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Folate-binding Protein Is a Marker for Ovarian Cancer
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ABSTRACT

We describe the isolation of a complementary DNA (cDNA) sequence
encoding the ovarian cancer-associated antigen recognized by monoclonal
antibody MOVv18 and its identification as a high-affinity folate-binding
protein (FBP). Functional cDNA clones were isolated using mRNA from
the ovarian carcinoma cell line SKOV3 and colon carcinoma cell line
HT?29, by transient expression in WOP cells and selection of expressing
cells by adhesion to antibody-coated magnetic beads. The cDNAs differed
in the lengths of 5’- and 3’-noncoding regions, but they encoded identical
peptides. A database search clearly showed them to be adult high-affinity
FBPs with amino acid sequences identical with those isolated from normal
placenta and several carcinoma cell lines. Reactivity of cell lines with
MOVv18 was quantitatively consistent with the expression of FBP mRNA.
Southern hybridizations show evidence of a family of related genes and/
or pseudogenes and were mapped to chromosome 11q13.3-14.1 by flu-
orescent in situ hybridization using cosmid clones containing part of this
region. Also identified were two PsfI polymorphisms of four and three
alleles, respectively, and a two-allele Mspl polymorphism. The folate-
binding protein locus was not amplified in any of the 16 carcinoma cell
lines tested and in only 1 of 10 serous adenocarcinomas, indicating that
overexpression of FBP in ovarian cancer cannot, in general, be due to
gene amplification.

INTRODUCTION

Ovarian cancer accounts for more than half of the deaths due
to gynecological malignancy with a 5-year survival rate of only
20-30% (1). The poor prognosis in ovarian cancer is generally
due to the advanced stage of the disease at the time of diagnosis.
There is clear evidence that detection at an earlier stage results
in a better prognosis, and this has prompted the search for
tumor-associated antigens which can be used as targets for
MADbs? for both diagnostic and therapeutic purposes. One of
the most useful MAbs to date is OC125 which recognizes
approximately 80% of ovarian cancers and is used widely for
diagnosis and for monitoring response to therapy (2). CA125,
the antigen defined by OC125, is not truly specific to ovarian
cancer because it can also be found in normal celomic derived
epithelium and elevations of CA125 are also found in patients
with other cancers and in those without malignant disease (3).

Recently, new MAbs have been developed in an attempt to
achieve better specificities, but many still react with non-ovarian
neoplastic tissue as well as normal tissue. The reason for this
is that most MAbs directed against human cancer-associated
antigens recognize epitopes consisting of carbohydrate or gly-
colipid and are associated with high M, glycoproteins or mucins
of cell membranes (4). These high M, molecules are also ex-
pressed on normal tissue, and MAbs directed against epitopes
on them often react with a diverse range of normal and tumor
tissue (5). Miotti et al. (6) suggested that MAbs to these high
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molecular weight molecules predominate because they are
highly immunogenic in mice. In an attempt to produce novel
MADbs against other molecules, they used as immunogen a
membrane preparation from a surgical specimen of an ovarian
carcinoma which was completely negative with their other
MADbs. One MAD produced in this way, MOv18, recognized
epitopes on a glycoprotein of M, 38,000-40,000 (CaMOv18)
restricted to ovarian tumors. Initial investigation indicated that
this antigen was expressed only in nonmucinous adenocarci-
nomas (72%) and adenomas (100%) and in a limited number
of other carcinomas of the breast and lung but was completely
absent on normal tissue. In a further investigation using an
immunoperoxidase test, the sensitivity of MOv18 was con-
firmed with 82% of nonmucinous ovarian carcinomas positive,
while normal ovary, uterus, and vagina were negative (7). How-
ever, normal fallopian tubes and adult renal proximal and distal
tubules were shown to react with MOv18 as well as 64% of
malignant uterine carcinomas, 2 of 2 benign hyperplasias of the
uterus, and 2 of 3 renal carcinomas. Others have confirmed the
sensitivity of MOv18 and extended studies to other cancers (8-
10).

When monoclonal antibodies to proteins associated with
tumors become available, it is desirable to clone and sequence
nucleic acids encoding them. This information may provide
insights into selective mechanisms involved in tumor growth
and may also indicate a route for therapy or for the development
of novel reagents for detection. In this paper we describe the
cloning of CaMOv18 by transient expression in WOP cells and
selection of expressing cells by adhesion to antibody-coated
magnetic beads.

MATERIALS AND METHODS

Cell Culture. The cell lines used in these experiments are described
in Table 1. Cells were grown at 37°C in 6% CO, in medium supple-
mented with 10% FCS, 100 units/ml penicillin, and 100 units/ml
streptomycin. All cells were grown in Dulbecco’s modified Eagle's
medium with the following exceptions. TR175 and JA-1 were grown
in Ham’s F-12 medium (Gibco, Glasgow, Scotland), OVCA432 and
OVCA433 were grown in modified Eagle’s medium supplemented with
nonessential amino acids, and PE/01 and PE/04 were grown in RPMI
supplemented with 2.5 ug/ml insulin.

Monoclonal Antibodies. MAb MOv18 was kindly supplied by Dr. M.
I. Colnaghi (Istituto Nazionale per lo Studio e la Cura dei Tumori,
Milan, Italy). Affinity-purified sheep anti-mouse IgG-coated magnetic
beads (Dyna-beads) were purchased from Dynal, Great Neck, NY. FITC
IgG fraction rabbit anti-mouse 1gG was purchased from Dako Corp.

¢DNA Libraries. A ¢cDNA library from colon carcinoma cell line
HT29 in expression vector CDMS8 (32) was kindly supplied by David
Simmonds (Imperial Cancer Research Fund, Oxford, England). A
c¢DNA library of approximately 2 X 10° recombinants was prepared
from ovarian carcinoma line SKOV3 in the expression vector pKSt
using the BstXI-cloning site. This vector was kindly supplied by George
Stark (Imperial Cancer Research Fund, London, England) and contains
CDMS8 sequence 1535-4440 with pUC18 sequence 440-2501, essen-
tially CDM8 with the supF suppressor replaced with the ampicillin
resistance gene of pUCS. The bacterial hosts for CDM8 and pKS1 were
MC1061/P3 and DHS, respectively.

WOP Cell Transfection. Murine WOP 3027 cells are derivatives of
mouse NIH3T3 cells (33) and support the replication of plasmids
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FBP IN OVARIAN CANCER

Table 1 Expression of CaMOv18 among cell lines

FBP
Cell line Source FACS® mRNA® Ref.

SKOV3 Ovarian carcinoma 10 ++ 11
OVCA432 Ovarian carcinoma 24 +++ 2

OVCA433 Ovarian carcinoma 5 ++ 2

PE/O1 Qvarian carcinoma 0 - 12
PE/O4 Ovarian carcinoma 9 ++ 12
JA-1 Ovarian carcinoma 0 - 13
TR175 Ovarian carcinoma 0 - 13
JAMA Ovarian carcinoma 0 - €

SW620 Colon adenocarcinoma 30 +++ 14
HT29 Colon adenocarcinoma 1 ++ 15
SW1222 Colon adenocarcinoma 0 - 14
LS-174T  Colon adenocarcinoma 0 - 16
LoVo Colon adenocarcinoma 15 +++ 17
SW1417  Colon adenocarcinoma nt - 4

DLD-1 Colon adenocarcinoma nt ++ 18
HCT-116  Colon adenocarcinoma nt ++ 19
CC20 Colon adenocarcinoma nt - 20
MCF-7 Breast adenocarcinoma 3 nt 21
SkBR3 Breast metastatic pleural effusion 0 nt 22
NB100 Neuroblastoma 0 nt ‘

EJ Bladder carcinoma 0 nt 23
HT1080 Fibrosarcoma 0 nt 24
HeLa S3 Epithelioid carcinoma of cervix 60 ++++ 25
HEp-2 Epidermoid carcinoma of larynx 18 +++ 25
MOLT-4  Lymphoblastic leukemia 0 nt 26
DX3 Melanoma nt + 27
Mann B-cell nt - 28
MRCS Normal fetal lung nt - 29
PAF Fibroblast nt - 30
SV80 Fibroblast nt - 3

* Relative fluorescence with MOv18 measured in arbitrary units. nt, not tested.

® Summary of Northern hybridization with cHTMOv18 probe shown in Fig.
6. Indication of intensity of signal above background (in folds): —, no signal; +,
2-5; ++, 5-10; +++, 10-100; ++++, >100.

€ Obtained from Dr. S. Malik, Imperial Cancer Research Fund, London,

England.
4 American Type Culture Collection, ATCC 238.
¢ Obtained from Dr. A. Evans, Children’s Hospital, Philadelphia, PA.

containing the polyoma virus origin (32). Plasmid DNA was introduced
into WOP cells by electroporation based on the method described by
Chu et al. (34). The WOP cells, passaged 16-20 h previously, were
harvested at 50-75% confluence by treatment with trypsin/EDTA and
washed twice with HeBs buffer [20 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 7.05-137 mm NaCl-5 mm KCI-0.7 mMm
Na;HPO.-6 mMm dextrose]. The cells were resuspended at 2 X 107/ml
in HeBs containing 200 ug/ml sheared herring sperm DNA as carrier
and 50 ug/ml of plasmid cDNA library. Aliquots of 500 ul were
transferred to 0.4-cm electroporation curvettes (Bio-Rad 165-2088) and
pulsed at 300 V with a capacitance of 250 uF. The time constant was
between 4.5 and 5.5 ms. The cells were left at room temperature for 5
min and then washed three times in medium before seeding. Cells were
incubated for 48-72 h to allow expression.

Recovery of cDNA Clones by Binding to Magnetic Beads. Detachment
and antibody treatment of transfected WOP cells and recovery of
plasmid DNA were carried out as described by Aruffo and Seed (35)
except that magnetic beads rather than antibody-coated dishes were
used for recovery of CaMOv18-expressing cells. Briefly, the antibody-
treated cells were resuspended in 1-2 ml PBS-0.5 mm EDTA-0.02%
sodium azide-5% FCS. Affinity-purified sheep anti-mouse IgG-coated
magnetic beads (50-100 ul) were added, and the cells were incubated
on ice for 1 h with periodic gentle shaking. Cells coated with magnetic
beads were recovered by 4 washes in PBS-EDTA-FCS using a magnetic
particle concentrator according to the recommendations of the manu-
facturer (Dynal). Two ml 10 mm EDTA-0.6% SDS was added to the
recovered cells, and after 5 min 0.5 ml 5 M NaCl was added and
incubation continued for 4 h on ice. The cell debris was then pelleted
and the supernatant extracted once with phenol chloroform. Glycogen
was added to a concentration of 20 ug/ml and the DNA recovered by
ethanol precipitation. The resulting DNA was resuspended in 20 ul
water and 5 ul was transformed by electroporation into either MC1061/
p3 or DHS. The resulting colonies were pooled and amplified in liquid
culture, and plasmid DNA was prepared (36). The resulting plasmid

DNA was purified by CsCl gradient centrifugation and used in the next
cycle of transfection. After the third round of transfection, individual
colonies were picked, and plasmid DNA from each of these was
prepared and used to transfect WOP cells.

RNA and DNA Blot Analyses. Poly(A)* RNA was isolated from the
cells lines using a commercial kit (Fast Track, Invitrogen) and 0.5 ug
poly(A)* was loaded on a 1% agarose-2.2 M formaldehyde gel in 1x 4-
morpholinepropanesulfonic acid buffer (37). The RNA was transferred
in 0.05 M NaOH to Hybond N* (Amersham). DNA was electrophoresed
on 0.7% agarose gels and was transferred to Hybond N* with 0.4 M
NaOH. Hybridization was carried out in 5x SSC-0.2% SDS-10%
dextran sulfate with random primed [*>P]dCTP-labeled DNA probes.
The membranes were washed under high stringency conditions (0.1X
SSC-0.1% SDS at 65°C; 1x SSC = 0.15 m NaCl-0.015 m sodium
citrate).

Somatic Cell Hybrid Mapping. The somatic cell hybrid lines from
which DNA was derived have been described (Table 2). The DNA from
parental and hybrid cells was digested with BamHI and analyzed in
Southern blots.

In Situ Hybridization. Spreads of human metaphase chromosomes
from peripheral blood lymphocytes were obtained by standard proce-
dures. Cosmid DNA was biotinylated using the Bionick kit (BRL),
purified through a Sephadex G-50 column, and then precipitated with
salmon sperm DNA and Escherichia coli tRNA. In situ hybridization
and detection were performed using a modification of the technique
described by Pinkel et al. (46). Labeled probe DNA (80 ng) was
combined with 2.5 ug of unlabeled genomic DNA (in order to block
nonspecific sequences) and 20 ng of labeled centromere probe.

Slides were mounted with Citifluor containing 0.5 ug/ml propidium
iodide. Color photographs were taken on a Fujicolor HG400 print film
using a Ziess photomicroscope III with Ziess filter set 9. Only chro-
mosomes with paired signals (a signal on each chromatid of the same
chromosome) were scored. The band localization of the probe was
determined by calculating the fractional length relative to the distance
from 1lcen to 1lqter (47). The overall mean ratio (and SEM) was
calculated. A mean value + 2 SD provides a 95% confidence limit. This
measurement was then compared with standard karyotypes (48) to
determine the corresponding band localization.

FACS and Fluorescence Microscopy. Cells (1 x 10°) were harvested,
washed with cold PBS containing 5% FCS, and then resuspended in
50 ul MOv18 diluted in PBS-5% FCS to 0.5 ug/ml. After 30 min on
ice, the cells were washed twice in PBS-5% FCS, resuspended in 50 ul
of 100 ug/ml FITC-conjugated IgG fraction rabbit anti-mouse IgG,
and incubated an additional 30 min on ice. The cells were washed twice,
resuspended in cold PBS, and analyzed on the FACScan (Becton
Dickinson and Co.) or observed by fluorescence microscopy. A negative
control of cells stained with fluorescenated antibody only was included.
An estimate of the relative fluorescence intensity in arbitrary units was
made by subtracting the mean fluorescence of the cells treated only
with FITC from the mean fluorescence of the MOv18 plus FITC-
treated cells.

RESULTS

Isolation of a cDNA Encoding CaMOv18 Antigenic Determi-
nant. The HT29 colon and SKOV3 ovarian carcinoma line
cDNA libraries were introduced separately into WOP cells, and
48-72 h later CaMOv18 positive transfectants were selected
with MOv18 antibody and sheep anti-mouse IgG antibody-
coated magnetic beads. The CaMOv18-enriched plasmid pre-
pared from these cells was then transformed into bacteria, and
the resulting colonies were pooled and used to prepare plasmid
DNA for the next round of WOP cell transfection. This cycle
was repeated until the end of the third round when plasmid
DNA was prepared from 10 individual bacterial transformants
from each library and transfected separately into WOP cells.
Three of the 10 HT29 clones and 5 of the SKOV3 clones
showed surface expression of CaMOv18 as detected by indirect
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Table 2 FBP chromosome assignment with rodent/ human somatic hybrids

Human chromosomes

FBP
Ref. 1 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y locus®
CL2IE 38 + +
DUR4.3 39 + + + + + + o+ o+ + o+ + + o+ o+ +
SIF4A31 40 + + o+ 4+ + + +
CTP34B4 41 + + o+ + + + o+ + + + + o+ +
FIR 5 42 + + + + + +
B2 43 + +¢ +
IBS 44 +4 +
MiItX 45 +* +¢ +

“ Presence of the FBP locus assessed by the presence of 22-, 7.8-, 6.4-, and 5.0-kilobase BamHI bands.
+, presence of a particular chromosome. Origin of the hybrids is described in the references listed in column 2.

€ 11p13-11qter + Xpter-Xqll.
¢ 11pter-11q23.
‘ 11pter-11q24 + Xq22-qter.

immunofluorescence. Digestion of the resulting clones with
Xhol and agarose gel electrophoresis showed inserts of 0.9
kilobases in all the HT29 clones and a 1.3-kilobase insert in all
the SKOV3 clones.

¢DNA Sequence Analysis. The CaMOv18 cDNAs from HT29
and SKOV 3 were sequenced using a chain-termination protocol
with supercoiled DNA templates. The cDNA derived from
SKOV3, ¢SKMOv18, was 1325 base pairs and contained a 771-
base pair open reading frame flanked by 5’- and 3’-noncoding
sequences of 430 and 124 base pairs, respectively (Fig. 1). The
3’-noncoding region contained a polyadenylation signal
(AATAAA) at 879 but did not contain a polyadenylate tail. The
sequence derived from HT29, cHTMOVv18, consisted of 936
base pairs. Compared with ¢SKMOv18, the sequence of
c¢cHTMOvV18 begins at nucleotide —11 and contains an addi-
tional 31 base pairs of 3’-noncoding sequence as indicated in
Fig. 1. The sequence was identical with cSKMOv18 apart from
a single cytosine to thymine substitution in the open reading
frame at position +588 and an adenine to guanine substitution
at +799 in the 3’-untranslated region (Fig. 1). The deduced
amino acid sequences for both cDNA were identical.

Similarity of CaMOv18 with Folate-binding Proteins. A da-
tabase search revealed strong sequence identity between
CaMOv18 and a human high-affinity folate-binding protein.
The cDNA nucleotide sequences have been reported for two
classes of folate-binding proteins (49), a putative adult form,
isolated from epidermoid carcinoma (KB) cells (50), colon
carcinoma cells Caco-2 (51), and placenta (52), and a putative
fetal form also isolated from placenta (49). The nucleotide
sequence comparison for cSKMOVv18 with sequence from the
adult FBPs isolated from KB cells (50) and Caco-2 cells (51)
clearly shows it to be of the adult form. The sequences were
identical downstream from nucleotide —10, apart from differing
lengths of the 3’-noncoding regions and two nucleotide substi-
tutions, a cytosine to thymine at position +588 in cHTMOv18
and a guanine to adenine at position +799 in cSKMOv18 (Fig.
1).

Differences in the 5’'-noncoding region were evident between
¢SKMOVv18 and the Caco-2 cell FBP and the KB cell FBP and
appeared to be products of alternate RNA splicing at the
junction of nucleotides —10 and —11 and between nucleotides
=76 and —77 as illustrated in Fig. 2. All the sequences were
homologous up to and including nucleotide —10. However, 5’
from this position the cSKMOv18 and Caco-2 sequences con-
tained 66 base pairs of sequence not present in the KB cell FBP
c¢DNA. At the end of this stretch of homology, at position —76,
the cSSKMOv18 and Caco-2 sequences diverged, and no further
homology was evident between them. In contrast, homology
with the KB cell FBP sequence which was interrupted at the

first proposed splice junction (position —11 on the KB cell
FBP) continued to the end of the sequence.

Another adult FBP sequence has been reported (52) isolated
from KB cells. The sequence of this clone had several nucleotide
substitutions and one single nucleotide deletion with respect to
¢SKMOVv18 and the other published FBP sequences. Two cy-
tosine to thymine substitutions at positions +586 and +588
resulted in a serine instead of a threonine at residue 161. In
addition, a deletion of a cytosine at nucleotide +748 created an
in-frame stop codon resulting in a predicted peptide which
terminated at Ala-249 which was 8 residues shorter than that
reported here. The reason for this discrepancy is unclear.

Southern Analysis. Southern blots were carried out to deter-
mine the complexity of the FBP sequences at the genomic level.
EcoRI and BamHI digests of SKOV3 and normal human DNA
were hybridized with the cHTMOv18 ¢cDNA (Fig. 3). Four
major bands were visible with BamHI (22.0, 7.8, 6.4, and 5.0
kilobases) as well as 6 other bands of lesser intensity (26.0,
14.7, 11.6, 3.9, 3.8, and 1.1 kilobases). EcoRI digests showed
two major bands (20.0 and 7.9 kilobases) and 6 bands of lesser
intensity (9.6, 8.8, 7.3, 5.8, 4.0, and 1.9 kilobases). The large
number of bands visible in Southern blots suggests that the
FBP family may contain more than the two members so far
described and/or the existence of pseudogenes.

Screening for DNA Polymorphism. To identify restriction
fragment length polymorphisms, DNA from 17-27 unrelated
individuals were digested with a variety of enzymes and probed
with cHTMOv18. No polymorphisms were detected with
BamHlI, EcoRl, Hindlll, and Pvull.

Two Pstl polymorphisms were detected among 27 unrelated
individuals. The first was a four-allele polymorphism with
variable bands at 7.5 (allele A1), 6.8 (allele A2), 6.3 (allele A3),
and 5.9 kilobases (allele A4) with frequencies of 0.04, 0.42, 0.5,
and 0.04, respectively. The second was a three-allele polymor-
phism with variable bands at 4.2 (allele B1), 3.9 (allele B2), and
3.8 kilobases (allele B3) with frequencies of 0.61, 0.37, and
0.02, respectively. Numerous constant bands were also detected
with this enzyme. An example blot is shown in Fig. 44.

Mspl detected a two-allele polymorphism with fragment
sizes of 4.5 (allele A1) or 3.2 kilobases (allele A2) as well as
several constant bands (Fig. 4B). In some blots an additional
band of 2.3 kilobases was observed but this was thought to be
due to incomplete digestion. Among 22 unrelated individuals
the allelic frequencies of A1 and A2 were 0.07 and 0.93,
respectively. Mendelian codominant inheritance of the PszI and
Mspl alleles was demonstrated in one three-generation family
and one two-generation family.

Somatic Hybrid Mapping of Folate-binding Gene. In order to
map the FBP gene(s) Southern blots of BamHI-digested DNAs
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-430 =351
GGAAAGGATTTTCTCAGCCCCCATCTCCAGCACTGTGTGTTGGCCGCACCCATGAGAGCCTCAGCACTCTGAAGGTGCAG
-27

GGGGCAAAGGCCAAAAGAGCTCTGGCCTGAACTTGGGTGGTCCCTACTGTGTGACTTGGGGCATGGCCTCATCTGTGCTG
AAATGATTCCACAAAGATTAAALLbuLLATCAL1lbx1bATTTCCCCCTTCTTACATTTAATCCTTGCAGGAGAAA&E?:
AGCCTCAAGATAGTTTGCTTCTCTTTCCCCCAAGGCCAAGGAGAAGGTGGAGTGAGGGCTGGGGTCGGGACAGGTTé:ié
GGGAACCCTGTGCTCTAACAGTTAGGGCCCGCCﬁﬁGGAACTGAACCCAAAGGATCACCTGGTATTCCCTGAGAGTAC;@;

1 36
TTTCTCCGGCGTGGCCCTCAAGGGACAGAC ATG GCT CAG CGG ATG ACA ACA CAG CTG CTG CTC CTT
t MET Ala Gln Arg MET Thr Thr Gln Leu Leu Leu Leu
1
96
CTA GTG TGG GTG GCT GTA GTA GGG GAG GCT CAG ACA AGG ATT GCA TGG GCC AGG ACT GAG
Leu Val Trp Val Ala Val Val Gly Glu Ala Gln Thr Arg Ile Ala Trp Ala Arg Thr Glu
13
156
CTT CTC AAT GTC TGC ATG AAC GCC AAG CAC CAC AAG GAA AAG CCA GGC CCC GAG GAC AAG
Leu Leu Asn Val Cys MET Asn Ala Lys His His Lys Glu Lys Pro Gly Pro Glu Asp Lys
33
216
TTG CAT GAG CAG TGT CGA CCC TGG AGG AAG AAT GCC TGC TGT TCT ACC AAC ACC AGC CAG
Leu His Glu Gln Cys Arg Pro Trp Arg Lys Asn Ala Cys Cys Ser Thr Asn Thr Ser Gln
53
276
GAA GCC CAT AAG GAT GTT TCC TAC CTA TAT AGA TTC AAC TGG AAC CAC TGT GGA GAG ATG
Glu Ala His Lys Asp Val Ser Tyr Leu Tyr Arg Phe Asn Trp Asn His Cys Gly Glu MET
73
336
GCA CCT GCC TGC AAA CGG CAT TTC ATC CAG GAC ACC TGC CTC TAC GAG TGC TCC CCC AAC
Ala Pro Ala Cys Lys Arg His Phe Ile Gln Asp Thr Cys Leu Tyr Glu Cys Ser Pro Asn
93
396
TTG GGG CCC TGG ATC CAG CAG GTG GAT CAG AGC TGG CGC AAA GAG CGG GTA CTG AAC GTG
Leu Gly Pro Trp Ile Gln Gln Val Asp Gln Ser Trp Arg Lys Glu Arg Val Leu Asn Val
113
456
CCC CTG TGC AAA GAG GAC TGT GAG CAA TGG TGG GAA GAT TGT CGC ACC TCC TAC ACC TGC
Pro Leu Cys Lys Glu Asp Cys Glu Gln Trp Trp Glu Asp Cys Arg Thr Ser Tyr Thr Cys
133
516
AAG AGC AAC TGG CAC AAG GGC TGG AAC TGG ACT TCA GGG TTT AAC AAG TGC GCA GTG GGA
Lys Ser Asn Trp His Lys Gly Trp Asn Trp Thr Ser Gly Phe Asn Lys Cys Ala Val Gly
153
576
GCT GCC TGC CAA CCT TTC CAT TTC TAC TTC CCC ACA CCC ACT GTT CTG TGC AAT GAA ATC
Ala Ala Cys Gln Pro Phe His Phe Tyr Phe Pro Thr Pro Thr Val Leu Cys Asn Glu Ile
173
T 636
TGG ACT CAC TCC TAC AAG GTC AGC AAC TAC AGC CGA GGG AGT GGC CGC TGC ATC CAG ATG
Trp Thr His Ser Tyr Lys Val Ser Asn Tyr Ser Arg Gly Ser Gly Arg Cys Ile Gln MET
193
696
TGG TTC GAC CCA GCC CAG GGC AAC CCC AAT GAG GAG GTG GCG AGG TTC TAT GCT GCA GCC
Trp Phe Asp Pro Ala Gln Gly Asn Pro Asn Glu Glu Val Ala Arg Phe Tyr Ala Ala Ala
213
756
ATG AGT GGG GCT GGG CCC TGG GCA GCC TGG CCT TTC CTG CTT AGC CTG GCC CTA ATG CTG
MET Ser Gly Ala Gly Pro Trp Ala Ala Trp Pro Phe Leu Leu Ser Leu Ala Leu MET Leu
233
M G 829
CTG TGG CTG CTC AGC TGA CCTCCTTTTACCTTCTGATACCTGAAAATCCCTGCCCTGTTCAGCCCCACAGCTC
Leu Trp Leu Leu Ser End G
253
895
CCAACTATTTGGTTCCTGCTCCATGGTCGGGCCTCTGACAGCCACTTTGAATAAACCAGACACCGCacatgtgtettgaga

attatttggaaaaaas

Fig. 1. Complete nucleotide sequence of the SKOV3 folate-binding protein cDNA clone, cSKMOV18, and its predicted amino acid sequence. Polyadenylation
signal (AATAAA) is underlined. Nucleotide positions based on the AUG start codon are numbered above the sequence and amino acid positions below. Arrows,
putative RNA splice sites at nucleotides —10 and -76 (see also Fig. 2). The lowercase sequences in the 3’-noncoding region are present in cHTMOv18 but not
cSKMOv18. Nucleotides indicated above the main sequence indicate substitutions found in cHTMOv18 and below substitutions in the Caco-2 cell (51) and KB cell
(50) FBP sequences.

-430 77 -78

Fig. 2. Schematic presentation (not to [ " ) 1 77 R SKOV3
scale) of the proposed alternative RNA splic- _——
ing in FBP transcripts based on sequences 7
from SKOV3 (this report), Caco-2 (51), and o iy A
KB (50). Shaded boxes, cloned cDNA se- C ==} a8 ===~ = Caco-2
quences; horizontal lines, proposed intron re-
gions. Within ll_le shaded boxe_s hpmologous
sequences are aligned. Numbering is based on [ [ IW— KB

the AUG start codon. 21 11 -10
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Fig. 3. Hybridization of the cHTMOv18 probe with normal human DNA
digested with BamHI (lane 1) and EcoRIl (lane 2) washed under stringent
conditions (0.1x SSC, 65°C). Ordinates, sizes of fragments in kilobases. These
were calculated from Hindlll-digested A phage fragments run alongside.
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Fig. 4. Southern blot of human genomic DNA from 6 unrelated individuals
showing Pstl (4) and Mspl (B) restriction fragment length polymorphisms
detected by the cHTMOV 18 probe and washed under stringent conditions (0.1x
SSC, 65°C). Ordinates (A, left; B, right), sizes in kilobases of Hindlll-digested A
phage molecular weight markers. Ordinates, fragments corresponding to the Pszl
alleles (A, right) and to Mspl alleles (B, left). The B2 allele is not present in any
of these individuals but when present migrates to this position.

from 6 human/rodent somatic cell hybrids containing a variety
of human chromosomes were hybridized with the cHTMOv18
probe (Fig. 54, Table 2). Four intense bands of 22.0, 7.8, 6.4,
and 5.0 kilobases were seen with human DNA clearly distin-
guishable from the 4 faint bands in rat DNA and from mouse

DNA, which showed one intense band at 4.0 kilobases and
three faint bands at 6.0, 4.5, and 2.5 kilobases. DUR4.3 was
the only hybrid showing human FBP bands and from this
limited panel were localized to chromosomes 10, 11, 12, 13,
20, 21, or 22. Hybridization of a second panel of hybrids
containing single human chromosomes localized the FPB bands
to chromosome 11 (not shown). To confirm this, three hybrids
containing segments of chromosome 11 were analyzed (Fig.
5B). Apart from one weakly hybridizing BamHI band of 14.7
kilobases, all the fragments visible in the normal human control
were present in each of the chromosome 11 hybrids. The only
shared region between these hybrids is 11p13-11q23.

Isolation of Genomic DNA FBP Clones and in Siru Hybridi-
zation. In order to locate the FBP gene(s) precisely by fluores-
cent in situ hybridization, genomic clones containing part of
this region were isolated. A cosmid genomic library derived
from HPB-ALL cell line in the vector COS202 was screened
using the cHTMOVv18 probe. Seven positives were identified
and restriction analysis showed they fell into classes represented
by G4.1 (2 clones), G2.2 (1 clone), and G53.3 (4 clones).
Hybridization of BamHI digests of these with cHTMOv18
showed all contained a 6.4-kilobase fragment. In addition G4.1
contained the 22.0- and 3.8-kilobase BamHI bands, while G53.3
contained the 7.8- and 3.8-kilobase bands. The latter clone
showed the strongest hybridization with cHTMOv18 and was
chosen for use in the in situ hybridization. Chromosome 11 was
identified by hybridization with centromere probe D11Z1 (53).
The positions of paired signals along chromosome arm 11q
were measured on both chromatids of 14 copies of chromosome
11 from 6 metaphases. Fig. 6 shows an example of a metaphase
cell hybridized under these conditions. Analysis showed a mean
fractional length relative to the distance from 11cen to 11qter
of 0.3024 with = SD confidence limits of 0.2417-0.3631,
corresponding to a location of 11q13.3-q14.1. No signals at
other locations were observed.

Expression of FBP in Cancer Cell Lines. To confirm that a
FBP was indeed the antigen to which MOv18 was reactive and
to assess how widespread was its expression, various cell lines
were examined by FACS using MOv18 (Table 1) and by North-
ern blot analysis using the cHTMOv18 ¢cDNA as probe (Fig.

A B
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Fig. 5. Mapping of FBP to a human chromosome using human/rodent somatic
hybrids digested with BamHI and probed with cHTMOVv18. A: track 1, CL.21E;
track 2, DURA.3; track 3, SIFAA31; track 4, CTP34B4; track 5, FIR §; track 6,
FIR §; track 7, human DNA; track 8, mouse DNA. B: track 1, B2; track 2, 1BS;
track 3, M11X; track 4, human DNA; track 5, mouse DNA. Ordinates, sizes in
kilobases of HindlIl-digested A phage molecular weight markers.
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FBP IN OVARIAN CANCER

Fig. 6. In situ hybridization of cosmid
G53.3 and chromosome 11 centromere probe
D11Z1 with metaphase chromosomes of a nor-
mal male. Arrows, signals localized over
11q13.3-14.1.

Fig. 7. Northern hybridization analysis of
cell lines with cHTMOVv18 probe. Poly(A)*
RNA (5 ug) or total RNA (10 ug) was loaded
onto 1% agarose-formaldehyde gels and elec-
trophoresed at 25 V for 20 h. The gel was
blotted onto Hybond N*, probed with
cHTMOVv18 (1op) or -actin (bottom) as a load-
ing control, and washed under stringent con-
ditions (0.1x SSC, 65°C). A: track I, SKOV3;
track 2, PE/O1; track 3, DX3; track 4, SV80;

188 —

285 —

track S, PAF; track 6, MRCS; track 7, HCT- | -

116; track 8, MANN,; track 9, CC20; track 10,
SW1222; track 11, SW620; track 12, DLD-1;
track 13, LS174T; track 14, SW1417; track
15, HT29; track 16, OVCA432; track 17,
OVCAA433. B: track 1, SKOV3; track 2, PE/
01; track 3, PE/04; track 4, JAMA-2; track $,
TRI17S; track 6, JA-1; track 7, LoVo, track 8,
HelLa; track 9, HEp2.

7). The intensity of mRNA signals above background were
quantitated by laser densitometry and the data summarized in
Table 1. Reactivity with MOv18 correlated quantitatively with
the expression of FBP mRNA in all cases except HT29. In this
case the mRNA signal obtained with the probe was greater than
expected on the basis of the weak signal observed by FACS. A
discrepancy in the binding of MOv18 and MOv19 to HT29
was observed by Miotti et al. (6). Even though both Mabs were
shown to identify the same molecule, they reported that MOv19
reacted strongly to HT29, while MOv18 was unreactive by
immunofluorescence (although weakly positive by radioim-
mune assay). Cloning of this antigen from HT29 has revealed
only one species of FBP which when expressed in WOP cells
is recognized by MOv18, suggesting that in HT29 posttransla-
tional modification of the FBP results in the loss of the epitope
recognized by MOv18 but not that of MOv19.

Only four of the eight ovarian lines expressed FBP at detect-
able levels, which is low considering the high frequency reported
in vivo. Interestingly, PE/O1 expressed no FBP as assessed by
both FACS and Northern blotting, while PE/04, which was
derived from the same patient, expressed moderate levels.

123 4567 8 9 10111213 141516 17 1.2 3 4 5 6 7 8 9

. i
- -

Among the colon carcinoma lines FBP expression was similar
with five of the nine lines showing FBP expression either by
FACS and/or Northern blotting. The 13 lines which expressed
FBP displayed great variability in relative levels from the weak
mRNA signal shown by the melanoma cell line DX3 to HeLa
with a signal 100-fold greater than SKOV3 and >1000-fold
above background.

Copy Number FBP Genes in Cell Lines and Ovarian Tumors.
To determine whether the wide variation in levels of FBP
expression among the cell lines was due to differences in DNA
levels or rearrangements, genomic DNA from the cell lines was
digested with BamHI and subjected to Southern analysis using
the cHTMOv18 cDNA as probe (data not shown). The auto-
radiographs obtained were quantitated by laser densitometry
and differences in DNA loading were corrected for by including
chromosome 6 and/or 21 probes in the same hybridization. No
amplification of the FBP locus was evident in any cell line.
However, in HeLa and PE/0O1, differences in specific bands
were observed. In HeLa cells, which express extremely high
levels of FBP, one copy of the 7.8-kilobase BamHI was absent,
while in PE/01, which has no detectable FBP expression, an
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extra copy of the 22.0-kilobase fragment was apparent. The
remaining BamHI fragments in these two lines were present in
normal copy. The possible involvement of these rearrangements
in FBP expression was not investigated further.

To accompany the studies above, genomic DNA from 10
ovarian carcinomas, one adenoma, one teratoma, and one nor-
mal ovary was prepared together with genomic DNA from
peripheral blood lymphocytes from the same subjects. These
samples were digested with Pvull, and an equal amount of DNA
was loaded into each lane of an agarose gel. Southern blot
analysis was performed with the cHTMOv18 probe. No ampli-
fication was seen in the benign tumors. The FBP locus was
amplified by approximately 50% in one of 10 serous adenocar-
cinomas. All the bands were amplified equally (data not shown).
Further studies of these and other samples are underway, but it
is clear that overexpression of FBP in ovarian cancer cannot,
in general, be due to gene amplification.

DISCUSSION

We describe here the isolation of a cDNA sequence encoding
the ovarian cancer-associated antigen recognized by MAb
MOv18 and its identification as a high-affinity folate-binding
protein. Functional clones were isolated from the ovarian car-
cinoma cell line SKOV3 and colon carcinoma cell line HT29
using the mammalian expression system first developed by
Aruffo and Seed (35). The cDNA thus derived from SKOV3
and HT29 differed in the lengths of 5’- and 3’-noncoding
regions but encoded identical peptides of 257 amino acids. A
database search clearly showed it to be an adult high-affinity
FBP with an amino acid sequence identical with FBPs isolated
by different strategies from normal placenta, KB cells (50), and
Caco-2 cells (51). MOv18 does not appear to be recognizing an
altered form of FBP unique to ovarian cancer since strong
reactivity is observed with some normal tissue such as the renal
distal and proximal tubules and fallopian tubes (7). Further-
more, the surface expression of the MOv18 antigen among cell
lines, as assessed by indirect immunofluorescence, correlated
with FBP mRNA levels in all but one case. In this cell line,
HT?29, it appears that a posttranslational modification results
in a form of FBP which is not recognized by MOv18.

In contrast to the percentage of ovarian cancers reported
reactive with MOv18, it was demonstrated in only 4 of the 8
ovarian cancer cell lines. At least part of this discrepancy is
probably due to down regulation of FBP expression in culture
because of the high folate concentration in culture medium (2-
20 uMm). FBP expression is known to be regulated by internal
and external folate levels (54, 55). Increases in FBP expression
on the surface of cells grown in folate-deficient medium or at
physiological concentrations (5-50 nm) can be 30- to 70-fold
higher (55) with subsequent down regulation to “normal” levels
when returned to normal culture medium (54). Expression of
FBP among the colon carcinoma lines was similar to that of
the ovarian lines and might indicate that in vivo expression may
also be similar. In fact, in studies of 31 colon cancers MOv18
reactivity was seen in only 2 cases (8, 9). The reason for this
discrepancy is not understood.

Folic acid plays an essential role in cellular biochemistry, and
folate-binding proteins are crucial to the assimilation, distri-
bution, and retention of this vitamin. Two classes of FBPs have
been observed in a variety of normal and neoplastic tissue and
body fluids (for reviews, see Refs. 56 and 57). High-affinity
FBPs constitute the major class and are characterized by their

affinities for folate in the nm range. They consist of a water-
soluble form found in milk, umbilical cord serum, and at low
levels in normal human serum and a membrane form found
predominantly on the plasma membranes of tissues from pla-
centa (49), kidney tubules (58), lactating mammary epithelium
(56), and in some cultured cell lines (59-61). The membrane
form of FBP mediates the transport of folates across plasma
membranes via an endocytotic mechanism (62) and in vitro
enables cells to proliferate in medium containing low folate
concentrations (54, 55, 61, 63). The soluble form of FBP in
milk probably serves to concentrate folates in milk and protect
them from oxidation during ingestion by the infant. The pres-
ence of unsaturated FBP in the small intestine of milk-fed
neonates has the additional effect of depriving intestinal flora
of their source of folate (64). Serum folate-binding proteins
have no clear function but are affected in vivo by both folate
concentration and hormone levels (56).

A precursor-product relationship exists between the two
forms of FBP (51). The membrane form is anchored to the cell
membrane via a GPI linkage (51, 65), a fact recently confirmed
for CaMOv18 (66), and soluble FBP that is generated from
membrane FBP by cleavage of this GPI link, as is the case for
alkaline phosphatase (67). The attachment of FBP by a GPI
link may be to facilitate the transport of folate via a novel
endocytotic process reported by Rothberg et al. (62). Alterna-
tively, the sensitivity of GPI links to specific phospholipases,
particularly phospholipase D, which are abundant in plasma
(68), may provide a means of controlling the expression of FBP
at the surface of cells.

A second class of FBPs with affinities for folate in the um
range are present only on cell membranes and function in
transport of folates across the cell membrane and are structur-
ally unrelated to the high-affinity FBPs.

The role of high-affinity FBPs in ovarian cancer is intriguing.
It is possible that the attachment of FBP by a GPI link may act
not only as a means of controlling cell surface expression but
may also be involved in cell activation or communication.
Simultaneous with protein release by specific phospholipases
would be the production of biologically active lipids such as
1,2-diacylglycerol and phosphatidic acid that could cross the
plasma membrane and affect intracellular metabolism (67). A
number of lymphocyte proteins that use GPI anchors have been
shown to be capable of mediating mitogenic responses and have
been implicated as a second messenger of insulin action (69).
Another possibility is that folate levels in the ovary and the
uterus are limiting and increased membrane FBP confers a
metabolic advantage to cancer cells since they can sequester
more folate from serum. Alternatively, its involvement in ovar-
ian cancer may be purely nutritional, reflecting the increased
folate requirement of rapidly growing cells.

If any of the above explanations are true, then it would be
reasonable to expect overexpression of FBP to be a general
phenomenon among many different cancers. In fact, the studies
so far reported in the literature show that significantly elevated
FBP levels predominate among ovarian carcinomas and to a
lesser extent cervical cancers. What special conditions exist in
these tissues that selectively elevate FBP expression or limit
the bioavailability of folates? There is mounting evidence that
hormonal levels affect FBP and folate levels. In the rat uterus
cyclic variations in folate coenzymes normally occur during
successive stages of the reproductive cycle (70, 71) and increased
levels of serum FBPs and folic acid have been observed during
pregnancy (72) and with oral contraceptive use (73). Also in
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breast cancer serum FBP levels are lower in estrogen receptor-
positive cancers and higher in estrogen receptor-negative ones
(74). A report by Butterworth et al. (75) demonstrated the
beneficial effect of folate supplementation in cervical dysplasia
in women receiving oral contraceptives. Although there was no
evidence of systemic folate deficiency, oral folate supplemen-
tation resulted in restoration of a normal epithelium in a
significant number of cases and led the authors to propose that
chronic exposure of the cervix to contraceptive steroids might
produce localized deficiencies in folic acid metabolism that may
favor neoplastic transformation.

The mechanism by which FBP expression is elevated in vitro
and in vivo does not, in general, involve gene amplification,
although the rearrangements evident in HeLa and PE/01 cell
lines may involve regions containing regulatory elements. It is
noteworthy that the 5’-noncoding regions of all the FBP cDNA
sequences so far reported are different and may have functional
significance. Alternative processing of RNA is a mechanism
used by eukaryotic cells to generate multiple transcripts from a
single gene and allows several possibilities for modulation of
gene expression. Untranslated 5’ regions may affect mRNA
stability or the translational capacity of the transcript allowing
for expression in a tissue-specific manner (76, 77). A control
mechanism that may have particular relevance to FBP expres-
sion in ovarian cancer is that of the rat insulin-like growth
factor in which transcripts containing one of three alternate 5’-
untranslated regions are differentially regulated by growth hor-
mone (78).

Although the role of FBP in ovarian cancer is unclear, it
nevertheless provides a unique opportunity to target such cells
not only by specific MAbs but also by virtue of the high affinity
and high specificity of FBP for folates and folate analogues.
Indeed, the small molecular size of such analogues compared
to MAbs should also be of considerable advantage. Alternative
therapies involving antifolate drugs which can utilize or inter-
fere with the activity of high-affinity FBP may be useful in
killing ovarian cancer cells which rely solely on these for folate
acquisition. One such folate analogue, homofolate, has been
used successfully in vitro and specifically inhibits the growth of
cells utilizing the high-affinity FBPs but not those using other
folate transport systems (79).

FBP may also be important in cellular responses to other
chemotherapeutic agents such as the first-line treatment cispla-
tin (80). Studies of the effects of cisplatin on ovarian cancer
cell lines (81, 82) suggest that elevated FBP may influence its
pharmacological effects and may be an important component
in the pathway leading to cisplatin resistance.

The location of the FBP locus on 11q13.3-14.1 places it near
INT2, the human homologue of the murine mammary virus
integration site (83). Preliminary studies have indicated that in
breast cancers that are amplified for INT2 approximately 25%
also have a 2-fold amplification of the FBP locus.® Other
oncogenes and putative tumor suppressor genes have been
mapped to this region including the HST1 (heparin-binding
secretory transforming factor) gene (84) and PP1 (protein phos-
phatase) (85). Translocations involving 11q13 and 14q32.3 are
frequently observed in several human pathologies and a rare
folate-sensitive fragile site is located at 11q13.3 (86). Studies
of this important region may benefit from the Psfl and Mspl
polymorphisms in the FBP loci we have identified.

Although many cancer-associated cell surface antigens have
been identified by MAbs, most are poorly characterized. The

3 V. Fantl, unpublished results.

isolation of cDNA clones for the MOv18 antigen represents a
significant advance in the understanding of the nature and
function of tumor markers and is one of only a few reports of
genes for such antigens being cloned (87-89). The information
thus provided should assist in elucidating the mechanism(s) of
action and resistance to chemotherapeutic agents and also
provides insight into devising alternative therapies. Further
study of the genomic organization of the FBP genes is war-
ranted in order to identify the factors that regulate FBP gene
expression and to assess the possible involvement of alternative
transcripts in the elevation of FBP expression in ovarian cancer.
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