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Abstract

An abnormality in the c-sis protooncogene was identified in
leukocyte DNA from members of a family predisposed to the
development of meningioma, and was found to be associated
with the development of the tumor in those individuals. Molec-
ular analysis of this abnormality demonstrated a deletion
within the fifth intron of the c-sis gene. The normal c-sis gene
has an Alu sequence in this region which includes two perfect
130 nucleotide repeated sequences separated by 5 bp. The de-
leted c-sis allele is missing precisely one copy of the 130 bp
repeat and the intervening 5 bp. An identical deletion was also
found in DNA from 1 of 13 sporadic meningiomas. (J. Clin.
Invest. 1990. 86:1151-1157.) Key words: PDGF * recombina-
tion * oncogene * PCR * sequence

Introduction

The c-sis protooncogene is located on human chromosome 22
(1). It encodes one oftwo polypeptides comprising platelet-de-
rived growth factor (2). The c-sis gene is expressed in endothe-
lial cells (3), activated monocytes (4), smooth muscle cells lin-
ing developing vasculature (5), astrocytes in the developing
central nervous system (6), and tumors of fibroblastoid or glial
origin (7). Transduction of this gene to produce the simian
sarcoma virus conferred transforming properties on this retro-
virus (8). This virus is capable of causing sarcomas and me-

ningiomas in monkeys (9).
Human meningiomas have been associated frequently

with complete or partial deletions of chromosome 22 (10).
Homozygosity or hemizygosity of genes on chromosome 22
are found in 43% of meningiomas (1 1). Abnormalities in the
region of the c-sis gene are found more frequently than those
of other loci on this chromosome.

Individuals within a family predisposed to the develop-
ment of meningioma have been described (12). An abnormal-
ity of the c-sis gene was closely associated with the develop-
ment of the tumor. To elucidate the molecular basis of me-
ningioma development in these individuals, we have cloned,
mapped, and sequenced the abnormal c-sis allele from one

such individual.

Methods

DNA sources. DNA from members of this family and a normal blood
donor (L.R.) were obtained from fresh leukocytes or Epstein-Barr virus
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immortalized lymphocytes. DNA was extracted (13) from sporadic
meningiomas, the H9 human lymphoid cell line, the HOS human
osteogenic sarcoma cell line, the A 172 human glioblastoma cell line,
and the SKES human sarcoma cell line using autoclaved reagents and
utensils. Phage clone lambda SIS-A (14) includes exons 1-4 of the
normal human c-sis gene (Fig. 3). Plasmid clones pL33-M, pL33-5,
and pB3L include three contiguous Bam HI fragments from the nor-
mal human c-sis gene (2), whereas plasmid cDNA clone pSM- I is from
a human T-lymphotropic virus type 1 immortalized cell line (15)
(Fig. 3).

Cloning and sequence analysis. A genomic library was prepared
according to published procedures (13) using lambda EMBL3 (Pro-
mega Biotech., Madison, WI) and Mbo I partially digested DNA from
lymphocyte DNA ofpatient 11.8 (Fig. 1). The library was screened with
the 1.8-kb Bam HI fragment of pL33-5 (Fig. 3), and six positive clones
were obtained. The 3.8-kb Sac I fragment from one ofthese clones was
subcloned into lambda ZAP (Stratagene Inc., La Jolla, CA) and excised
according to the manufacturer's protocol in a Bluescript vector, desig-
nated pMD. A portion of pL33-M and pMD were sequenced on both
strands using plasmid DNA by the partial chemical cleavage method
(16; nucleotides 50-250 and 580-880; Fig. 4) and the dideoxynucleo-
tide chain termination method (17; nucleotides 1-1200; Fig. 4) using
Sequenase (United States Biochemical Corp., Cleveland, OH).

DNA blotting and hybridization. Digests ofDNA were analyzed by
Southern blot hybridization using probes labeled by the hexamer
priming method (18).

Polymerase chain amplification reactions. Polymerase chain am-
plification reactions (PCR)' were performed in 10 Ml with 150-500 ng
ofcloned DNA, 200 ,M each ofdNTP, 5 mM sodium acetate, 10 mM
Tris-Cl, pH 7.0, 1.5 mM magnesium chloride, and 1.0 IAM of each of
the primers: L = TGGTGACCTTGTGCTTGCCTGGGCTTGTAT
(239 nucleotides 5' to those shown in Fig. 4) and P = CCGTCCGAA-
TGGTCACCCGAGTTTGGGGCG (nucleotides 602-631 in exon 6
[2]) at 940C for 3 min, 610C for 3 min, and 720C for 10 min for 40
cycles. PCR products were analyzed on a 0.8% agarose gel which was
stained with ethidium bromide.

Results

Restriction fragment analysis of a c-sis polymorphism. The
pedigree of the family with predisposition to meningioma is
shown in Fig. 1. Four individuals (. 1, 11.2,11.3, and II.8) devel-
oped meningiomas at a median age - 10 years younger than
that found for meningioma patients in the general population
(12). Other tumors were noted in two individuals (11.4, ovarian
carcinoma and rhabdomyosarcoma; and 111.22, breast carci-
noma). A Robertsonian translocation t(14;22)(14qter
cen -> 22qter) was noted in individuals II.2, II.8, III. 1 1, III. 12,
111.13, and 111.22, and presumed to be present in patient 11.3.
Pst I digestion of lymphocyte DNA from patients 11.2, 11.8
(MD), and 111.21, and hybridization with the 1.8-kb Bam HI
fragment ofpL33-5 (Fig. 3) revealed fragments of 2.2, 3.3, and
3.4 kb (Figs. 2 a and 3; [12]). In contrast, Pst I digested DNA
from individuals 11.6, 11.7, 11.9, 111.11, 111.12, III.13, and 111.22,

1. Abbreviations used in this paper. PCR, polymerase chain amplifica-
tion reaction.

c-sis Deletion with Meningiomas 1151

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
002 1-9738/90/10/1 15 1/07 $2.00
Volume 86, October 1990, 1151-1157



111.22

II

IV.9 IVV1IV.11

91 Other Tumor Al Deceased

* Polymorphism

° No Polymorphism

or 24 other unaffected and unrelated individuals revealed hy-
bridizing fragments of 2.2 and 3.4 kb only (12; data not
shown). Hybridization with a cDNA clone demonstrated no
other alterations in the c-sis gene among these individuals
(data not shown).

Digestion ofcontrol DNAs (A 172, HOS, and L.R. in Fig. 2
b) with Bgl II demonstrated a doublet for 6.0-kb fragments
hybridizing with a cDNA probe, whereas digestion of control

a) Pst I b) Bgl 11

Meningioma

t(14;221

t114;221 presumed

F]3 Normal karyotype

Figure 1. Polymorphism
in the c-sis gene asso-
ciated with development
of meningioma. The pedi-
gree for the family predis-
posed to meningioma de-
velopment is shown. In-
dividuals with
meningioma or other
tumors, demonstrated or
presumed Robertsonian
translocation, or normal
karyotype, c-sis polymor-
phism, or deceased are
identified. The small
filled circles indicate
spontaneous abortions.

DNAs (L.R., SKES, and H9 in Fig. 2 c) with Sac I demon-
strated a doublet for 3.8-kb hybridizing fragments. In contrast,
digestion of DNA from individual II.8 with Bgl II or Sac I
demonstrated hybridizing fragments with a slightly greater
electrophoretic mobility than those generated from control
DNAs. This suggests that one fragment of each doublet is

0.1 kb smaller than those present in DNA from unaffected
individuals (Fig. 2, b and c). However, Bam HI digestion prod-
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Figure 2. Restriction enzyme analysis of the c-sis polymorphism. (a) Leukocyte DNAs from patient I1.8 (M.D.) and neurofibromatosis type 1

patients (W.C., S.H., L.K.) and DNA from a T lymphoid cell line (H9) were digested with Pst I and analyzed by Southern blot hybridization
with the 1.8-kb Bam HI pL33-5 probe (Fig. 3). DNA from patient M.D., an unrelated individual (L.R.), or cell lines (A 172, HOS, SKES) were

digested with either (b) Bgl II or (c) Sac I, and hybridized with the Sac II-Sac I probe ofcDNA clone pSM I which includes sequences from
exons 2-7 (Fig. 3) (2). (d) DNAs from meningioma samples 1 and 16-19 and from H9 lymphoid cells are digested with Pst I and hybridized
with the 1.8-kb Bam HI pL33-5 probe. The faint band for 2.6-kb DNA fragments represents weak cross-hybridization to another cellular se-

quence. This band is presented in the lane for tumor 1, but is less intense than for other samples because less DNA was loaded onto the lane of
the gel. Size markers (in kilobases) are indicated to the right of each autoradiogram, and the positions of each fragment within the c-sis gene are

shown in Fig. 3.
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Figure 3. Characteriza-
tion of a deleted c-sis al-
lele. A restriction enzyme
map of the c-sis gene
shows the location of the
deletion in the individual
with meningioma. Boxes

B3L 1-7 indicate the positions
of c-sis exons. Shaded
portions of the boxes in-
dicate the open reading

] frame for the B polypep-
tide chain of PDGF. A
scale is shown below be-

!2 k b ginning at the RNA initi-
ation site and ending at
the RNA termination
site. The bottom half of
the figure is a magnified
section of the 3' portion

S P ofthe gene. Relevant re-
striction enzyme sites and
molecular clones used in
the analyses are also
shown. The site of the de-
letion in the patient with
meningioma is indicated,
as is the region sequenced

___4 (Fig. 4), and the L33-5
DNA fragment used as a
hybridization probe (Fig.

] 2, a and d). The hybridiz-
ing DNA fragments from
the nondeleted allele are

indicated in kilobases after digestions with Pst I (Fig. 2, a and d), Bgl II (Fig. 2 b), or Sac I (Fig. 2 c). Abbreviations: B, Bam HI; G, Bgl II; H,
Sph I; P, PstI;S, Sac I; V, PvuII;X, XbaI.

ucts hybridizing with the pL33-5 probe were identical with
DNAs from affected and unaffected individuals (not shown).
Thus, the structural abnormality in the c-sis gene can be attrib-
uted to a deletion of - 0.1 kb within the fifth intron of the
c-sis gene (Fig. 3).

Isolation and characterization of the deleted c-sis allele.
From a genomic library constructed with DNA from patient
MD, six lambda clones were recovered which hybridized with
the pL33-5 probe. One of these clones lacked any intron 5
sequences. Each of the other five clones generated DNA frag-
ments of 1.7 and 3.8 kb after digestion with Sac I and Bam HI
and hybridization with the 8.0-kb Bam HI pL33-M probe (Fig.
3; data not shown). In contrast, clone pL33-M from a normal
individual generated 1.8- and 3.8-kb bands under these condi-
tions. Additional restriction enzyme digests revealed the 0.1-
kb deletion in lambda MD to be localized between the Pvu II
and Sph I sites in the fifth intron of the c-sis gene (Fig. 3).
Digests of clones lambda SIS-A, lambda MD, pL33-M, and
pL33-5 with Pst I, Bam HI, or Pst I and Bgl II, and hybridiza-
tion with the 1.8-kb Bam HI fragment of pL33-5, the 8.0-kb
Bam HI fragment of pL33-M, or the 15-kb Eco R I-Xba I
fragment of lambda SIS-A revealed no other differences be-
tween the cloned c-sis alleles from affected and unaffected
patients (data not shown).

Nucleotide sequence analysis of the normal and deleted
c-sis alleles. A 1,200-bp region of intron 5 from pL33-M and
pMD was sequenced (Fig. 4). pL33-M contains an Alu se-

quence between nucleotides 405 and 821. This Alu sequence is
unusual in that it has two copies of the monomer 1 sequence,
one having 5 and the other 16 nucleotide differences among
the 1 33-bp ofthe consensus sequence described by Kariya and
colleagues (19). These are followed immediately by a sequence
with 17 differences among 149 bp of the consensus monomer

2 sequence. An adenylate-rich 1 3-bp sequence follows the Alu
sequence. The Alu sequence is also flanked by imperfect re-

peats of a 15-bp sequence with one difference from the con-

sensus sequence. Within the Alu sequence are two copies of a
perfect 1 30-bp repeat separated by five nucleotides.

The sequence from pMD is identical to that from pL33-M
except for a 135-bp deletion which includes one copy of the
130-bp repeat and the five nucleotides between the direct re-

peats found in the normal allele (Fig. 4).
Polymerase chain amplification analysis ofthe c-sis gene in

members ofthefamily predisposed to meningiomas and indi-
viduals with sporadic meningiomas. A polymerase chain am-

plification assay was developed using primers which flanked
the Alu repeat sequences. A 2.1-kb PCR product was identified
using the cloned allele, pMD, whereas a 2.2-kb PCR product
was noted with DNA from the H9 lymphoid cell lines (Fig. 5
a). Only a 2.2-kb product was found after PCR with leukocyte
DNA from family members (111. 13, III. 12, 111.1 1, and 11.7) and
individual 11.9 who lacked the c-sis abnormality, while 2.1-
and 2.2-kb PCR products were found with DNA from family
members (111.21, 11.8, and 11.2) with the c-sis abnormality.
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Figure 4. Nucleotide sequences of the normal and deleted c-sis alleles. A 1,200-bp portion of the fifth intron of the c-sis gene from clone pL33-
M is shown. The corresponding region of the c-sis gene from clone pMD is identical except for the 1 35-bp deletion which is indicated. Posi-
tions of and differences with Alu repeat and flanking consensus sequences are shown, as well as the location of a precise direct repeat (DR) se-
quence. Positions of relevant restriction enzyme sites are indicated. Every tenth nucleotide is indicated with a dot and the nucleotide position is
indicated to the right of each line. These sequence data are available from EMBL/Gen Bank/DDBJ under accession number M38065.

The PCR assay was also utilized to screen DNA samples
from brain tumor samples derived from unrelated individuals.
All of the five nonmeningioma samples (2, 4, 8, 9, and 13)
produced only a 2.2-kb PCR product, while one (sample 1) of
the eight meningioma tissues (samples 1, 3, 5, 6, 7, 11, 12, and
14) produced PCR products of 2.1 and 2.2 kb (Fig. 5 b).

To assess the structural abnormality in meningioma No. 1,
Southern blot hybridization was performed after Pst I diges-
tion of fresh tissue (Fig. 2 d). The presence of 3.4- and 3.3-kb
bands demonstrates a polymorphism in this sample similar to
that found in the members of the family predisposed to the
development of meningioma. In contrast, Pst I digestion of
DNAs from five other meningiomas (samples 6 and 16-19)
reveal only the 3.4-kb band.

Differences in the relative intensities ofbands from deleted
and nondeleted alleles between the PCR and Southern blot
analyses for patients 11.8 (M.D.; Figs. 2 and 5 a) and patient 1
(Figs. 2 d and 5 b) are likely due to differences in efficiency of
PCR for the two different DNA fragments.

The 2.1-kb PCR product from meningioma No. 1 was

isolated and cloned into a plasmid. Sequence analysis of nu-
cleotides 255-758 of the fifth intron revealed a deletion iden-
tical to that found in pMD (Fig. 4).

Discussion

Meningiomas are common tumors accounting for 15-18% of
all intracranial neoplasms (20). They have been found in 1.4%
of autopsies (21). Though they are usually benign, they often
require treatment because of compressive effects on adjacent
brain tissue (22). Meningiomas may occur in a familial form
associated with neurofibromatosis or without these typical
clinical stigmata (23-25). The family described here is remark-
able for the development of meningioma in four individuals
over two generations. Though a Robertsonian translocation
involving chromosome 22 is noted in several members of this
family, this translocation was not as tightly associated with
meningioma development as the abnormality in the c-sis gene.
Such a translocation is an incidental finding in - 1% of nor-
mal individuals (26).
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Figure 5. Polymerase chain amplification analysis of the c-sis gene in members of the family predisposed to meningioma and in sporadic me-

ningiomas. PCR products analyzed by agarose gel electrophoresis are shown using DNA samples from (a) lymphocytes of members of family
predisposed to meningiomas and (b) brain tumor samples. The brain tumor samples included meningiomas (samples 1, 3, 5, 6, 7, 11, 12, 14,
and 15), an oligodendroglioma (sample 2), a metastatic adenocarcinoma (sample 4), gliomas (samples 8 and 13), and a metastatic malignant
melanoma (sample 9). Also shown are PCR products from the HOS or H9 lymphoid cell line (also labeled sample 10), a normal blood donor
L.R., the M.D. lymphoid cell line obtained from patient 11.8, and the bacteriophage clone of the deleted allele from patient 11.8. To the left of
each photograph is the size of the marker (M), DNA fragments in kilobases.

The structural alteration of the c-sis gene noted in leuko-
cyte DNA, from both of the family members with menin-
gioma who were available for analysis and the one additional
family member without meningioma (12), was not found in

six additional family members or 25 unrelated and unaffected
individuals (Fig. 1; data not shown). Thus, this abnormality
may be closely associated with meningioma development in
this family.
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Analysis of the structural abnormality using several differ-
ent restriction enzyme digestions demonstrated DNA frag-
ments 0.1 kb smaller than those in DNA from unaffected
individuals (Fig. 2). Thus, the abnormality in the c-sis gene
represents a deletion rather than a novel Pst I site.

The location of the deletion within an intron (Fig. 3) and
an Alu sequence (Fig. 4) contributes to a growing number of
observations that these sequences are not without some func-
tion (27, 28). For example, the presence of a 15-nucleotide
flanking sequence suggests that Alu sequences may be in-
volved in transposition. Alternatively, the deletion of precisely
one copy of the 130-bp repeat sequence and the intervening
5-bp sequence (Fig. 4) suggests that this deletion arose by ho-
mologous recombination between identical sequences.

Is the c-sis deletion associated with meningioma develop-
ment? The finding of an identical deletion in both the familial
cases and a sporadic case of meningioma suggests an associa-
tion exists. Numerous samples from other meningioma pa-
tients and unaffected individuals are being examined to assess
whether there is a statistically significant association of this
genetic abnormality with sporadic meningiomas. Additional
information about the role ofthis gene in oncogenesis depends
on analysis of c-sis genetic alterations in individuals with other
central nervous systems tumors, or individuals with conditions
such as neurofibromatosis which predispose to meningiomas
and other central nervous system tumors.

How might the c-sis deletion be related to meningioma
development? One hypothesis is that a recessive oncogene, ei-
ther c-sis or a gene in close proximity to c-sis on chromosome
22, may be involved in meningioma development. If c-sis has
this activity, the deletion in the fifth intron may inactivate one
allele, and the other allele may be inactivated in the tumor.
This would be analogous to the function of suppressor genes
involved in the development ofretinoblastoma, osteosarcoma,
and Wilm's tumor (29, 30). An alternate explanation is that
the deletion in the fifth intron activates the expression of the
c-sis gene. A point mutation in the fourth intron ofc-Ha-ras is
also associated with overexpression (27). Since some Alu se-
quences act as RNA polymerase III promoters (28), this activ-
ity may disrupt expression of the c-sis gene. Analysis of c-sis
expression from the deleted allele and normal alleles is in
progress to test these hypotheses.
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