissue is composed of a mixture of cords of
nephrogenic cells (straight arrows), urinary tubules (T), and abortive glomerules (curved arrows) enclosed in a loose, clear connective tissue.
Magnification, x 123. (d) Nephroblastoma. Rare tubular structures (arrow) are surrounded by undifferentiated cells in an irregular pattern. A
large amount of cartilage is present (star). Some epithelial structures undergo epidermoid metaplasia (curved arrow). Magnification, x41. (e)
Mesangioproliferative glomerulonephritis. Glomeruli are highly hypertrophied. The floculus is invaded with mononuclear cells (white
arrowhead). Glomerular capillaries are barely visible. Urinary space is often reduced (black arrow); adherences link Bowman's capsule to
flocculus (white arrow). (x200). (f) Histogram of the appearance of tumor lesions in 152 chickens after MAV1 inoculation. Vertical axis,
percentage of chickens presenting no macroscopic lesion (El), renal hypertrophy ( M ), or characteristic nephroblastomas (diameter, >1
cm) emerging clearly from renal lobes (_). Horizontal axis, days postinoculation. The age of each tumor analyzed is represented by arrows
at the bottom.
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VOL. 12, 1992



14 JOLIOT ET AL. MOL. CELL.

15011D:I BB1706

cl. 6,16
H EHI EH H -EB6009

E H H E
ci. 9 E_

HX3317 EHH EH H

cl.
17~~~~~~~~~~~~~~~~~~~~~~~~~~

ci.17 E,____H,__________

H EHH EH H HE161i

H EH EH E

HH3005

ci. 5

HH2710 H EH H

ci. 10 H H H i HH H

H EH H EH1612

H E:HH

1501 1
cl.21,61,82 E_ E

H EHH EHH

ci. 22,32, 81 F

H EHH IEH 'H EE1043

EH H HE E E E H H E
cl.31, 43,44,71 * ' ' ''

H EHH EH H

Hl .4 1
EH E

H EHH EH H

cl.51 57_E
EH1757 H EHH EH H

cl. 52,57 tE E H, H,77
,~~~~~~~~~~~~~~~~E H EH H H

17251
E H H H E HH-

C1.30 ' '' 7''9E
H EHH E EP3203

E H H EH H HH H HE

ci.3,32
EHH EH H

PP0809

ci. 9 E H
EHH E H HX1024

C1.15,24 ~~~~ ~ ~~~~~E,H H E,H H,E E
cl.15,24

EH H HH2004

c1.1, 4, 10, 13, 14, 17,26,28 E,,H A A H

HH3007 EHH EH H

E H H EH H H E E

H HH4216

E H H IF.
A H H H E HE

cl.5,6,11,12,16,25,33 Wm.

H

Hi.BE1

BIOL.



NEW CELLULAR GENE OVEREXPRESSED IN NEPHROBLASTOMAS 15

FIG. 2. Organization of MAV1 proviruses and cellular flanking sequences in nephroblastomas SOlD, 501, and 725. Twenty-nine
independent clones were isolated after screening of the genomic libraries with a probe specific for U3 MAV sequences (see Materials and
Methods). 501D and 501 did not reveal common features even though these tumors were derived from the same animal, indicating that they
were primary tumors and not metastases. The largest restriction maps are a compilation of several overlapping clones. Symbols: _, LTR;
_, gag; M , pol; , env; A, viral regions deleted. The cellular restriction fragments used as probes are indicated above the maps. E,
EcoRI; H, HindlIl; cl., clone.

nov sequences, and clones pRSV 171 and pRSV 170 contain
the truncated nov sequences, both inserts being in either the
correct orientation or the wrong orientation, respectively.
Ten micrograms of each recombinant plasmid DNA was

used to transfect Brown Leghorn CEF under the conditions
previously described (50). Growth without anchorage was
assayed as described previously (50) in the presence of 10 ,ug
of high-molecular-weight dextran sulfate (Pharmacia) per ml.

Nucleotide sequence accession number. The sequence re-
ported has been deposited in the GenBank/EMBL data
bases under accession number X59284 CHICKEN NOV
CDNA.

RESULTS
Tumor development: anatomical and histological definition

of two different stages. Histological studies of MAV1-in-
fected kidneys revealed two successive stages in tumor
development (Fig. 1). From days 11 to 53 postinfection, a
hyperplasia of the metanephric renal blastema caused hyper-
trophy. The hyperplastic tissue was infiltrated with inflam-
matory cells composed mainly of lymphocytes and plasma
cells. Lymphoid follicles were also frequently observed. We
call this the pretumoral period (Fig. lb). MAV1-specific
sequences could be detected by PCR analysis in kidneys as
well as in other tissues from day 4 postinoculation through-
out the pretumoral stage (unpublished observations).
At and after this hypertrophic stage, mild irregularities

could be observed in the vicinity of the renal blastema:
urinary tubules were more convoluted, tubular epithelial
cells became more basophilic, and glomeruli were more
numerous than in kidneys of control animals. Regression of
the hyperplasia was correlated with the emergence of typical
nephroblastomas (>1 cm) on renal lobes from day 53 on-
wards. This corresponded to the beginning of the tumor
stage. Multiple renal tumors of variable size could often be
found in the same animal. At this stage, the tumoral tissue
was composed of epithelial and connective derivatives,
stroma, and undifferentiated blastema cells, often associated
with aberrantly organized abortive tubules and glomeruli
(Fig. lc).

In agreement with previous reports (3, 18, 23), the histo-
logical aspect of the larger tumors (>6 cm), such as tumor
725, showed a more varied pattern. Beneath the components
described in early tumors, the more developed tumors
contained variable amounts of cartilaginous and osseous
tissues, and in most tumors, inflammatory infiltration could
not be detected (Fig. ld). Glomerular lesions, similar to
mammalian proliferative glomerulonephritic lesions (46), be-
came particularly obvious 53 days postinoculation (Fig. le).
Our cytological observations, in accordance with previous
findings (17, 19), revealed that nephroblastomas in chickens
are nonmetastatic, suggesting that they may have a multi-
centric origin.

Progression in tumor differentiation correlates with increas-
ing rearrangements of proviral sequences and loss of one LTR.
Genomic libraries were constructed with tumors 501D, 501,

and 725, which are representative of different developmental
stages and differentiation states (49). All of the viral/cellular
junctions of the constructed MAV-specific clones corre-
sponded to the clonal junction fragments previously identi-
fied by Southern blotting in these tumors (49), indicating that
the MAV1 proviral clones originated from tumor cells.
Most proviruses from tumors 501D and 501 appear to

represent full-length MAV1 genomes with normal restriction
maps. We have ascertained by interference assays of trans-
fected CEF (51) that the full-length MAV provirus of clone
43 (tumor 501) yielded infectious progeny. Also, probe
EE1043, which contained flanking cellular sequences, de-
tected clonal fragments in the DNA from tumor 501 (data
not shown). These observations demonstrated that intact
infectious proviruses were present in the genome of tumor
cells.
Two MAV1 proviruses in tumor 501D (clones 5 and 10)

sustained internal deletions, while another one lost 3'-prox-
imal sequences, including the LTR (clone 12). Only one
clone from tumor 501 (clone 57) contained a rearranged
provirus lacking 5'-proximal sequences (Fig. 2). This trun-
cated provirus shares its 3' LTR sequences with a normal
MAV1 provirus, suggesting that tandem integration ofMAV
proviruses occurred in the target cells.

In tumor 725, seven of eight clones contained MAV
proviruses devoid of one LTR and harboring extensive
rearrangements of internal sequences. In the eighth clone
(clone 30), the partially cloned MAV1 was also altered, since
nucleotide sequencing of the 5' LTR revealed a deletion
of 30 bp at the 5' boundary of the U3 domain (data not
shown).
The structures of the rearranged proviruses from tumor

725 suggested that the proviruses had undergone additional
(and possibly successive) rounds of alterations and that the
neoplastic cells in tumor 725 did not contain any full-length
MAV provirus. Therefore, it is likely that proviral rearrange-
ments were correlated with tumor progression.

Different nephroblastomas do not contain a common provi-
ral integration site. Southern hybridization performed with
probes containing cellular sequences flanking the proviruses
cloned from tumors 501D, 501, and 725 (Fig. 2) established
that rearrangement of cellular sequences occurred only in
the vicinity, and after deletion, of the proviral LTR (data not
shown). Cellular sequences flanking intact LTRs were there-
fore likely to represent the sites of proviral integration in
host DNA.

All of the probes corresponding to the original MAV1
integration sites in tumor 725 (Fig. 2) were hybridized to the
DNAs of 22 other independently generated nephroblasto-
mas. Except in one case, the DNA fragments identified were
found to be in germ line configuration in all of the tumors
examined (data not shown). Only probe PP0809 detected a
DNA rearrangement in a single other tumor. These obser-
vations indicated that the domains of proviral integration in
tumor 725 were not targeted for proviral integration in the
other tumors examined (at least within a range of 14 kb of
sequences).
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Characterization of a new cellular gene (nov) whose expres-
sion is upregulated in nephroblastomas. Northern blot analy-
sis of RNA isolated from normal kidneys, CEF, and neph-
roblastomas was performed with the cellular probes derived
from tumor 725 (Fig. 2). Only one of these probes (HX1024)
detected in normal CEF a mRNA species (2.2 kb) whose
expression was altered in all the nephroblastomas tested (see
below). The corresponding gene has been designated nov
(for nephroblastoma-overexpressed gene).
A shorter nov mRNA species (2.0 kb) was found to be

specifically overexpressed in tumor 725 (Fig. 3A). A 5.2-kb
mRNA species was also expressed, but at a much lower
level. Two probes (HX0724 and EE2424) derived from
cellular sequences upstream and downstream, respectively,
of the sequences represented in HX1024 (Fig. 3A) also
detected both mRNAs (data not shown). The 5.2-kb mRNA,
which was the only one detected by probe HX0924, presum-
ably contained sequences spliced out in the 2.0-kb mRNA
species (Fig. 3A).
The use of a nov cDNA (see below) as a probe established

that a 2.2-kb nov mRNA was overexpressed in four highly
differentiated nephroblastomas (719, 788, 406, and 415) and
to a lesser extent in tumors 501D, 501, and 520, which
represented earlier tumoral stages (Fig. 3B).

In the day 18 embryonic kidney, the nov mRNA species
(2.2 kb) was easily detected, whereas after hatching, expres-
sion of the 2.2-kb mRNA was reduced to a barely detectable
level (Fig. 3B). These observations suggest that the expres-
sion of nov is related to the differentiation state of renal
tissues, since it is repressed in the normal adult kidney and
reexpressed at a high level in all MAV1-induced nephroblas-
tomas tested. The levels of nov expression in the pretumoral
MAV1-infected kidneys (days 4 to 46) and in the kidney of
uninfected control animals were similar (data not shown),
indicating that MAV1 multiplication was not sufficient to
induce overexpression of nov.

Hybridization experiments performed with various fetal
chicken tissues demonstrated that the 2.2-kb nov mRNA was
expressed predominantly in the brain and the heart and at a
lower level in muscle and intestine (Fig. 3C). It was not
expressed in lung, liver, and yolk sac. In adult chicken
tissues, nov was highly expressed in lung and less so in brain
and spleen. It was not detected in muscle, liver, and heart
(Fig. 3C). In addition, nov transcripts were not expressed in
two avian tumorigenic hematopoietic cell lines (BM2 and
MSB1), indicating that the overexpression of nov in nephro-
blastomas was not simply the result of virus-induced cell
proliferation (Fig. 3).

Synthesis of chimeric MAV-nov RNA by a rearranged
proviral genome in nephroblastoma 725. Nucleotide sequenc-
ing of a nov cDNA clone and of the corresponding genomic
fragments demonstrated that nov was composed of at least
five exons (Fig. 4B) spanning about 10 kb of DNA and that
in the genome of tumor 725, an altered MAV1 proviral
genome was integrated in the second exon of nov (Fig. 4C).
PCR experiments showed that the 2.0-kb mRNA overex-
pressed in nephroblastoma 725 was a chimeric message
containing both cellular and viral sequences. The viral
nucleotide sequence upstream of the junction which occurs
at position 201 (Fig. 4A) was identical to the 91 3'-proximal
nucleotides of the MAV LTR U5 domain. The first putative
ATG initiation codon (position 318) was in the cellular
sequence and corresponded to an internal methionine codon
in normal mRNA.
These results indicated that the 2.0-kb mRNA, whose

transcription was probably initiated in the MAV LTR in
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nephroblastoma 725, represented a truncated version of the
normal 2.2-kb message expressed in fibroblastic cells.

Sequence analysis of the nov cDNA clone. Figure 4A depicts
the nucleotide sequence of the 1,975-bp nov cDNA clone. A
1.0-kb open reading frame encoding a putative protein of
32,300 Da was identified between nucleotides 24 and 1076.
This open reading frame is followed by a 899-bp 3' noncod-
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FIG. 3. Expression of nov in independently MAV1-induced nephroblastomas and in normal chicken tissues. (A) The cellular restriction
fragments used as probes in Northern blotting analysis are indicated above the map of tumor DNA. Samples containing 10 ,ug of total RNA were
hybridized with either probe HX1024 or probe HX0924. Lanes: a, tumor 725; b, normal adult kidney; c, normal CEF. (B) Total RNAs (10 ,ug)
from normal chicken embryonic kidney, from normal chick kidney, and from several nephroblastomas were hybridized with a 32P-labelled nov
cDNA insert. (C) Total RNAs (10 pLg) from various day 18 embryonic tissues (day -3), adult tissues, and tumoral avian cell lines (BM2 and
MSB-1) were subjected to Northern transfer and hybridized with the 32P-labelled nov cDNA insert. The Bethesda Research Laboratories RNA
ladder was used for size markers. Amounts ofRNA were normalized following ethidium bromide staining ofrRNA for cell lines or tissue mRNA
from different origins (A and C) or following hybridization with a 1-actin probe (2) when mRNAs from the same tissue were tested (B).

ing sequence that contains two putative consensus polyade-
nylation signals (AATAAA at nucleotide positions 1914 and
1932).
The potential nov polypeptide contains a hydrophobic

core characteristic of a signal peptide at its amino terminus
(with a stretch of six leucines). The von Heijne weighted
matrix method (52) predicts cleavage to occur between
amino acids Val (position 24) and Ser (position 25). How-
ever, since the nov protein lacks other hydrophobic re-
gions which are present in transmembrane proteins (10),
it is likely to be secreted. The nov protein contains the
consensus GCGCCXXC motif of insulinlike growth factor
(IGF)-binding proteins (IGFBP) (1, 4, 6) and a total of 39
nonclustered cysteine residues. The 29 scattered proline
residues prevent a-helix formation throughout much of the
nov product. Proline is not present between amino acids 171
and 242, and a basic region can be recognized between
residues 253 and 269. In tumor 725, the truncated nov
product lacked both the signal peptide and the IGFBP
consensus sequence.
The amino acid sequence of the nov protein shares an

overall homology of approximately 50% with the expression
products of a new family of genes, designated CEF-IO (47),
CYR-61 (32), and FISP-12 (41), which are thought to play a
role in cell proliferation regulation. The invariant position of
the 38 cysteine residues contained in these four proteins led
us to recognize two highly conserved domains (residues 6 to
170 and 221 to 335 in nov) separated by a stretch of less
conserved amino acids (Fig. 5). In all four proteins, the first

domain contains the IGFBP consensus sequence (Fig. 5).
However, these proteins are distinct from previously de-
scribed IGFBP (25) and are likely to constitute a new family
of secreted regulatory proteins.

Interestingly, these proteins exhibit different expression
patterns, and the nov mRNA species are the only members
of this family which do not contain the 3'-proximal TTATT
TAT motif that confers instability to transcripts (45).

Biological properties of the nov products. To directly assess
the oncogenic potential of the nov gene products, we have
constructed RSV-derived replication-competent retroviral
expression vectors harboring either the full-length nov gene
or the subset of nov sequences expressed in tumor 725.
Propagation of the recombinant viruses was obtained follow-
ing transfection of CEF with purified DNAs, and the RSV-
directed expression of nov in the infected cells was estab-
lished by Northern blot analysis (data not shown).
CEF cultures infected with the truncated-nov recombinant

(pRSV 171) gave rise to a significant number of dense foci of
transformed cells (Fig. 6D) able to grow without anchorage,
as revealed by their capacity to form large size colonies
when seeded in soft agar. Secondary cultures derived from
these isolated foci gave rise to dense foci of transformed
cells and colonies in soft agar. In contrast, very few foci and
no colonies were obtained in soft agar with CEF infected
with the pRSV 170, pRSV 172, and pRSV 173 RSV recom-
binants carrying either the truncated or the intact nov gene
cloned in both orientations (Fig. 6C, E, and F). Unexpect-
edly, the RSV-mediated expression of the normal nov gene

C cell lines
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A GCGGCCGGTAGACGGCCGGGACT ATC GAG ACG GGC GGC GGG CAG CCG CTG CCC GTC CTG CTG CTG CTC CTG CTC CTC CTC CGG CCG TGC GAGIGTG 95
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AGC GGG CGG GAG GCG GCG TGC CCC CGG CCC TGC GGC GGG CGC TGC CCC GCG GAG CCG CCG CGC TGC GCC CCG GGA GTG CCC GCC GTG CTG 185
S G R E A A C P R P C G C R C P A B P P R C A P G V P A V L

GAC GGC TGC GGC TGC TGC CTG GTG TGC GCC CGG CAG CGC GGC GAG AGC TGC TCC CCT CTG CTG CCC TGC GAC GAG AGC GGC GGC CTC TAC 275
D I t .Q C L A R Q R G E S C S P L L P C D E S G G L Y

TGC GAC CGC CGC CCC GAG GAC GGC GGC GGC GCC GGC ATC TGC ATG 4EG CTG GAA GGG GAC AAC TGC GTG TTC GAT GGG ATG ATT TAC CGC 365
C D R G P B D G G G A G I C M V L E G D N C V F D G N I Y R

AAC GGG GAG ACG TTC CRG CCC AGC TGC AAG TAC CAG TGC ACC TGC CGG GAC GGG CAG ATC GGG TGC CTG CCC CGC TGC AAC CTG GGC CTG 455
N G E T F Q P S C K Y Q C T C R D G Q I G C L P R C N L G L

CTG CTC CCC GGC CCC GAC TGC CCC TTC CCG CCC AAG ATC GAA GTC CCC GGA GAG TGC TGC GAG AAG TGG GTG TGC GAC CCC AGG GAT GAA 545
L L P C P D C P F P R K I B V P G E C C E K N V C D P R D E

GTG CTC CTG CGA GGC TTT GCT ATG GCT M TAC AGA CAG GAC GCC ACA CTT GGG ATA GAC GTG TCT GAT TCA AGT GCC AAT TGT ATT GAA 635
V L L G G F A X A A Y R 0 E A T L G I D V S D S S A N C I B

CAG ACA ACA GAM TGG AGT GCT TCT TCC AAR AGC TGT GGA ATG GGC TTT TCT ACC CGT GTT ACC AAC AGA AAT CAG CAG TGT GAG ATG GTG 725
Q T T B 1 S A C S X S C G N 0 F S T R V T N R N Q Q C E M V

AAG CAG ACA CGA CTT TGC ATG ATG AGA CCT TGT GAA AAC GAA GAG CCA TCT GAT AAM GA AM MA TGT ATC CAA AGA MG AM TCC 815
K Q T R L C M4 N R P C B N E E P S D K K G K K C I Q T K K S

ATG AMA OCT GTT COT TTT GA TAC AMG AAC TGC ACC ACT OTG CAG ACT TAC AAA CCT CGT TAC TOT GCC CTC TOC AAT GAT GG0 CGA TGC 905
#4 K A V R F B Y K N C T S V Q T Y K P R Y C G L C N D G R C

TOT ACC CCA CAC AAC ACC AAA ACC ATT CAA GTT GAG TTC CGC TGT CCT CAG GCC AAA TTC CTA AAA AAC CCA ATG ATG TTG ATC AAT ACC 995
C T P H N T K T I Q V E F R C P Q G K F L K K P MM L I N T

TGT GTC TGT CAT GGT AAC TGT CCT GAG AGT AAC AMT GCT TTC TTC CAG CCA TTA GAT CCC ATG TCT AGT GAA GC AAA ATA TGAAATGTATA 1087
C V C H G N C P Q S N N A F F 0 P L D P M S S E A K I

CTTTAGG#TGr;CCCAAAAGI;TATGTAGTTTGTACA^AAACTTGACCCACAATCAGCTGAATCTAATAATTGC,TATAGTAAAATATCTGACATTTTTTTCTAAACAGTCTGACTGCCTTTTT 1206
TTTCCTCTAGTTTACTAAATACCTCATGACGTT STQCCCCTCC QAATCTCTTTTATTCiTTAlGGUAATTGCTTGGAQ CAGACCTTCTCTTCTTTCTTGACAGTOU ATAAC 1325
GATTACRAAATCAAGGOTACOTCTTTCTCTCTGAGTTTAGCAGATTGTATCQAOAGCTACTG OGCTATTMTGTTCCTT0GGGAATGCTGATAATATG 1444
TCaCMh^CTTCATTTmCRCTTTGAATAAT=MAQACCTTCmCAGCTCTTCATTT$ GTCATAAATTCTTCCGAACGGTAATGAATGTTACT TGATGAGTCTG 1563

AMTTCTTCT T A TCTATCTOTACCTCTTGACTTTCTCTGAGGGATTAGTTTGCACATAGCCTCAGAAMTGACATAGCTAAGATCTCGTATCTTGAAGCATAGGAGA 1682
TTGATAGCTATAACAAATTTCTCATTCOTAGCTTTATTAGCGCCTAMTCCMAACCTACTGAAMGTGTCTTACAAGGCTTGGTTCTAACCAGTTCTGTCTGTAGATAAMGTA 1801
GTTOTATGCAAMAzAATTTCTOTAATTCTTTMATACTMCTGTATGAGATGOTGCTTCACTTACTAGACGATOTTTATOTAMAAGMACTGTATATATGTAATATAACT 1920
TTTATTAGOTAIAXCTTTATGTGATCAAAATGAAAAXhAMhAAAAAAhAAh1 1975

B s P # NII I I ~~~~HE D
nov cDNA 3\

normal chick-n Yh

E Xh X XH X X E H H X H X X EH H E Etumral DNI |||)2 f

(725, clone 24)

FIG. 4. Nucleotide sequence of the nov cDNA and deduced amino acid sequence and genomic organization of the normal and tumoral
nov gene. (A) Sequences. The predicted amino acid sequence is shown below the corresponding nucleotide sequence. The consen-
sus polyadenylation signals AATAAA are underlined. Stop codons are designated by an asterisk. Exons are delineated by brackets. The
boxed amino acid sequence represents the IGFBP consensus (GCGCCLVC). The predicted peptide signal cleavage site is indicated by a
vertical arrow between amino acids V and S at nucleotide position 95. The integration site of MAV provirus in the DNA of tumor 725
is indicated by the upper arrow between nucleotides TG and CG (position 211). (B) Restriction map of the longest nov cDNA clone isolated
(top) and genomic map of normal chicken DNA. Empty boxes represent exonic sequences and coding regions. E, EcoRI; H, HindIII; X,
XbaI; Xh, XhoI; S, SmaI; P, PvuII; M, MstII; N, NdeI; D, DraI. (C) Schematic representation of MAV1 sequences integrated in
the nov locus of tumor 725. Symbols: =, nov exonic sequences; M, MAV env; _, MAV LTR. E, EcoRI; H, HindIII; X, XbaI; Xh,
XhoI.
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FIG. 5. Comparison of the deduced amino acid sequences for nov, FISP-12, CYR-61, and CEF-10. Sequences have been aligned to give
maximal homology. nov shares 52% homology with FISP-12, 41% with CYR-61, and 42% with CEF-lO. CYR-61 is the mouse homolog of
chicken CEF-JO (32). The conserved residues in the sequences are boxed. Identical residues in two or three sequences are shaded. Stars
indicate the IGFBP consensus motif (GCGCCXXC). Putative cleavage sites of the signal peptides are indicated.

in CEF resulted in a marked inhibitory effect on their growth
capacity (Fig. 6E).

DISCUSSION

Understanding the molecular basis of nephroblastoma
induction by MAV is of particular interest because (i) very
little is known about the mechanism by which this nonde-
fective retrovirus leads to oncogenic transformation and (ii)
it is considered a good animal model for the human Wilms'
tumor.
Our data indicate that tumor progression is correlated with

a stepwise elimination of intact proviruses and the appear-
ance of increasingly rearranged MAV1 proviral sequences.
The final stage is exemplified by tumor 725, in which a
complete provirus cannot be detected. Aside from the loss of
one LTR, common viral rearrangements could not be iden-
tified in tumors from independent origins.

Alterations of the viral genome that result in the abroga-
tion of viral expression might permit tumor cells to elude
immune surveillance, as already suggested in the case of
other nondefective transforming retroviruses (12, 14, 20, 38).
Alternatively, these alterations might be required to generate
LTR-derived structures which act as transcription activators
and are responsible for growth stimulation or differentiation
of the tumor cells.

In our search for possible specific integration sites in the
genomic DNA of independent tumors, none of the probes
derived from tumor 725 detected a common MAV1 integra-
tion site in 22 nephroblastomas tested.

All tumors expressed high levels of a new cellular gene
(nov) sharing homologies with the CYR-61 (32), CEF-10 (47),
and FISP-12 (41) immediate-early genes.
PCR experiments revealed a fused viral/cellular message

encoding a truncated nov gene product in tumor 725. The
very high expression of this mRNA species probably results
from its control by the viral LTR promoter. Downstream
promotion of a proto-oncogene (c-Ha-ras) by the MAV LTR
has been reported, but in only one case of MAV2(N)-
induced nephroblastoma (55).

The present finding is unique because (i) the LTR-acti-
vated gene (nov) had not been detected previously, (ii) the
expression of nov is normally repressed in the normal adult
kidney, and (iii) nov is overexpressed (to a variable extent) in
all of the nephroblastomas that we have tested.

Since the presence of viral sequences in the immediate
vicinity (13 kb) of the nov gene could be demonstrated only
in the case of tumor 725, the downstream promotion of nov
did not occur in most tumors. The question therefore arises
as to whether its overexpression in the other nephroblasto-
mas is driven by LTR sequences acting as constitutive
enhancers (36) which are located several tens of kilobases
upstream or downstream of nov. In this respect, it is
important to recall that in all tumors except 725, the nov
transcripts are similar in apparent size to that expressed in
normal cells.
The expression of nov is probably not transforming per se

in all tissues, since large amounts of nov transcripts were
detected in normal adult brain and lung. Also, the expression
of nov cannot be definitely correlated with a particular stage
of differentiation, because (i) both adult and embryonic brain
cells, and adult lung cells, contain large amounts of nov
transcripts and (ii) a significant level of nov is expressed only
in embryonic kidney cells. Also, the expression of nov is not
simply dependent on either proviral infection or active
multiplication of transformed cells, because nov transcripts
were not detectable in pretumoral kidneys or in tumorigenic
BM2 and MSB1 chicken cell lines.
The use of recombinant replication-competent retroviral

constructs expressing either the intact or the truncated nov
gene demonstrated that the expression of the amino-termi-
nal-truncated nov gene was sufficient to induce cellular
transformation of CEF and that the overexpression of the
normal gene had an inhibitory effect on the multiplication of
the same cells. The lack of a suitable system, such as
blastema cells, has not allowed us to test the biological role
of nov on kidney cells in vitro.
Our observations have established the oncogenic potential

of the truncated nov polypeptide and indicate that the
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FIG. 6. Transformation of CEF induced by a truncated nov.

Secondary CEF (A) were transfected with DNA from salmon sperm
(B), pRSV 170 (C), pRSV 171 (D), pRSV 172 (E), or pRSV 173 (F).
Structures of the recombinant clones are described in Materials and
Methods. Plates were stained with Giemsa stain 13 days posttrans-
fection. The average numbers of transformed cells foci per 106 cells
calculated from duplicate dishes were 0 (A), 0 (B), 1.4 (C), 13.5 (D),
0.8 (E), and 1.4 (F).

biological effect of the normal nov product is different in
fibroblastic and kidney cells. The possibility also exists that
in addition to its putative IGF-binding activity, the nov

protein possesses an unidentified biological function located
in the conserved carboxy-proximal domain and that in
kidney cells, transformation results from the overexpression
of this function. Fibroblastic cells which already express nov

would not respond in the same way to the overproduction of
an intact nov polypeptide containing the carboxy-proximal
domain and having the capacity to bind IGF. In this connec-

tion, it will be interesting to determine whether the truncated
nov polypeptide which is overexpressed in tumor 725 is still
able to bind IGF.

Interestingly, IGF II has been found to be overexpressed
in some Wilms' tumors, and it has been proposed that it may
be involved in tumor genesis (39, 44). Experiments are now
in progress to determine whether expression of the nov
sequences which are conserved in humans (30) is also
upregulated in these tumors and whether nov-IGF interac-
tions constitute a critical factor in the tumor process.
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ADDENDUM IN PROOF

Another polypeptide sharing 52% homology with nov has
been described recently (CTGF; D. M. Bradham, A. Iga-
rashi, R. L. Potter, and G. R. Grotendorst, J. Cell Biol.
114:1285-1294, 1991). This protein has mitogenic and
chemotactic properties and is the human homolog of FISP-
12.
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