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Fig.4 Induction of the lymphoid-specific octamer binding protein
by LPS. 70Z/3 cells were grown in roller bottles to 3-5x10°
cells/ml in a 1-1 volume and treated with LPS (10 wg ml™") for 5 h,
12 h or 24 h, after which nuclear extracts were prepared. These
extracts as well as uninduced 70Z/3 nuclear extract were tested at
8 ug and 4 pg of protein in the electrophoretic mobility shift assay.

many B-lymphoid cell lines, including the ability to activate
immunoglobulin gene transcription'>"*%, and we therefore tested
its ability to alter the expression of octamer binding proteins.
We prepared nuclear extracts from the LPS-responsive pre-B-
cell line 70Z/3 (ref. 12) before and after treatment with LPS for
5, 12 or 24 hours. When equivalent amounts of nuclear extract
protein were tested for octamer binding (Fig. 4), NF-A2
increased sixfold following 24 h treatment by LPS whereas NF-
Al was virtually unchanged. When another pre-B-cell line, PD
(ref. 19), was treated for 24 h with LPS, again NF-A2 was
induced fourfold by LPS without a corresponding increase in
NF-Al (data not shown). When cycloheximide was added
20 min before a 6.5-h LPS treatment of 70Z/3 cells, no induction
of NF-A2 was observed (data not shown). Thus, the lymphoid-
specific octamer binding protein NF-A2 is preferentially induced
in lymphoid cell lines by treatment with LPS and this induction
requires new protein synthesis. Because the induction of x-chain
transcription in 70Z/3 cells by LPS does not require new protein
synthesis'”'8, an increased amount of NF-A2 is apparently not
required for the induction of k-chain transcription.

Recent experiments (T.W. et al., manuscript in preparation)
demonstrate that a synthetic promoter consisting of an octamer
oligonucleotide placed upstream of a TATA box is sufficient
for lymphoid-specific transcription. Thus, the octamer motif
seems to be necessary®*%%° and sufficient for lymphoid-specific
promoter activity. In apparent contradiction, the human histone
H2B gene promoter, which is presumably not tissue-specific,
has an octamer positioned 17 base pairs upstream of a TATA
box and mutation of the octamer significantly decreases tran-
scription in vitro'®. A possible explanation is that proteins bound
to sequence motifs flanking the histone H2B octamer could be
required to interact with NF-A1 in order to generate an active
transcription complex. The H-chain promoter, which contains
no other conserved sequence motifs besides the octamer, would
then be inactive in non-lymphoid cells. NF-A2 might be able
to stimulate transcription in the absence of other DNA binding
factors. Thus, the lymphoid specificity of NF-A2 would explain
the lymphoid specificity of immunoglobulin promoters.

Recent studies suggest that in lymphoid, but not non-
lymphoid, cells the octamer motif contributes to H-chain enhan-
cer activity’®?'. The H-chain enhancer has been shown to be
equivalently active in pre-B, B- and myeloma cell lines?, all of
which contain NF-A2. Thus, NF-A2 may be involved in the
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lymphoid-specific activity of the H-chain enhancer as well as
in promoter activity.

The discovery of distinct forms of a eukaryotic sequence-
specific DNA binding protein raises the possibility that a single
transcriptional control sequence is bound by different trans-
acting factors in different tissues and under different conditions
of cellular activation. The binding of distinct trans-acting factors
to a single regulatory motif could influence the transcriptional
activity of a gene in specific tissues.
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The genomes of various tumour cells contain mutant oncogenes
that act dominantly, in that their effects can be observed when
they are introduced into non-malignant cells' . There is evidence
for another class of oncogenes, in which tumour-predisposing
mutations are recessive to wild-type alleles®”. Retinoblastoma is
a prototype biological model for the study of such recessive
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oncogenes®. This malignant tumour, which arises in the eyes of
children, can be explained as the result of two distinct genetic
changes, each causing loss of function of one of the two homologous
copies at a single genetic locus, Rb (refs 9-12), assigned to the
q14 band of human chromosome 13 (refs 13-22). Mutations affect-
ing this locus may be inherited from a parent, may arise during
gametogenesis or may occur somatically. Those who inherit a
mutant allele at this locus have a high incidence of non-ocular,
second tumours®, almost half of which are osteosarcomas believed
to be caused by the same mutation®***. Here we describe the
isolation of a complementary DNA segment that detects a chromo-
somal segment having the properties of the gene at this locus. The
gene is expressed in many tumour types, but no RNA transcript
has been found in retinoblastomas and osteosarcomas. The cDNA
fragment detectd a locus spanning at least 70 kilobases (kb) in
human chromosome band 13q14, all or part of which is frequently
deleted in retinoblastomas and osteosarcomas.

A previous report showed that a 1.5-kb human DNA sequence
termed H3-8, selected from a human chromosome 13 lambda
phage library?¢, could detect deletions involving 13q14 in 3 out
of 37 retinoblastomas®’. Based on the presumed proximity of
the H3-8-homologous sequence to the Rb locus, we used
chromosome walking techniques to isolate and map 30 kb of
surrounding genomic DNA?’, DNA derived from human-mouse
hybrid cell lines confirms the assignment of selected single-copy
fragments generated during the chromosome walk to chromo-
some 13.

One of these single-copy fragments, p7H30.7R, recognizes a
DNA sequence in the mouse genome and in human chromosome
13. The conservation of this DNA sequence between mice and
humans suggested that the cloned fragment contains a coding
exon of a gene. We therefore tested the ability of this fragment
to hybridize to RNA derived from retinoblastoma cells and
adenovirus-12-immortalized human retinal cells®®, and found
that it recognizes a 4.7-kb RNA transcript in the retinal cell line
that is not detectable in four retinoblastomas (data not shown),
consistent with its association with the Rb gene.

We next constructed a cDNA library from RNA of the human
retinal line using the bacteriophage cloning vector Agt-11
(ref. 29) and screened this library with the p7H30.7R probe.
Several cDNA clones were isolated with similar physical maps.
The longest of these, carrying a 4.7-kb insert, was named p4.7R
(Fig. 1) and used to screen cytoplasmic RNA prepared from the
adenovirus-12-immortalized retinal cell line, from four retino-
blastoma cell lines and from one osteosarcoma cell line. The
cDNA probe detects a transcript present in the adenovirus-
immortalized retinal cells but not detectable in the tumour cell
lines (Fig. 2). Northern blot analysis of poly(A) messenger RNA
from adenovirus-immortalized retinal cells yields identical
results (data not shown). A 4.7-kb transcript hybridizing to the
probe is also detected in other tumour types, including small-cell
carcinoma of the lung, neuroblastoma, renal carcinoma and
melanoma (Fig. 3), as well as normal adult human retina, spleen
and liver (data not shown).
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Fig. 1 Physical map of the p4.7R cDNA insert. Restriction
enzyme sites are indicated as follows: R, EcoRI; H, HindIII; B,
Bglll; P, Pstl; N, Ncol; V, EcoRV.

Methods. A cDNA library was constructed in Agtll from
adenovirus-immortalized retinal cells® using the technique of
Gubler and Hoffman?®. This technique involved oligo(dT) priming
and second-strand synthesis with DNA polymerase I and
RNAse H. The double-stranded cDNA was methylated at internal
EcoRl1 sites, ligated to EcoRI linkers, and size-selected for cDNA

fragments >2.3 kb by agarose gel electrophoresis. Bar, 1 kb.
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Fig. 2 Northern blot analysis of RNA isolated from retinal and
osteosarcoma cells. RNA (20 pg) was loaded from osteosarcoma
tumour No. 16; four retinoblastomas: Nos 42, 30 (Y-79, ref. 30),
41 (WERI-1, ref. 31) and 31; and the adenovirus-12-transformed
retinal cells (ref. 28). a, Samples probed with p4.7R insert. The
transcript detected in the retinal cells is 4.7 kb in size. Molecular
mass markers indicated on the left. b, After washing the filter, it
was rehybridized with a probe derived from the rat tubulin locus®2,
Methods. Total cytoplasmic RNA was isolated using the Nonidet-
P-40 extraction technique, resolved by electrophoresis through a
1% agarose-formaldehyde gel, and transferred onto nitrocellulose
as described by Schrier et al*’. Radiolabelling of probes was
performed using the random-primer method**.

The ubiquitous presence of this transcript contrasts to its
apparent absence in the retinoblastoma and osteosarcoma speci-
mens. Indeed, its absence in retinoblastomas and osteosarcomas
might be central to the pathogenesis of these two tumour types.
Specifically, our data are consistent with a close association
between the DNA template of the 4.7-kb transcript and the Rb
gene. Further support of this association requires analysis of
the tumour DNA sequences recognized by the p4.7R probe.

The probe allowed a survey of a 70-kb chromosomal region.
Preliminary mapping was performed by ordering the genomic
HindlII restriction endonuclease fragments present in normal
human DNAs that are reactive with this probe (Fig. 5). Because
this map was generated by use of a cDNA probe, it includes
only genomic fragments that specify sequences found in exons.
We made similar maps of the fragments generated by Taql and
Xbal (data not shown). All the DNA fragments included in
this map and used in the following studies were assigned to
chromosome 13 (data not shown).

The pO.9R probe, the subclone containing the 0.9kb
EcoR1/EcoRI fragment deriving from the right end of p4.7R,
reacts with three HindIII fragments (1.2, 1.5 and 5.8 kb) that
occur in genomic lambda phage clones of this region®” and are
included in Fig. 5. This probe reacts with a low copy-number
repeat sequence present in the human genome (Fig. 4b). The
following analyses were possible despite the detection of these
repeated sequences.

DNA was isolated from a set of tumours from unrelated
patients, each of which was thought to arise because of inactivat-
ing mutations at the Rb locus. The set consisted of 40 retinoblas-
tomas (including tumours from patients with sporadic and
familial disease), 8 osteosarcomas and 2 undifferentiated
tumours of unknown cellular origin arising in patients with
hereditary retinoblastoma.

Screening of tumour DNA samples using Southern blot analy-
sis and probes derived from p4.7R reveals three types of deviant
restriction-fragment patterns: totally absent fragments, reflecting
apparent homozygous deletions; under-represented fragments,
reflecting apparent heterozygous deletions; and fragments of
altered size, reflecting partial deletion, sequence rearrangement
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Fig. 3 Northern blot analysis of RNA isolated from various
tumour cell lines. RNA was prepared and loaded as in Fig. 2. Lane
1, LX-1 (small-cell carcinoma of the lung); lane 2, SKNSH
(neuroblastoma); lane 3, CAKI-1 (renal clear cell carcinoma); lane
4, MEL-5 (melanoma); lane 5, SKNMC (neuroblastoma); lane 6,
SKRC-2 (renal carcinoma); lane 7, ACHN (renal adenocar-
cinoma). >*P-labelled p4.7R insert was used as a probe. Positions
of molecular mass markers are indicated on the left.

or alteration of a restriction endonuclease recognition site. At
least 30% of the tumour DNAs have one of these abnormalities.
In contrast, analysis of leukocyte DNA from 18 normal
individuals shows a uniform pattern of restriction fragments,
hence the abnormal patterns of fragments probably do not
represent frequently occurring, incidental polymorphisms.

Homozygous deletion of restriction fragments in six of the
tumours are shown in Fig. 4. DNA from tumours passaged in
tissue culture (for example, No. 41) or in nude mice (for
example, OS-15) lack certain restriction fragments normally
detected by the probe. DNA isolated directly from surgical
specimens (for example, Nos 9, 44 and 3) has a low concentra-
tion of certain normal restriction fragments, amounting to <10%
the normal diploid dose. These faint bands result from small
numbers of normal cells from adjacent tissue contaminating
tumour cells with homozygous deletions. In some tumours (Nos
28, 3 and 43) deletions also result in the appearance of HindIII
fragments of novel length.

The extent of the deletions present in these tumours is mapped
in Fig. 5, and is similar to results obtained with Tagql or Xbal
(data not shown). Most of the deletions, including those present
in tumours 41, 9, 44, 28 and 3, have an endpoint in the transcrip-
tion unit defined by the probe and extend apparently leftwards
beyond this unit (Fig.5). These deletions may have signified
that a gene to the left of this transcription unit was the target
of the oncogenic mutations. However, we have found two
instances in which the deletions involve only internal regions
of this unit, leaving adjacent DNA unaffected.

The first of these two cases concerns retinoblastoma tumour
No. 43, which carries a deletion involving DNA sequences that
map entirely within the confines of the transcription unit defined
by the probe (Figs 4, 5). This deletion is present in a heterozygous
state. Thus, Fig. 4 shows that two restriction fragments created
by HindIIl cleavage (of 2.05 and 6.2 kb) and which map to the
left part of this genomic region are present in normal, diploid
amounts. Similarly, fragments found at the right end
(HindIII:1.5, 1.2 and 5.8 kb) are also found in normal dosage.
In contrast, fragments from the centre of this region (Hin-
dII1:9.4,5.3, 7.4 and 4.5 kb) are present in about half the normal
amounts. A novel HindIII fragment of 10.0 kb arises from the
partial deletion of one copy of the normally present 9.4-kb
HindIIl fragment.

The second instance of an internal deletion involves an
osteosarcoma, OS-15, which arose in a patient who had no
retinoblastoma or family history of retinoblastoma. The extent
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Fig. 4 Southern blot analysis of retinoblastoma, osteosarcoma
and normal DNAs probed with subclones of p4.7R (Fig. 1). The
first lane (N) contains lymphocyte DNA from a normal, healthy
human. The adjacent lanes have DNA from the following tumours:
retinoblastoma No. 41 (WERI-1, ref. 31); retinoblastoma No. 9;
retinoblastoma No. 44; retinoblastoma No. 28; retinoblastoma No.
3; osteosarcoma OS-15 (ref. 24); and retinoblastoma No. 43. DNA
(4 pg per lane) was digested with HindlIl. a, Probed with a 3.8-kb
EcoRI/ EcoRI subcloned fragment of p4.7R (see Fig. 1). b, Probed
with a2 0.9-kb EcoRI/ EcoRI subcloned fragment of p4.7R (Fig. 1).
Methods. DNA isolation, restriction endonuclease digestion of
DNA samples, agarose gel electrophoresis, Southern blotting and
hybridization were all performed according to standard methods.
Radiolabelling was performed using the random-primer method**.
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Fig. 5 Schematic representation of deletions in the genomic DNA
from six retinoblastomas and an osteosarcoma. The genomic Hin-
dIII fragments detected by the 3.8- and 0.9-kb EcoRI fragments,
denoted by open and closed bars, respectively (see Fig. 4), are
shown at the top according to their relative positions in the genome
and labelled with sizes in kilobases. Normal and tumour DNAs,
numbered as in Fig. 4, have solid lines where both copies of a
given genomic fragment are present. Dotted line between brackets,
heterozygous deletion; open brackets, homozygous deletion.

of the deletion, which was homozygous in this case, is indicated
in Figs 4 and 5 by the absence of the 7.4- and 4.5-kb HindIII
fragments. The internal deletions in tumours 43 and OS-15
suggest that the chromosomal segment recognized by p4.7R is
the common target for these mutations.

Note that the genetic origin of the deletions found in 3 of the
50 tumours has been shown previously to be somatic in two
cases and germinal in the third. Therefore, these deletions are
not inherited polymorphisms®’. These data, taken together with
the internal deletions described above, strongly suggest that this
segment is the carrier of the DNA sequences of the Rb gene.

Earlier work shows the absence of a detectable transcript in
five tumours from our set (Fig.2). The apparent absence of
transcript from these tumours is presumably important in their
aetiology and lesions affecting the DNA of this gene must be
frequently involved in the inactivation of expression. Accord-
ingly, we examined the DNA of the four retinoblastomas that
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lacked detectable transcript. One of these has a homozygous
deletion of the region detected by p4.7R (tumour 41, Fig. 4).
However, the other three retinoblastomas have no abnormality.
We deduce that tumours having no grossly aberrant genomic
fragments may nevertheless have mutations affecting this region.
A precedent for the role of small structural changes as a cause
of gene inactivation is provided by studies of other human
disease loci in which gross changes in DNA structure represent
the minority of mutations responsible for loss of function®®.

Fifteen years ago, Knudson provided a theoretical basis for
retinoblastoma tumorigenesis by suggesting that minimally two
genetic events are required to trigger tumour development®,
These events may represent loss-of-function mutations at the
retinoblastoma locus, and other tumours may arise by a similar
mechanism via recessive mutations at other loci*®. Evidence in
support of this theory comes from the study of a diverse group
of tumours, including Wilms tumour, hepatoblastoma, rhab-
domyosarcoma®’, uveal melanoma®® and bladder cell car-
cinoma®. A recessive oncogene from the fruitfly with tumour-
inhibiting properties has recently been isolated*.

We have isolated a human cDNA sequence apparently rep-
resenting one of this class of genes. This cDNA detects a chromo-
somal segment having properties of the Rb gene which maps
to human chromosome 13q14. Part or all of the sequence is
deleted in some retinoblastomas and osteosarcomas, and some
of the deletions affect only an internal region of the segment.

We next seek to determine whether some malignant properties
of retinoblastoma and osteosarcoma cells can be reverted on
introduction of cloned sequences thought to represent the Rb
gene. The isolation of the p4.7R clone should also provide a
powerful diagnostic reagent that will help to determine whether
a particular retinoblastoma stems from an inherited genetic
lesion or from a new mutation of somatic or germinal origin.
Furthermore, the variable expression of this gene in different
tumours may provide a new method by which tumours are
classified.
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Duchenne muscular dystrophy (DMD) and the less severe Becker
muscular dystrophy (BMD) are human X-linked muscle-wasting
disorders that have been localized to the band Xp21 by genetic
linkage analysis'~ and cytologically detectable abnormalities' ™2,
A cloned DNA segment, DXS164 (or pERT87), has been shown
to detect deletions in the DNA of unrelated DMD and BMD
males™> 'S, Here we present the nucleotide sequence of two highly
conserved DNA fragments from the DXS164 locus and their
homologous sequences from the mouse X chromosome. One of the
human conserved segments hybridized to a large transcript in RNA
isolated from human fetal skeletal muscle and was used to isolate
c¢DNA clones which cover approximately 10% of this transcript.
The cDNA clones map to Xp21 and hybridize with a minimum of
eight small regions that span 130 kilobases (kb) of the DXS164
locus. These expressed sequences are candidates for portions of
the gene responsible for both DMD and BMD.

The cloned DNA of the DXS164 locus was expanded from
137 kb'® to 220 kb of contiguous DNA in a total of nine bidirec-
tional chromosome walks made in human partial digest phage
libraries. A schematic restriction map for the enzymes EcoRI,
HindlIll, and Kpnl is presented in Fig. 1 for the entire length.
Given that the DXS164 locus was found to be deleted in patients
with DMD and BMD'#!° and was centrally located with respect
to mutations which give rise to the disease!’, we searched for
regions that might be transcribed. As an alternative approach
to Northern blot analysis of each individual DNA subclone
from the DXS164 locus, a systematic search was undertaken for
nucleotide sequence conservation across species. Approximately
50 unique subclones from the DXS164 locus were used
individually as hybridization probes on Southern blots of
HindHI digested DNA isolated from cebus, bovine, mouse,
hamster and chicken. Most unique subclones were found to
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