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4. INTRODUCTION:

Breast cancer is the second most common form of cancer in women, striking 1 out of 8 women in their

lifetime. Ovarian cancer strikes fewer women but is generally at an advanced stage at the time of detection. Both

diseases are controlled by multiple genetic defects, suggesting the involvement of many different genes, including

tumor suppressors. According to the two-hit model of Knudson, both alleles encoding for a tumor suppressor

must be lost or inactivated in order for cancer to develop. Based on this model, loss of heterozygosity (LOH) of

alleles from tumor tissue has been used to suggest the presence of potential tumor suppressor genes.

The short arm of chromosome 17 is one of the most frequently altered regions in human breast and

ovarian cancer. One locus of high allelic loss is at 17pl3.1, and contains the tumor suppressor gene, TP53.

However, we and others have shown a second region of LOH distal to the TP53 gene, at 17p13.3, in breast

tumors and ovarian tumors. Genomic abnormalities involving 17pl3.3 has also been reported in primitive

neuroectodermal tumors, carcinoma of the cervix uteri, medulloblastoma, osteosarcoma, astrocytoma (22), and

acute myeloid leukemia and myleodysplastic syndromes, suggesting that a gene(s) on 17p 13.3 may play a role in

the development of a wide variety of neoplasms, including breast and ovarian cancer.

We have previously defined a minimum region of allelic loss (MRAL) on chromosome 17p13.3 in

genomic DNA from ovarian tumors and breast tumors. Positional cloning and sequencing techniques revealed

two genes in the MRAL, referred to as OVCA1 and OVCA2, which overlap one another in the MRAL, and have

one exon in common. Since translation of OVCA1 does not proceed into the shared exon, the genes encode for

completely distinct proteins. The function of OVCA1 and OVCA2 are unknown and their potential role in

breast and ovarian oncogenesis has been a major focus of our studies.

5. BODY:

Relevant data that are referenced in this final report are contained in the manuscripts included in the

appendices. Other significant data which has yet to be published are included below or have previously been

reported in one of the four past annual progress reports.

6.1. Overview of Project

The original proposal focused on determining the role of OVCA1 in breast and ovarian carcinogenesis. We

proposed to evaluate the potential role of OVCA1 in the development of ovarian cancer by 1) determining the
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frequency at which mutations occur in this gene in an extensive panel of ovarian tumors using Single Strand

Conformation Polymorphism (SSCP), and direct sequencing, and 2) evaluating its ability to suppress clonal out-

growth when introduced by transfection into tumor cell lines that express reduced levels of OVCA1. Since this

locus is also involved in breast cancer, we performed mutational analyses on a large panel of breast tumors as

well. We also initiated studies to determine the function of OVCAl by establishing the subcellular location of

this protein using antibodies generated against OVCA1 and by identifying potentially important protein

interactions by two-yeast hybrid trap methods. Overall, these studies provided insights into the potential role

of OVCA1 in the pathogenesis of sporadic breast and ovarian cancer.

We accomplished all of the original aims and have made additional progress which is relevant. We have

continued our efforts to understand the function of OVCA1 by further characterizing it protein interactors and

have been attempting to derive Ovcal +/- ES cells, all in the absence of funding for the past 15 months. We are

dedicated to the pursuit of the function of this protein and propose in this offering to determine the biological

and biochemical functions of OVCA1 by focusing primarily on its interaction with RBM8A, a novel, yet highly

conserved nuclear RNA binding protein that has recently been found to interact with newly exported

cytoplasmic mRNAs. There is growing evidence that proteins involved in pre-mRNA splicing and mRNA

metabolism are intimately involved in the regulation of cell cycle progression, however their roles in

tumorigenesis has not be thoroughly explored and will be addressed in this proposal.

6.2 Evidence for a tumor suppressor locus on chromosome 17p13.3

Chromosome 17 aberrations are the most common genetic abnormality in human breast and ovarian cancer

and appear to be an early event in tumorigenesis (1-4). There at least two tumor suppressor genes other than

BRCA1 and TP53 present on chromosome 17 which are involved in breast cancer proliferation (5-7). A recent

study of 1,280 breast tumors found that the frequency of LOH observed on the p arm of chromosome 17 was

much higher than that observed on the q arm: two regions on 17p include TP53 (17p 13.1) and a more telomeric

region at l7p13.3 that includes D17S5/30 (YNZ22.1) and D17S28 (YNH37.3) were defined (8).

Numerous studies have shown that YNZ22.1 allele imbalance is more common than TP53 mutation in

breast and ovarian cancer (3, 4, 9-20) and surprisingly that LOH of D17S5/30 is independent of alterations

involving TP53 (3, 19-21). Up to two-thirds of breast tumors show LOH at the YNZ22.1 locus (9, 13, 19, 20,

22-24) and this finding has been associated with markers of tumor aggression (8, 19, 25, 26).
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In a recent study of ovarian tumors, it was reported that YNZ22.1 had an 80% (37 of 46 informative

majignant tumors) rate of LOH on chromosome 17p, and YNH37.3 showed 65% LOH (15 of 23 informative

malignant tumors) (27). Loss at either D17S30 or D17S28 was observed in 80% (4 of 5) of carcinomas without

metastases (FIGO stage I), and 90% (27 of 30) of high-stage carcinomas (FIGO stage II-IV) (3).

This same region shows frequent loss of heterozygosity in 12 other tumor types including small-cell lung

cancers (28-30), colon cancers (31), medulloblastoma (32-35), astrocytoma (36, 37), malignant melanoma (38),

hepatocellular carcinoma (39), leukemia and lymphoma (40). In many of these studies changes on chromosome

17pl3.3 occur in the absence of alterations involving TP53, suggesting that a tumor suppressor gene(s) residing

in this region on chromosome 17p 13.3 may be involved in the development of many types of cancers.

6.3 The OVCA locus

We reported the identification of a common region of allelic loss on 17p13.3 in ovarian cancer defined by

the markers D17S28 and D17S5/S30 (41). These two loci span less than 20 kbp (41). We refer to this region as

the OVCA (QVarian CAncer) locus. Using various positional cloning methods, we have identified four

previously unreported genes, which we provisionally refer to as OVCA1, OVCA2, OVCA3, and OVCA5 that

map to this critical region (41). OVCA1, 2 and 3 are ubiquitously expressed, while OVCA5 is present at very

high levels in testis (data not shown). A fifth gene, OVCA4, which is just outside this minimal region of allelic

loss, has also recently identified by us (data not shown). We have demonstrated some interesting properties of

OVCA1 related to cell growth and tumor suppression, and have focused much of our studies on the

characterization of this unique protein.

To date, only two genes have been reported that map within the critical region of allelic loss on

chromosome 17pl3.3 defined by YNH37.3 and YNZ22.2; OVCA1 and OVCA2. We have shown that over-

expression of OVCA1, but not OVCA2 can suppress tumor cell proliferation (42). We continue to be excited

about the potential role of OVCA1 in breast and ovarian carcinogenesis and believe that reduced expression due

to allelic loss (e.g., haplo-insufficiency), altered protein stability, aberrant post-translational modifications, and

inactivating mutations may all contribute to the development of these and other cancers.

6.4 Growing evidence that haploinsufficiency plays a role in tumorigenesis

It has previously been thought that both alleles of a tumor suppressor gene must be inactivated, as

expostulated by Knudson's "2-hit" hypothesis (43). As with other hypotheses in biology, it is now clear that

the mechanisms for inactivation must be expanded and revised [reviewed in (44)]. One key revision is the
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concept of haplo-insufficiency. It has recently been shown in mouse knockout models that p27/kipl, Nfl, and

Ptgn are haplo-insufficient for tumor suppression (45-47). Although low levels of the p27 protein are

frequently found in human carcinomas (48-52), it was not possible to establish a causal link between p27 and

tumor suppression because only rare instances of homozygous inactivating mutations of the p27 gene were

found (53-56). Yet, both p27 nullizygous and p27 heterozygous mice are predisposed to tumors in multiple

tissues when challenged with gamma-irradiation or a chemical carcinogen (57). Molecular analyses showed that

the remaining wild-type p27allele was neither mutated nor silenced (57). Gutmann and colleagues have found an

increase in the number of cerebral astroctyes and increased astrocyte proliferation in Nfl heterozgous mice as

compared to wild-type littermates. Their studies suggest that reduced NF1 expression results in increased

astrocyte proliferation that may be sufficient for the development of astrocytic growth abnormalities in patients

with NF1 (58). The PTEN gene encodes a dual-specificity phosphatase mutated in a variety of human cancers

(59-61). PTEN germline mutations are found in three related human autosomal dominant disorders, Cowden

disease (CD), Lhermitte-Duclos disease (LDD) and Bannayan-Zonana syndrome (BZS), characterized by tumor

susceptibility and developmental defects (62-64). It was recently reported that Pten+/- mice and chimaeric mice

derived from Pten+/-ES cells showed hyperplastic-dysplastic changes in the prostate, skin and colon, which are

characteristic of CD, LDD and BZS (45). They also spontaneously developed germ cell, gonadostromal,

thyroid and colon tumors, suggesting that PTEN haploinsufficiency plays a causal role in CD, LDD, and BZS

(45). These studies therefore suggest that there is another class of tumor suppressor genes: genes that when in

the haploinsufficiencient state lead to reduced levels of the protein, thus resulting in tumorigenesis. This is of

great significance given that the OVCA locus shows LOH in >80% of ovarian tumors and that hemizygosity is

the most frequent observed aberration.

6.5 Rationale for studying OVCA1

The data presented here and elsewhere, i.e. high rate of allelic loss observed for chromosome l7p13.3 in

ovarian tumors, the abnormal expression of OVCA1 in the majority of breast and ovarian carcinomas, and the

observation that an equimolar level of exogenous p50°vcA1 suppresses the growth rate of tumor cells up to 10-

fold and reduces tumorigenicity, suggests that a slight reduction in the level of expression of OVCA1 or its

mislocalization is sufficient for loss of growth regulation. The high rate of loss of one copy of chromosome 17p

in breast and ovarian tumors may contribute to carcinogenesis by reducing OVCA1 to hemizygosity.

6.6 Previous proposal

The original application which proposed to evaluate the potential role of OVCA1 in the development of

breast and ovarian cancer was well received. The specific objectives in our 1996 proposal were to 1) determine
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the frequency at which mutations occur in the OVCA1 gene in both breast and ovarian cancer. Assess

expression of OVCA1 transcripts (both normal and variant) in tumors and tumor cell lines, 2) evaluate the

ability of OVCA1 to suppress cellular growth by introducing into tumor cell lines inducible expression vectors

carrying the full-length cDNA and determine the effects of OVCA1 inhibition on cell proliferation via antisense

DNA, and 3) evaluate the protein levels in breast and ovarian tumors and tumor cell lines using antibodies

specific for OVCA1 and OVCA2. Determine the subcellular location and relevant protein interactions of OVCA1.

Determine the effect of tumor-specific alterations on OVCA1 function. We have accomplished all of the specific

aims in our funded proposal and have greatly surpassed these initial goals as outlined below.

6..7 Overview of chromosome 17p]3.3 and OVCA1 in breast and ovarian cancer

We identified a common region of allelic loss between two highly polymorphic DNA markers on 17p 13.3,

YNH37.3 and YNZ22.1 (4, 41). These two markers were predicted to be anywhere from 2 to 3.5 centimorgans

apart (roughly equivalent to 2 to 3.5 megabases). Remarkably, they are in fact separated by less than 20 kbp,

suggesting that the recombination frequency between these two markers is quite high. Using standard positional

cloning approaches, we identified several previously unreported genes, including OVCA1 that maps to this

critical region. Northern blot analysis revealed that OVCA1 mRNA was expressed in normal surface epithelial

cells of the ovary, but the level of the transcript was significantly reduced or was undetectable in >70% of

ovarian tumors and tumor cell (41). OVCA1 is highly conserved in mammals and also shares significant amino

acid sequence identity when compared to proteins from the nematode and yeast. The predicted gene product of

OVCA1 showed 60% and 53% sequence identity over 328 and 367 of the 443 amino acid residues when

compared to Caenorhabditis elegans and Saccharomyces cerevisiae proteins, respectively. If conserved amino

acids substitutions are considered, the sequence similarity is increased to 77% and 89%, respectively (41). No

known functional domains match OVCA 1, indicating that it is a member of a novel class of proteins with an

uncharacterized biochemical function. Based on evolutionary distances it appears that OVCA1 may be a

member of a novel family of proteins with two subfamilies. Searches of protein databases and translated ESTs

identified significant sequence identity between the N-terminal portion of OVCA1 and the yeast diphthamide

biosynthesis protein 2, dph2, suggesting that OVCA1 may have a yet undefined enzymatic activity. We have

subsequently cloned what we believe is the human homolog of dph2, referred to as hDPH2L2, and found it to be

distinct from OVCA1 (65). We have recently shown that OVCA1 is abnormally expressed in the majority of

breast and ovarian tumors and have shown that exogenous expression of OVCA1 can suppress tumor growth in

vitro and tumor formation in vivo. Overall, we employed several approaches to evaluate the potential role of

OVCA1 in the development of breast and ovarian cancer. Much of these data have been published and are

included in the Appendix.
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6.8 Mutation analysis

Mutational Analysis of OVCA1 by SSCP. SSCP and sequence analyses were conducted on 50 ovarian

tumors independent of LOH status for markers on 17pl3.3, and 20 breast tumors demonstrating allelic loss for

OVCA1 and retention of TP53. Multiple sequence variants were identified throughout the gene (42). Of note,

we did detect single somatic mutations (not present in corresponding constitutive DNA samples) in introns 6,

10, and 11 when screening breast and ovarian tumors (unpublished data). All were single nucleotide deletions.

We identified several somatically acquired alterations which suggested that aberrant splicing of OVCA1

might be involved in carcinogenesis. A sequence alteration in intron 12 near the 5'-splice site was detected in

four independent ovarian tumor cell lines, but not in the corresponding constitutional DNA for two of the

individuals (the other two DNAs were not available). This variation has not been observed in the germline of

our control population. RT-PCR analysis of these tumor cell line RNAs revealed expression of an alternatively

spliced transcript of OVCA1 (data not shown). However, the 50 kDa protein encoded by the modified

transcripts is not predicted to be altered (since it occurs after stop codon in exon 12), therefore, the significance

of this acquired mutation was not readily apparent. We have recently shown that this splice site mutation may

lead to aberrant splicing and modify the reading frame of the p85°vcAl (see Defining the origin of the

p70/p85cvcA1 proteins in this section).

Interestingly, we identified two non-conservative amino acid substitutions, Ala34Asp and Arg389Ser.

Each alteration was detected in the germline of a woman with breast cancer and with a strong family history of

the disease. In both cases the missense mutation/rare polymorphism was retained in the corresponding breast

tumor DNA and showed reduction to homozygosity (data not shown). Evaluation of more than 200 control

chromosomes have failed to detect these sequence variants. The probands do not have unusual ancestries,

indicating that the sequence alterations are unlikely to be related to a specific ethnic group. Unfortunately, these

individuals are now deceased and we did not receive informed consent from the patient to approach other family

members. Both of these probands have tested negative for germline mutations in BRCA1 and BRCA2 (Godwin,

unpublished data). This is of potential relevance given that recent estimates predict that mutations in BRCA]

and BRCA2 account for between 30 to 40% of families with 4 to 5 breast cancers, suggesting that other breast

cancer predisposing genes exist (66, 67). In the experiments described below we evaluated the affect of these

mutations on cell growth and found that both OVCA1 mutants reduced abilities to suppress tumor cell growth

as compared to wild-type OVCA1 (see below).

9
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6.9 Tumor suppressor activity

Suppression of Clonal Outgrowth by OVCAl. Attempts to generate cell lines that stably over-expressed

OVCAl were generally unsuccessful. The few clones that did express OVCA1 expressed only low levels of the

protein. This phenomenon was consistently observed in a number of different cell types [RAT-i, U2OS, MCF-

7, HIOl 18, and T-47D cells; see (42)]. To quantitate this effect, equimolar amounts (2.5-5 pmol) of a

mammalian expression vector containing an amino terminal HA tagged OVCA1 (pcDNA3-HAOVCA1) and an

empty expression vector (pcDNA3) were transfected into the ovarian cancer cell line, A2780. The A2780 cell

line was chosen because it is a well-characterized ovarian tumor line that expresses low levels of p 5 00vCA1 and

no detectable p 8 50vcAn. Evaluation of colony formation in the presence of G418 consistently showed a 50% to

60% reduction in colony number by the OVCA1 construct as compared to the control construct. This effect

was observed in 8 independent transfection experiments and was similar to the level of suppression observed for

TP53 transfection experiments and was independent of plasmid DNA purity and was observed if either

equivalent molar amounts or microgram amounts of plasmid were transfected. Furthermore, experiments in

which an expression vector containing the gene encoding for the p-galactosidase protein were co-transfected

with OVCA1 indicate that the reduction in clonal outgrowth is not an artifact due to differences in transfection

efficiency (data not shown). In comparison, cells that constitutively over-express OVCA2 were numerous

(similar to plasmid only control) and easy to establish (data not shown). The fact that cosmids containing -40

kbp DNA that included the entire minimum region of allelic loss (i.e., OVCAJ and OVCA2) are capable of

suppressing clonal outgrowth to a similar extent suggest that OVCA1 is most likely the gene responsible for this

phenotype [(41) and Godwin, unpublished data].

Growth Kinetics of Stable Transfectants. To verify that the suppression effect was due to exogenous

OVCA1 expression, seven colonies from pcDNA3 vector control transfected cells and 15 colonies from

pcDNA3-HAOVCA1 transfected cells were amplified following selection for 10 days. All colonies selected from

pcDNA3 vector control plates expanded and formed stable cultures. In contrast, only 9 of 15 colonies selected

from pcDNA3-HAOVCA1 transfected cells expanded to form a stable culture. Western blot analysis revealed

that there was approximately equimolar expression of exogenous and endogenous OVCA1 in only 4 of 9 stable

pcDNA3/HA-OVCA] clones (OV-4, OV-5, OV-9, OV-13) (see Appendix, Bruening et al., 1999). The other five

cell clones failed to express any detectable levels of HA-OVCA 1.

Of the HA-OVCA1 transfectants with exogenous expression, no differences in morphological features

were observed when compared to parental A2780 cells (data not shown). However, independent clones, OV-5,

OV-13, OV-9 displayed an approximate 8-fold, 10-fold, and 4-fold reduction in growth when compared to

10
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expression vector controls and parental A2780 cells, respectively. We calculated that A2780 cells double only

2-2.5 times during a 24 hour period, while OV-5, OV-9 and OV-13 double approximately 1-1.5 times.

Consistent with the reduced growth rate, the clones stably expressing OVCA1 have a dramatic reduction in

cyclin D levels. Expression of OVCA1 also dramatically inhibits tumor growth in vivo. By week 4 the A2780

vector control line had metastasized to the liver and lung and the animals were euthanized, whereas no palpable

tumors were evident for animals injected with OV-4. Interestingly, by week five palpable tumors were detected

in OV-4 animals and these tumors rapidly progressed. Evaluation of tumor tissue from these animals found no

evidence of the OVCA 1/HA protein, indicating that the tumors arose from revertants.

OVCA1 Mutations found in breast cancer patients fail to suppress tumor growth. We evaluated whether

the A34D and S389R missense mutations affected the ability of OVCA1 to suppress growth in vitro. The two

mutations were introduced into the pcDNA3-OVCAIHA expression plasmid. Both mutant proteins expressed

equally well in transient transfection assays (data not shown). Protein containing the A34D or the S389R

mutation and vector alone were not able to suppress tumor cell growth in vitro as well as OVCA1/HA (wild-

type) or TP53 (wild-type) in a transient assay. Interestingly, expression of a mutant form of OVCA1

(OVCAlnuc) that is targeted to the nucleus enhances cell growth as compared to vector controls. We are aware

that many genes cause toxic or detrimental effects when overexpressed and have shown that the human

embryonic kidney 293 cells show no adverse effect when OVCA1 is overexpressed (42). Moreover, the A34D

mutant OVCAl, and the S389R to a lesser extent do not appear to suppress growth and OVCAlnuc actually

enhances growth. Thus, we feel that we have shown that the growth suppressive effects seen are indeed

specific for OVCA1 and not due to nonspecific effects.

6.10 Subcellular localization

Anti-OVCA1 Antibodies. We have generated antibodies to both the amino- and carboxy-terminus of

OVCA1. This is summarized in Table 1. Both N- and C-terminal antibodies are able to recognize bacterially

expressed and in vitro translated OVCA1 by Western blotting (data not shown). In addition, these antibodies

are able to recognize proteins of -50 kDa in whole cell lysates from the ovarian tumor cell line A2780.

Recognition of this 50 kDa protein can be competed with a molar excess of the antigenic peptide, indicating that

the antibodies recognize the authentic OVCA1 protein (data not shown). In addition to the 50 kDa protein,

antibodies detect proteins of approximately 85 kDa in extracts prepared from a variety of sources, including

normal human tissues and primary
Table 1. OVCA1 antibodies
Ab Epitope Proteins Rec. cultures of human ovarian surface
TJ132 a.a. 20-31 p50, p7 0 , p85, OVCA1HA, in vitro translated
FC21 a.a. 330-443 p48", p70, p85, OVCA1HA, in vitro translated epithelial (HOSE) cells (42). The
FC22 a.a. 330-443 p48", p70, p85, OVCA1HA, in vitro translated
*=unmodified form, see below

11
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amino-terminal antibody T J132 recognizes a protein with a molecular weight of about 70 kDa. Recent evidence

suggests that the 70 and 85 kDa forms are proteins encoded by alternatively spliced form of OVCA1 (see

below).

Subcellular localization of OVCA1. To assist in understanding the function of OVCA1, its subcellular

localization was determined. COS-1 cells were transfected with either an empty vector or with pcDNA3-

OVCAIHA. Immunostaining with an anti-HA antibody (Y-11; Santa Cruz) indicates that OVCA1 is localized to

punctate bodies. These bodies are scattered throughout the cell, and are heavily clustered around the nucleus. A

similar pattern was obtained in immortalized HOSE cells transfected with pcDNA3-OVCAIHA, and when the

cells were immunostained with the specific anti-OVCA1 antibody, T J132 (data not shown). To further confirm

the localization, OVCA1 was fused to the carboxyl terminus of the green fluorescent protein (GFP). COS-1

cells expressing the GFP-OVCA1 fusion again demonstrated a punctate, primarily perinuclear localization of the

protein (Bruening and Godwin, unpublished data).

Fractionation studies confirmed that the 50 kDa OVCA1 protein is located throughout the cell. The 50

kDa form was found in nuclear, cytoplasmic, and membrane fractions. Extraction of OVCA1 using a variety of

buffers indicated that p50 exists in both a soluble and insoluble form. However, the 70 kDa and 85 kDa species

appear to be exclusively located within the nucleus.

Expression of OVCA1 in breast and ovarian tumors: There has been some questions regarding the role of

OVCA1 in breast and ovarian cancer. Therefore, we analyzed tumor extracts and found that the p85/p70 form

was absent in the majority of tumors analyzed (100% of breast tumors, 85% of ovarian tumors), while p50

levels were absent or reduced (by at least 50%) in extracts prepared from breast (39%; 18/46) and ovarian (36%;

21/59) tumors when compared to extracts from primary cultures of mammary or ovarian surface epithelial cells,

respectively (42).

In order to further analyze the expression of OVCA1, we performed immunohistochemistry on normal

ovaries and benign and malignant ovarian tumors using N- and C-terminal OVCA1 antibodies. In epithelial cells

of normal ovaries and ovarian tumors of low malignant potential, strong nuclear and cytoplasmic staining in the

epithelial cells was observed using both antibodies. In contrast, 90% (9/10) of ovarian carcinomas showed little

or no cytoplasmic staining using the N-terminal antibody. However, varying intensities of nuclear staining

(high/medium in 5/9 tumors and light staining in 4/9 tumors) was observed. Interestingly, no nuclear staining or

cytoplasmic staining was observed with the C-terminal antibodies (both FC21 and 22). In addition to OVCA1,
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all seotions are simultaneously stained with antibodies to OVCA2, cytokeratin, Ki-67, and BRCA1 to insure

th at our immunohistochemical techniques are appropriate. Overall, by immunohistochemistry, we determined

that OVCA1 was abnormally expressed in the majority of ovarian adenocarcinomas as compared to normal

epithelium. We have also found in some tumors, which still express OVCA1 by Western blotting, that the

protein may be mislocalized to the nucleus.

dU

elo 0W t g<-ps0

p50 o M<p8GRP94

GRP78

Figure 1. Extracts from 293T, HIO-117 (HOSE cell line), and A2780 cells were evaluated for expression of OVCA1 using a
combination of TJ132 and FC22. When evaluated alone, the antibodies detect single bands, right panel. A2780 cells were
fractionated and the various protein extracts were evaluated by Western blotting. p50 was detected using TJ132 and p48 was detected
using FC22. GRP94 and GRP78 were detected using a monoclonal antibody (KDEL). WCL, whole cell lysate; Cyt, cytoplasm; Org,
organelles; and Nuc, nucleus.

Posttranslational modification of OVCAI: We were struck by the observation that TJ132 (N-terminal

antibody), but not FC21 or FC22 (C-terminal) antibodies were able to detect protein in both normal and tumor

cells by immunohistochemistry. FC22 detected protein staining in only normal ovarian surface epithelial cells

and the epithelial component of LMPs, yet truncating mutations were not detected in these samples. This led

us to re-evaluate the proteins that were being expressed in these tumors and were being detected differentially

by the two antibodies. On closer evaluation we found that each antibody detects a specific form of OVCA1 and

that the different forms (p50 and p48) localize differently based on more careful cell fractionation studies

(Figure 1 and Table 1). Interestingly, p48 expression pattern is nearly identical to GRP78 (a confirmed

OVCAl interactor), whereas p50 is primarily located in the cytoplasm or associated with detergent insoluble

organelles. As indicated above, both antibodies are capable of detecting in vitro translated OVCA1 (data not

shown), suggesting that the protein may be posttranslationally modified. To address this question, we

evaluated cell extracts by two-dimensional gel electrophoresis followed by Western blot analysis. As shown in

Figure 2, the proteins are extensive modified in the tumor cell extracts as compared to normal control, resulting

in nearly the complete absence of immunoreactive p48 (FC22) as observed by immunohistochemistry.

Preliminary studies have ruled out phosphorylation as the major posttranslational event which contributes to

the dramatic shift in pl. We have recently purified large quantities of OVCA1 following expressing in insect
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cells (in collaboration with Dr. R. Raftigionis, FCCC) and will evaluate the protein by mass spectroscopy (in

collaboration with Dr. A. Yeung, FCCC).

Defining the origin of the p7 0 /p8 5 °VCAl proteins:

Using RT-PCR approaches we recently identified a
p5.1 p1 7.5 p1 9.5

< p54 transcript in fetal brain that differed from the p50 cDNA
Normal _ i i !p48in that 49 additional nucleotides were included at the end

'Mo <- P50 (TJ132) of exon 10. This alteration leads to a change in reading

Tumorj frame and is predicted to extend the protein 194

. <- P48 (FC22) additional amino acids. This protein is predicted to be

Figure 2. Two-dimensional gel electrophoresis >70 kDa in M.W. and shares 165 amino acids in common
analysis of OVCA1 (p50 and p48 forms) in with OVCA2. As predicted, this alternatively spliced
protein extracts from normal and ovarian tumor
cells. Upper filter was stained with sequentially form would not be detectable by Northern blot analysis,
with TJ132 and then FC22, whereas the lower
filters with stained individually, however using RT-PCR approaches, we have been able to

detect the alternatively spliced form in all the mortal SV40 HOSE cell lines and normal tissues tested. In most

of these samples both transcripts are at readily detectable levels. We have reconstructed the OVCA1 p50

transcript to contain the additional 49 nucleotides and have shown that the protein migrates as a 70 kDa and an

85 kDa band by Western blot analysis (Bruening and Godwin unpublished data). Our initial results suggest that

p70 may be the result of the extended exon 10 clone and that the origin of p85 is a postranslationally modified

form of p70. Interestingly, the somatic mutation in exon 12 (IVS12+IG>A) that was detected in 4 individual

tumor cell lines is predicted to lead to a truncated protein.

6.11. Proteins that associate with OVCA1

Yeast two hybrid/interaction trap (IT) and OVCA1 protein interactors. We used a yeast two-hybrid

screen to identify cDNAs from a human fetal brain library encoding proteins that were able to interact with

OVCA1. The IT system has the advantage of permitting protein interactions under physiological conditions at

physiologic levels (68). Therefore, we established two baits for OVCA1, one including amino acids 2 to 161 (N-

terminal bait) and another including amino acids 225 to 443 (C-terminal bait). Using the N-terminal bait of

OVCA1, no strong interactors were detected. The C-terminus bait of OVCA1 yielded the only protein

interactors. A total of 3.5xl 05 primary transformants were screened, resulting in the identification of 28 clones

coding for 4 OVCA1 interactor candidates. The most redundant clone, initially referred to as BOV-1 (Binder of

OVCAI-1), but later renamed to RBM8A, accounted for 54% (15/28) of the total clones isolated.
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The second most redundant cDNA found encoded for the glucose-regulated protein 78 (GRP78).

Members of the HSP70 protein family have been reported to bind non-specifically to baits in some two-yeast

hybrid interactor hunts (E. Golemis, personal communication), however, this clone passed both the low and high

stringency tests and failed to interact with a series of

other baits, including C-terminal truncated OVCA1, 2 I
OVCA2, TP53, CDK4, and biocoid (data not shown). jA
Two additional candidate OVCA1 binders were .. .

identified and both cDNAs encoded for previously 4A - ..W, ___ : -•o* r

uncharacterized proteins (data not included). 14- o -

Northern analysis of BOV-1. The expression

pattern of BOV-1 mRNA was evaluated by multiple

tissue Northern blotting. Three major mRNA species Figure 3. Tissue expression pattern of BOV-1 mRNA.
Blots containing 5 jig of polyA÷ selected mRNA from each

were detected, BOV-la, lb, and 1c, of -1 kb, -3.2 kb, of the indicated human tissues were hybridized with a -800
bp BOV-la/b cDNA clone. Size standards are in kilobases.-.5.8 kb, respectively. While these species were

expressed in all tissues to varying degrees, the 1-kb transcript was most abundant in testis, heart, placenta,

spleen, thymus, and lymphocytes (Figure 3). The three mRNA species could also be detected in mammalian

cell lines to varying degrees (data not shown).

Cloning of BOV-1. To aid in the characterization of BOV-1, we isolated thirty cDNA clones from a

A , human fetal brain library using a random-

_C- primed 700-bp cDNA probe, and

sequenced fourteen of them to determine

the nucleotide sequence and predicted

"'amino acid sequence of BOV-la, 1b, and 1c.

Our results indicate that BOV-ia (the

Figure 4. RBM8A structural features (A-B). A. The predicted primary sequence of the protein encoded by BOV-la/b cDNA is shown,
and the RNA-recognition motif (RRM) is underlined. The arrow indicates the methionine where protein encoded by BOV-lc is predicted
to start. B. A schematic diagram highlighting structural domains of BOV-la/b is presented in the lower panel. The RRM and both RNP1
(residues 113-120) and RNP2 (residues 74-79) consensus sequences are indicated. A putative bipartite nuclear localization signal (NLS)
is predicted to be present at the N-terminus of BOV-la/b. The diagram also shows the arginine-glycine-rich (RG) box (residues 151-162)
and a serine-arginine-rich (SR) domain (residues 163-173) identified in the C-terminus of BOV-la/b. The protein encoded by BOV-ic is
predicted to be 16 amino acids shorter than BOV-la/b. The arrow indicates the methionine where protein encoded by RBM8B is
predicted to start. C-D. Immunolocalization of BOV-la/b in COS-1 cells. COS-1 cells were transiently transfected with pcDNA3/T7-
BOV-1. Forty eight hours after transfection, cells were fixed and stained with a mouse monoclonal anti-T7 tag antibody (Novagen,
Madison, WI), followed by staining with FITC-conjugated anti-mouse antibody (Jackson Immunochemicals) (C) and counter-staining

abundant -1 kb transcript) represents the entire coding region identified through the yeast two-hybrid screen,

and that BOV-lb results from the use of an alternative polyadenylation signal (Accession number AF231511).
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SBase& on initial sequence analysis, it appears that BOV-lc may be the product of an alternative exon splicing

and the use of the alternative polyadenylation signal (Accession number AF231512).

The cDNA encoding for BOV-la consists of an open reading frame of 173 amino acids. The cDNA for

BOV-lb differs from BOV-la in that the 3'-

Panti-1BMSA IP, iti-C22 UTR is substantially longer, 2,236 bp versus

- 161 bp, respectively. The cDNA encoding for

BOV-lc consists of 3,074bp of 5'-UTR, an
SRBM8A1 ORF of 158 amino acids, and a 3'-UTR of

S2,238 bp. At the nucleotide level BOV-lb and

BOV-lc cDNAs are identical except for the 5'-

Figure 5. Co-immunoprecipitation of OVCAl and RBM8A. Left UTRs (compare accession numbers AF231511
panel, anti-RBM8A monoclonal antibodies were used to co-
immunoprecipitate p48OVCAI (FC22). The filter was stained with both and AF231512).
anti-RBM8A and anti-FC22 antibodies. p48ovcAl was detected in both
A2780 and HeLa extracts. Right panel, anti-OVCA1 polyclonal The predicted proteins encoded by BOV-
antibodies (FC22) were used to co-immunoprecipitate RBM8A. The
p500vcAl (TJ132) form was not detected in either case (data not shown). 1c differs from BOV-la/b in that the protein is

predicted to be 15 amino acids shorter (see

Figure 4; translation of protein encoded by BOV-lc is predicted to start at the second methionine, but includes

an additional amino acid at codon 27), otherwise the proteins are identical. BOV-la/b and BOV-lc proteins

predicted molecular weights are 20 kDa and 18kDa, and their isoelectric points occur at pH 5.78 and pH 7.62,

respectively. Comparison of 12 of the 14 BOV-1 cDNA clones identified a sequence variant involving codon 43

(GAA) of BOV-la/b (or codon 27 of BOV-lc). In 66.7% (8/12) of the clones, this additional codon was

present. These transcripts would be predicted to encode for a protein of 174 amino acids (BOV-la/b). In

comparison, this polymorphism was not detected in any of the BOV-lc cDNA clones.

6.12 Intracellular association of OVCA1 and RBM8

Having identified potential partners for OVCA1 using a yeast two-hybrid screen, and having identified a

novel RNA binding motif protein, we wished to validate these associations in mammalian cells. To do so, we

immunoprecipitated OVCA1 with antibodies to RBM8A. As shown in Figure 5, anti-RBM8/Y14

(monoclonals derived from GST-tagged Y14 that was provided by Dr. G. Dreyfuss) antibodies

coimmunoprecipitated OVCA1 (p48°vCAM form only) from an ovarian cancer cell line, A2780 and HeLa cells. In

comparison, anti-OVCA1 (FC22) immuniprecipitated RBM8A, but only weakly.
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* Chromosomal mapping of BOV-1 cDNA. We mapped the chromosomal location of BOV-1 by FISH using

the 5.8 kb eDNA probe, corresponding to the BOV-lc transcript. Of the 51 signals observed, 24 (47%)

hybridized specifically at 5q13-14 in 19 of the 20 metaphase spreads scored. In 11 of 20 (55%) metaphase

spreads, signals were also detected on chromosome 14, specifically at 14q22-23. Sixteen (31%) of the 51 signals

observed mapped to 14q22-23, indicating that two closely related genes may exist at these two sites (Figure 6).

Finally, we noted that six metaphases showed weak hybridization (single signals) in the I qh region.

Nucleotide Sequence Analysis of BOV-1 cDNAs. Comparison analysis

of BOV-ia/b using the BLASTN program demonstrated 99% nucleotide

homology (score=898; E value 0.0) to a human EST from a colon

carcinoma (HCC) cell line cDNA library (Accession number AA30779).

Comparison of 5'-UTR of the BOV-lc cDNA with the GenBank

databases demonstrated 99.4% nucleotide homology overFigure 6. Chromosomal localization of BOV-la./b and

BOV-Jc by FISH. Partial metaphase spread showing specific 314 nt (in the reverse orientation) to human integrin
hybridization signals at chromosome 5q13-14 (arrowheads).
Arrow indicates specific hybridization signals at binding protein Del-1 (Dell) mRNA (1712-1399 nt of
chromosome 14q22-23. Insets: Left, BOV-lc-specific
hybridization at 5q13-14 to individual chromosomes from Dell and 2668-2981 nt of BOV-lc) (Accession number
other metaphases. Right, BOV-lc-specific hybridization at
14q22-23 to individual chromosomes from other
metaphases. U70312 versus AF231512). The 3'-UTR for both BOV-

lb and BOV-lc also shared nucleotide identity with a

human cDNA (Accession number AL049219) (score=496; E=1.0xl0"137) identified in fetal brain.

Based on comparison of the cDNA sequence for BOV-la/b and our genomic sequence data, the BOV-ia/b

gene appears to contain 6 exons, whereas BOV-lc is intronless. Based on our mapping and sequence data,

approved names for BOV-ia/b and BOV-lc have recently been assigned by the Human Gene Nomenclature

Committee and are RBM8A and RBM8B, respectively.

Protein sequence analysis and subcellular localization of BOV-1. The deduced primary amino acid

sequence of RBM8A and RBM8B indicates the presence of one copy of an RNA-binding domain (RBD) in the

central region (amino acid residues 71-148 or 55-132, respectively), also known as RNA-recognition motif

(RRM) (Figure 15, A-B). This RRM contains one set of the two consensus nucleic acid binding motifs, RNP-1

(a.a. 113-120 for RBM8A and a.a. 97-104 for RBM8B) and RNP-2 (a.a. 74-79 for RBM8A and a.a. 58-63 for

RBM8B), which are characteristic of the heterogeneous nuclear ribonucleoprotein (hnRNP) family of proteins.

The RBM8A and RBM8B amino acid sequence also contains a putative bipartite nuclear localization signal

(NLS) (69) at the N-terminus (a.a. 33-51 for RBM8A and a.a. 17-35 for RBM8B) and a stretch rich in glycine
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residues (not shown). Interestingly, the C-terminus of the RBM8A and RBM8B proteins (residues 151-173

and 135-157, respectively) show significant homology to the serine- arginine-rich (SR) domain of the splicing

factor SC35 (70), as well as a domain rich in glycine and arginine (residues 151-162 for RBM8A and residues

135-146 for RBM8B), reminiscent of the RG box described in human nucleolin (71). In addition, we analyzed

the initracellular distribution of RBM8A by immunofluorescence analysis. Immunolocalization experiments

using COS- 1 cells transfected with a T7-tagged RBM8A expression vector indicates that full-length RBM8A is

predominantly in the nucleoplasm and in nuclear speckles. Lower but significant cytoplasmic staining is also

observed.

RBM8 proteins appear to be highly

*. . i conserved evolutionarily (Figure 7). Sequence

". ... �i:. -analysis of the predicted RBM8A and

RBM8B coding sequence using both FastA

and TBLASTN algorithms revealed that M

musculus, zebrafish, X laevis, Drosophila

melanogaster, C. elegans, and S. pombe

Figure 7. RBM8A protein sequence alignment with hypothetical proteins encode hypothetical proteins remarkably
identified in M. musculus (JO0%identity), zebrafish (93.7%/98. 7%), X.
laevis (91.2%/95.6%), Drosophila melanogaster (63%/76%), C. elegans similar to RBM8A and RBM8B at the amino
(60.5%/75.3%), and S. pombe (48.8%/64.5%), using the UWGCG PileUp
program. Percentages of identity/similarity relative to RBM8A are acid level.
indicated in parenthesis. GenBankTM accession numbers: AL0022712,
A1943400, AW200013, AC006074, CAA83626, and AL021813,
respectively. White letters in darkened boxes indicate identical residues.
Shading indicates conserved residues. RBM8 protein model. To gain more

information on the RNA binding properties of RBM8A we built a three-dimensional model of the RRM domain

of RBM8A. Sequence analysis using PSI-BLAST indicated that there were 18 possible template structures in 6

families in the Protein Data Bank that could be used to build the RRM domain of RBM8. We chose two of

these, the sex-lethal protein from Drosophila (Sxl, PDB entry lb7f) (72) and the polyA binding protein (PABP,

PDB entry lcvj) (73), since both of these sequence could be aligned with RBM8A without insertions or

deletions. The resulting sequence alignment is shown in Salicioni et al, 2000 (see appended manuscript). Also,

both structures contained RNA so that interations between RBM8A and RNA could also be modeled.

We built models of RBM8A from both of these structures using the sidechain conformation prediction

program SCWRL (74). A superposition of the backbones of these two models is shown in Figure 5b. The root-

mean-square deviation of the backbones is 0.82 A. The sequence identity between Sxl and PABP is 31 %, while

the sequence identity between RBM8 and Sxl is 24% and between RBM8A and PABP is 27%. Since these
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sequence identities are similar, we expect that the model of the RRM of RBM8A is quite accurate, with an RMS

comparable to the Sxl-PABP RMS of 0.82 A.

We show the model of RBM8A based on Sxl (see Salicioni et al, 2000 in appendices). Residues that bind

to RNA are indicated in the Figure. These include F75, T77, H102, R107, F111, Y115, L117, and P142. Some

of these residues are identical or similar in Sxl and/or PABP, which may indicate similar interactions between

these sidechains and RNA. For example, RBM8A F75 is a tyrosine in PABP and forms an aromatic ring

stacking interaction with an adenine in the RNA. In Sxl this residue is an isoleucine, making a hydrophobic

interaction with a uracil base. RBM8A Y1 15 is a tyrosine in both Sxl and PABP, making a ring stacking

interaction with an adenine in PABP and a hydrogen bond to a uracil ring carbonyl in Sxl. RBM8A Yl 11 is also

tyrosine in Sxl that makes a hydrogen bond with a uracil carbonyl in Sxl. While it is not possible to predict the

RNA binding sequence for RBM8A from the model, it is clear that many of the residues typical of RNA-

protein interactions in this family of proteins are contained in the RNA binding site of RBM8A. Since many of

these interactions make contact with RNA bases, mutations of these residues are likely to alter the binding

affinity of RBM8A for its natural RNA ligand. Our work provides a starting point for further biochemical and

genetic studies of the RBM8 protein family and the biological relevance of its interaction with OVCA1 in the

context of abnormal RNA splicing and downstream events including mRNA export, translation, stability, and

localization in breast and ovarian tumorigenesis.

6. KEY RESEARCH ACCOMPLISHMENTS:

"* Cloned OVCA1 and OVCA2, two evolutionarily conserved genes.

"* Found that OVCA1 was mutated in the germline of two breast cancer syndrome families that had previously

tested negative for BRCA1 or BRCA2 mutations.

"* Found that somatic mutations in OVCA1 were present in a limited number of ovarian tumors showing LOH

of the OVCA locus.

"* Showed that OVCA1 levels are reduced in breast and ovarian tumors and that OVCA1 may be modified in

some ovarian carcinomas as compared to normal ovarian epithelium and benign or LMP ovarian tumors.

"* Determined that several OVCA1 mutants fail to suppress tumor cell growth in vitro, indicating potential

domains that may be of functional significance.

"* Derived antibodies to OVCA1 (both N- and C-terminal) that work for Western blotting,

immunohistochemistry and immunoprecipitation.
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",. Derived antibodies to OVCA2 (both N- and C-terminal) that work for Western blotting,

immunohistochemistry and immunoprecipitation.

"* Derived inducible OVCA1 cell lines.

"* Identified other genes within the OVCA locus.

"* Cloned and sequenced the mouse Ovca locus.

"* Reported the identification and structural analysis of human RBM8/Y14: a highly conserved RNA-binding

motif protein that interact with OVCA1.

"* Identified that GRP 78 interacts with a C-terminal bait of OVCA1 in a yeast two-hybrid trap system.

"* Created a knockout vector for the Ovca locus in mice.

"* Initiated screening for chimeras.

7. REPORTABLE ACCOMPLISHMENTS (related to the tasks outlined in the approved SOW):

*-Copy of the manuscript is included in the appendices.
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8. CONCLUSIONS:

In order for future therapies to be developed for the fight against cancer it is important to understand the

basic molecular mechanisms that give rise to a specific cancer type. The fundamental mechanisms underlying the

genetic basis of cancer are slowly being defined and involve alterations in genes which have been classified into

three general categories: (i) protooncogenes are involved in growth promotion and the defects leading to cancer are

a gain of function; (ii) tumor suppressor genes are negative regulators of growth and a loss of function gives rise

to cancer; and (iii) DNA repair genes are involved in maintaining the fidelity of the genome and altered function

can lead to increase rates of mutations in both classes of cancer-causing genes. Cancer is a multistep process that

involves alterations in many specific genes. The normal cell has multiple independent mechanisms that regulate

its growth and differentiation and several separate events are required to override these control mechanisms.

Progress is now being made in isolating these genes and the proteins they encode for, determining the normal

cellular functions of the proteins and in investigating the mechanisms of tumorigenesis.

Breast cancer is a very common disease, causing about 10% of deaths in women in the Western World,

while ovarian cancer is the number one gynecologic killer in the United States with over 25,000 diagnosed cases

and nearly 14,000 deaths in 2000. Molecular genetic analysis of these tumors has revealed many genetic

aberrations that may represent important steps in tumor development. To understand the genetic pathways
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underlying breast and ovarian tumor development, it is necessary to identify the genes affected by these genetic

aberrations and establish any correlations between disruption of their function and tumor phenotype.

Chromosome 17 frequently shows loss of heterozygosity (LOH) in both breast and ovarian carcinomas.

In addition, re-introduction of chromosome 17 fragments into breast cancer cell lines has been shown to suppress

tumorigenicity. Therefore, inactivation of tumor suppressor genes on chromosome 17 appears to be a critical

event in the pathogenesis of breast cancer as well as other cancers. Although TP53 at chromosome l7p 13.1 is

involved in the pathogenesis of breast and ovarian cancer, our LOH mapping studies in breast and ovarian

carcinomas have defined a region distal to TP53, at 17pl 3.3, thought to harbor a tumor suppressor gene (Godwin

et al., 1994, Schultz et. al., 1996). New genes, OVCA1 and OVCA2, have been identified on chromosome

17p13.3, in this critical region of allelic loss (Schultz et. al., 1996). OVCA1 is composed of 12 coding exons and

one non-coding exon, while OVCA2 is composed of two exons: a unique exon 1, and an exon 2 which comprises

part of the 3' untranslated region of OVCA1. Thus, the two genes are overlapping, but their protein products are

completely distinct.

Much of our focus during the past few years has been on trying to uncover clues about the function of

OVCA1. We have found that OVCA1 is highly conserved and exists in at least three forms; a 48, a 50, and an

85-kDa protein. Evidence suggests that the 85-kDa form is encoded by an alternatively spliced form of OVCA1

and that the 48- and 50-kDa forms are the result of posttranslational modifications. Subcellular fractionation

studies indicate that p 5 0ovcA1 localizes primarily to the cytoplasm whereas p4 8°VCA1 is predominantly found in

the organelle fraction with some in the nuclear fraction. Western blot analysis revealed that p5 0 °vcA1 levels are

reduced or are absent in >30% of tumors examined when compared to extracts from normal cells and tissues, and

that p8 5 °vcA1 is rarely detected in tumors. Somatic mutations have been detected, but are rare in OVCA1.

Furthermore, two germline missense mutations have been found in breast cancer-prone women who have tested

negative for a BRCA1 or a BRCA2 mutation. Attempts to create breast and ovarian cell lines that stably over-

express the p50 form of OVCA1 have generally been unsuccessful. The clones that do express exogenous

p5 0 vcA1 do so at very low levels, and have dramatically reduced rates of proliferation, an increased proportion

of the cells in the G1 fraction of the cell cycle, and decreased levels of cyclin D, which may be caused by an

accelerated rate of cyclin D degradation (Bruening, W., et al., 1999). Reversion of these cells to a more rapid

growth phenotype is accompanied by complete loss of expression of exogenous OVCA1. Screens for proteins

that potentially interact with OVCA1 have uncovered several known and some unidentified proteins, including a

novel RNA binding protein (BOV-1/RBM8/) (Salicioni, A.M., et al., 2000). RBM8, also know as Y14 has

recently been shown to be a highly conserved RNA-binding motif protein that preferentially associates with
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spliced mRNA in the nucleus and then remains associated with newly exported mRNA in the cytoplasm as a

shuttling protein. It also exists in a complex with a number of proteins, including the splicing associated factors

SRml60, DEK, RNPS1 and the mRNA export factor REF/Aly. This complex is deposited 20-24 nucleotides

upstream of mRNA exon-exon junctions. RBM8/Y14 can also bind the mRNA export factor TAP. Recent

studies have shown that splicing promotes efficient mRNA export and it has been hypothesized that splicing can

promote the removal of nuclear retention factors and the formation of more efficient export complexes. The

RBM8/Y14 complex is an excellent candidate for such an export complex since both REF/Aly and TAP have

been shown to be involved in mRNA export. It is also possible that the RBM8/Y14 complex may be involved in

nonsense-mediated mRNA decay (NMD), a process whereby nonsense transcripts are recognized and efficiently

degraded by the cell, by "marking" the positions of exon-exon junctions. It is intriguing to speculate that aberrant

expression/localization of proteins such as RBM8 and its interactors may result in the inappropriately marked

mRNAs in the cytoplasm. This could result in abnormal decay of mutant transcripts, and in turn expression of

mutant proteins that contribute to tumorigenesis. The significance of these observations and the role of

RBM8/Y14 in carcinogenesis needs to be evaluated.

Our studies continue to suggest that OVCA1 has certain properties that are in common with a number of

tumor suppressors. We have found that exogenous expression of OVCA1 can inhibit tumor cell growth and that

expression of the protein is altered in both breast and ovarian tumors. Yet through our studies, we have not been

able to establish a likely function for OVCA1. Therefore, we have initiated studies in mice to evaluate the

effect(s) of altering OVCA1 (and in some cases OVCA2) expression on normal growth and development. By

establishing such models, we should be better able to identify the function(s) of this very unique, but highly

conserved protein. Unfortunately, this work will not be pursued any further until new funds are obtained.
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Identification of Two Candidate Tumor Suppressor Genes on Chromosome 17p13.3'

David C. Schultz, 2 Lisa Vanderveer,2 David B. Berman, Thomas C. Hamilton, Albert J. Wong,
and Andrew K. Godwin 3
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Abstract important early event in stage I ovarian carcinomas and tumors of low
malignant potential (7). Interestingly, in tumors of low malignant

A second tumor suppressor locus on 17p that is distinct from TP53 has potential, allelic losses at 17p 13.3 were not accompanied by LOH at
been identified in brain, breast, lung, and ovarian tumors. Using allelic TPS3
loss mapping and positional cloning methods, we have recently identified s
two novel genes, which we refer to as OVCA1 and OVCA2, that map to loss of function is required for early tumorigenesis. This same region
17p13.3. The two genes are ubiquitously expressed and encode proteins of has shown frequent LOH in breast cancers (10, 11), primitive neuro-
443 and 227 amino acids, respectively, with no known functional motifs. ectodermal tumors (12), carcinoma of the cervix uteri (13), medullo-
Sequence comparison of OVCAI and OVCA2 revealed extensive sequence blastoma (14, 15), osteosarcoma (16), and astrocytoma (17), suggest-
identity and similarity to hypothetical proteins from Saccharomyces cer- ing that this tumor suppressor gene(s) residing on chromosome
evisiae, Caenorhabditis elegans, and Rattus species. Northern blot analysis 17p 13.3 is involved in the development of many types of cancers. We
reveals that OVCAI and OVCA2 mRNA were expressed in normal surface have found a high rate of allelic loss on 17pl3.3 in our cohort of
epithelial cells of the ovary, but the level of this transcript is significantly ovarian tumors and have identified a minimum region of allelic loss.
reduced or is undetectable in 92% (11/12) of the ovarian tumors and Using positional cloning methods, we report the identification of two
tumor cell lines analyzed. The location, high degree of amino acid con.
servation, and reduced expression in ovarian tumors and tumor cell lines genes located within this critical region on 17p13.3 that show loss of
suggest that decreased expression of these two genes contributes to ovar. expression and are candidates for being the tumor suppressor gene.
ian tumorigenesis and should be considered candidate tumor suppressor Materials and Methods
genes.
Introduction Tumor Samples and Cell lines. Ovarian tumor specimens were collected

from consenting patients undergoing surgery for ovarian cancer at the Amer.

The molecular basis of ovarian cancer is rapidly being defined (1). ican Oncological Hospital and the Lankenau Hospital in Philadelphia, or were
The inactivation of multiple tumor suppressor genes seems to be obtained from the Gynecological Oncology Group/Cooperative Human Tissue

Cr iNetwork Ovarian Tissue Bank (Columbus, OH). Ovarian cancer cell lines andit ohuman ovarian surface epithelial cells were maintained as described previously
putative tumor suppressor genes is to survey tumors for high rates of (18).
LOH.' The combined data from four separate allelotyping studies of Isolation of DNA and RNA from Tumors and Matched Blood Samples.
ovarian cancers demonstrate the observation of allelic loss for poly- Preparation of RNA for Northern blot analysis, DNA isolation for Southem
morphic DNA markers on nearly every chromosome arm. Further- blot analysis, and LOH studies have been previously described by us (8, 18).
more, these studies revealed that >30% of the tumors studied showed PCR Analysis of STRPs. STRPs were typed in a PCR-based assay con-
LOH on chromosomes 6, 9, 13q, 17, 18q, 19p, 22q, and Xp (2-5). taining 15-30 ng genomic DNA. 10 mm Tris-HCl (pH 8.3), 50 mm KCI, 1.5
Additional studies indicate that chromosome 17 is clearly the most mm MgCI2, 0.001% gelatin, 0.4 AM each primer, dCTP, dGTP, and TIP each
frequently altered chromosome in ovarian carcinomas (6-9). at 16 AM, dATP at 2 AM, 0.65 ACi [a- 35S]dATP (DuPont/New England

The ovarian carcinomas surveyed for LOH have been largely high Nuclear), 5% DMSO, and 0.25 units Amplitaq DNA polymerase (Perkin
stage, and allelic loss in at least some of the arms listed above may not Elmer/Cetus) in a final volume of 5 Al. Following an initial ddnaturation step

at 94°C for 4 min, DNA was amplified through 20 cycles consisting of 5 sbe causally related to carcinogenesis or metastasis. Furthermore, high- denaturing at 94C, 1 min annealing at 68°C-0.5°C/cycle, and I min extension
stage ovarian carcinomas tend to have more numerical chromosome at 72°C. The samples were then subjected to an additional 25 cycles consisting
abnormalities, which can confound attempts to distinguish between of 5 s denaturation at 94°C, I min at 58°C, and I min extension at 72°C and
candidate tumor suppressor genes on the same deleted chromosome, a final extension at 72°C for 5 min. PCR products were diluted 1:1 in 90%
Chromosome 17 has a number of potential cancer causing genes, formamide, 20 mm EDTA, 0.3% bromophenol blue, 0.3% xylene cyanol,
including TP53 at 17p13.1, the BRCAI gene at 17q21, prohibitin and denatured at 94°C for 5 min and 4 Al loaded onto a 6% denaturing polyacryl-
NM23 at 17q23-24, and the proto-oncogene ERBB2 at 17q21. Re- amide gel, and electrophoresed at 90 W in lX TBE (IX = 0.09 M Tris, 0.09
cently, it has been shown that alterations at 17 p1 3 .3 may be an M boric acid, and 0.002 M EDTA). After electrophoresis, gels were dried at

70*C under vacuum and exposed to Kodak XAR-5 film for 24 to 28 h.

Received 2/8/96. accepted 3/18/96. Polymorphisms used to map a minimum region of allelic loss are as follows:
The costs of publication of this article were defrayed in part by the payment of page D17S34, D17S926, D17S849, D17S28, AKG2-1, D17S5, D17S786, D17S796,

charges. This article must therefore be hereby marked advertisement in accordance with D17S513, and TP53 (19-22). The simple tandem repeat polymorphism
18 U.S.C. Section 1734 solely to indicate this fact. AKG2-1 was identified in our laboratory during the construction of a physical

I This work was supported in part by NIH Grant ROt CA60643 (A. K. G.), the Hoxie map of 17p 13.3. The primers used were 5'-TCC TGC TCT GCA ACA GTG
Harrison Smith Foundation. the Mary Smith Charitable Lead Trust, Butler Family Fund, AC-3' (sense) and 5'-CAG CCC CTG CTA TCT GAT TC-3' (antisense).
Emile Zola Chapter of Brith Shalom Women, and the Ladies Auxiliary to the Veterans of
Foreign Wars of the United States of America. Genomic Library Screening. Cosmid clones were isolated from a

These authors contributed equally to this work. genomic human placental cosmid library (Stratagene). Duplicate lifts from
To whom requests for reprints should be addressed, at Department of Medical each plate were made to GeneScreen NEF-978x hybridization membranes

Oncology. Fox Chase Cancer Center, 7701 Burholme Avenue, Philadelphia. PA 19111. (Dupont). Membranes were hybridized with [a-32P]dATP random primed
Phone: (215) 728-2557: Fax: (215) 728-2741.

' The abbreviations used are: LOH, loss of heterozygosity; kbp. kilobase pair: STRP. D17S5 (YNZ22.2) and D17S28 (YNH37.3) as probes. Hybridization and
simple tandem repeat polymorphism; EF-2. elongation factor 2. washing conditions have been described previously (8).
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Exon Trapping. Exon sequences were isolated from BamHlBgillI- and along with the bacterial TnSneo gene (an aminoglycoside 3' phospho-
PstI-digested cosmid 7-2 DNA shotgun subcloned into the pSPL3 vector and transferase) expressed from the SV40 early promoter (pKOneo). Eval-
transfected into Cos-I cells. Total RNA was isolated 48 h posttransfection, uation of clonal outgrowth in the presence of geneticin (G418) re-
reverse transcribed (18), and amplified using sequence-specific primers ac- vealed that cosmid clones 7-2 and 2-1 were the most effective in
cording to the manufacturer's instructions (Life Technologies, Inc.). Potential suppressing clonal outgrowth as compared to control cosmids (data
exon sequences were subcloned into pGEM-T (Promega), and the inserts were ne
sequenced using vector primers by the single-stranded dideoxy method (United n s T d

States Biochemical). Reaction products were analyzed on a 6% acrylamide/7 likely to be contained within these cosmids, and, moreover, this
M urea gel. Sequencing results were analyzed by the GCG program. Exons growth suppressor gene maps to the minimum region of allelic loss.
were mapped by hybridizing trapped sequences to EcoRI-digested cosmid 7-2 Evaluation of clones 2-1 and 7-2 for expressed sequences by exon
DNA. Exons were analyzed by hybridization to Southern "zoo" blots and total amplification identified a 65-bp exon which mapped to a 1.6-kbp
RNA Northern blots. EcoRI DNA fragment. Hybridization of the 65-bp fragment at low

eDNA Cloning and Northern Blot Analysis. A 1.6-kbp EcoRI fragment stringency to a zoo blot revealed conservation among other mammals
from cosmid 7-2 was used to screen to I X 106 plaques from an oligo(dT)- (data not shown). Sequencing of the 1.6-kbp EcoRI fragment revealed
primed fetal brain cDNA library (Stratagene) or a library made from the A2780 a second potential open reading frame of 152 bp that was 122 bp away
ovarian cancer cell line. Sequencing of the cDNA clones was performed as from the putative 65-bp exon.
described above with vector primers or primers derived from the obtained
sequence. The complete nucleotide sequence of OVCA1 and OVCA2 will be Screening of a human fetal brain cDNA library using the l.6-kbp
submitted to the Genbank nucleotide sequence data base. Intron/exon bound- genomic EcoRI fragment as the probe yielded six positive clones.
aries were determined by sequencing cosmid clone 7-2 using a Model 373A Only two of the six clones (fb67-1 and 77-I) hybridized to any of the
automated fluorescence-based cycle sequencer (Applied Biosystems) and Taq clones of the 17p I3.3 cosmid "contig," indicating the presence of a
dye terminator chemistry. Expression patterns and transcript sizes of cDNA potential family of genes. 5 Sequence analysis of clones fb67-1 and
clones were determined by hybridization of plasmid inserts to commercially fb77-1 revealed a 1350-bp open reading frame and an 847-bp of the
available multiple-tissue Northern blots (Clontech). 3' untranslated region, including a polyadenylation signal 19-bp 5' to
Results the poly(A) tail. To identify the initiation codon, we employed an

"anchored" PCR. Thirty-five additional nucleotides were identified,
Definition of a Minimum Region of Allelic Loss on 17p13.3. including 18 bases of the 5' untranslated region and two potential

Using DNA isolated from ovarian tumors, including Caucasian, His- initiation codons. We provisionally refer to this gene as OVCA], for
panic, and African-American patients of varying ages, we typed ovarian cancer gene 1. The reading frame using the first AUG encodes
ovarian carcinomas for LOH on chromosome 17p using 10 highly a 443-amino acid protein with a predicted Mr -50,000 which has been
polymorphic markers (Fig. I). Forty-one (60%) of 68 informative verified by in vitro translation, bacterial expression, and Western blot
ovarian tumors exhibited LOH, a frequency consistent with previous analysis (data not shown).
measurements. No correlations could be made between LOH and Characterization of 0VCA1 and OVCA2. Hybridization of
histopathological parameters such as subtype, stage, or grade. A Northern blots containing poly(A)+ RNA from different human tis-
common region of allelic loss was defined to be distal to YNZ22 sues with the full-length 0VCAA cDNA revealed two distinct tran-
(D17S5) and proximal to YNH37.3 (D17S28; Fig. 1). The predicted scripts of approximately 2.3 kb and 1.1 kb that were ubiquitously
genetic distance between these two markers has been estimated to be expressed (Fig. 2A). Isolation of a cDNA clone for the smaller
approximately 3.5 cM (23). We have found that this region spans less transcript from an ovarian tumor cell line library revealed that this
than 30 kbp, which is in agreement with the results of Ledbetter et al. transcript was composed of the last 828 bp of OVCAI and 184 bp of
(19). the unique sequence. We refer to this transcript as OVCA2 (ovarian

Isolation of Candidate Cancer Gene Sequences. Cosmid clones cancer gene 2). Furthermore, Northern blot analysis of ovarian tumors
surrounding and including these two loci were isolated from a human and tumor cell lines revealed that the 2.3-kb OVCA1 mRNA was
placental DNA cosmid library, and several strategies were employed expressed in normal surface epithelial cells of the ovary, but the level
to evaluate these clones for potential expressed sequences. Cosmid of the 2.3-kb transcript was significantly reduced or was undetectable
clones containing genomic inserts spanning the limited region of
allelic loss were introduced into the ovarian cancer cell line A2780 5 A. K. Godwin. unpublished data.
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in the majority (11/12) of the ovarian tmiors and tumor cell lines SwissProt data bases revealed extensive sequence identity at the
evaluated (P < 0.01; Fig. 2, B and C). Similarly, RNA levels for nucleotide and the amino acid level to two recently identified se-
OVCA2 were also reduced in these same samples (data not shown). quences from Caenorhabditis elegans and Saccharomyces cerevisiae

Restriction mapping of genomic clones using c DNA probes and (Fig. 4A). The predicted gene product of OVCAJ showed 60% and
sequence comparison between eDNA and genomic clones indicated 53% sequence identity over 328 and 367 of the 443-amino acid
that OVCAe has 13 exons, 12 which are coding, and spans approxi- residues when compared to the nematode and yeast proteins, respec-
mately 20-kbp of genomic DNA. The entire OVCA1 and OVCA2 tively. If conserved amino acids substitutions are considered, the
cDNA sequences are present in the insert of cosmids 7-2 and 2-1, the sequence similarity is increased to 77 and 89%, respectively. Because
same cosmids demonstrating the most significant clonal outgrowth in they were identified as the result of nematode and yeast genome
the in vitro suppression assay. The position of the 13 exons of OVCAI sequencing projects, the function of these two predicted proteins is at
and the 2 exons of OVCA2 relative to the common region of allelic the present time unknown. The fact that the OVCAa protein is so
loss defined by DNA markers D17S5 and D17S28 is shown in Figure highly conserved at the amino acid level with organisms lower on the
3. Furthermore, the transcriptional orientation of OVCAJ is from phylogenetic tree argues that it possesses an important cellular func-
telomere to centromere with the transcriptional start site of OVCAI tion.
telomeric to D17S28. The unique sequence of OVCA2 has been The predicted gene product of OVCA2 is a 227-amino acid protein
positioned in the intron between exons 12 and 13 of OVCA4 (Fig. 3). with an approximate Mr 24.000, as determined by expression in

Hybridization of genomic DNA samples from several different bacteria (data not shown). Blast searches of the OVCA2 gene identi-
species with a full-length OVGA 1 cDNA fragment revealed strongly fled extensive sequence identity at the 5' end of this gene with a
hybridizing fragments in tissue from humans, bovine, cat, dog, equine, recently identified expressed sequence tag from the Ratt0s species

monkey, mouse, porcine, rat, and yeast. These results suggested that (24). OVCA2 was observed to be 76% identical over 104 amino acids
OVCA1 was highly conserved in mammals (data not shown). Basic to the predicted rat gene product and 80% similar when conserved
local alignment search tool (BLAST) searches of the Genbank and amino acids are considered (Fig. 4B).
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Fig. 3. Schematic of chromosome 17pl3.3 containing the QVCAI and OVCA2 genes. Stippled boxes, open reading frame of OVCAI; black box, unique exon of OVCA2. Cosmid
clones, used to identify OVCAI and 0 VCA2, which span the minimum region of allelic loss in ovarian cancer are indicated. The position of DI7S5 and D17S28 and one of the four
newly idenstified (CA-GT),, repeat polymorphisms are indicated relative to OVCA). Lower hatched boxes, regions of genomic DNA that have been sequenced. B. BssHIl; E, EcoRl;
H. HindlL N. Notl; S, Sf1l; anste in the vector.
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Fig. 4. A, comparison of the predicted amino acid sequence of the OVCAI protein with the hypothetical S. cererislae protein YIK3. chromosome IX cosmid 9150. and C'. elegans
cosmid C 14B I predicted proteins. B. comparison of the predicted anuino acid sequence of the OVCA2 protein with the predicted protein of ESTI 10891 Rantnrs species. Identical amino
acids are in black; conservative amino acids are shaded in gray. Gaps introduced for maximum alignment are marked with dots. Numbers on tite right, amino acid position for each
or the predicted proteins. Arrowheads, approximate position of exon/intron boundaries of OVCA I (A) and OVCA2 (B).
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Discussitm suppressor genes CDKN2 and VHL in sporadic disease (31. 32). It has
previously been shown that the region of 17pl3.3 that contains"Molecular analyses of ovarian carcinomas has implicated one o OVCA I and OVCA2 is aberrantly hypermethylated in colon, lung,

more tumor suppressor genes on chromosome 17 (3. 6-9). To date, neural. renal. and ovarian tumors (33, 34). These changes in methv-
only a limited number of sporadic ovarian cancers have been fbund to lation patterns could contribute to the decreased level of expression
possess mutations in the BRCA I gene (25.26). Furthermore, evidence observed in ovarian tumor specimens and tumor cell lines. Prelimi-
of allelic loss on chromosome 17 p often coincides with ,mutations in nary evidence suggests that expression of OVCA / and OVCA2 may be
TP53 at 17p 13.1. In ovarian carcinomas, mutations in TP53 occur in regulated by methylation of a 5'-CpG island.' Furthermore. it was
advanced stage tumors when compared to either benign lesions,. euae ymtyaino 'CGiln. utemri arecently reported that a novel zinc finger protein. HIC- I (hypermethy-
borderline tumors, or low grade carcinomas (27). We report in this lated in cancer gene I), is localized to 17pl3.3 and its expression
study that 60% of sporadic ovarian tumors show LOH for markers found to be dependent on the methylation status of its promoter (35).
distal to TP53, and that many retain TP53 at 17 pl 3 .1 and the BRCAI Although this putative tumor suppressor gene maps outside our min-
locus at 17q21. This frequency is in agreement with a similar study in imum region of allelic loss, its inactivation may further contribute to
which tumors of low malignant potential and low-stage carcinomas tumorigenesis alone or in combination with OVCA1 and OVCA2.

demonstrated allelic loss for markers at l7p13.3 (7-9). These data Mutational analysis of the 13 exons of OVCAI and the unique exon
suggest that in addition to the TP53 gene at 17pl3.3, at least one to OVcA2, including adjacent intron boundaries, is currently being
additional tumor suppressor gene resides on chromosome 17p. investigated in a large panel of breast, brain, and ovarian tumors.

Mapping of minimum regions of allelic loss have been helpful in Mutation or deregulation of protein expression of either gene may
defining chromosomal regions in which a tumor suppressor gene may prove to be causative in tumorigenesis and support the hypothesis that
reside (e.g., DCC, CDKN2, and DPC4) and allow positional cloning one or both of these genes are tumor suppressor genes. Overall, the
strategies to be initiated. These methods have allowed us to identify chromosomal location, high degree of amino acid conservation, and
OVCA1 and OVCA2. Sequence analysis of OVCA1 and OVCA2 iden- deregulation of mRNA expression suggest that one or both genes are
tifted no known functional domains; however, OVCA1 showed sig- likely to be involved in the pathogenesis of ovarian cancer as well as
nificant sequence identity and similarity to a yeast and nematode other neoplasms such as breast and brain.
sequence (Fig. 4).

The predicted protein for the C. elegans clone CEC 14B 1, which Acknowledgments
displays significant similarity to OVCA1, has sequence similarities
to diphtheria toxin resistance like protein (28). In yeast, diphtheria We thank Drs. W. Michael Hogan, Matthew Boente, Nelly Auersperg, and
resistance mutants form at least five complementation groups, and also Josephine Costalas, Brian Kane, and Alena Schnarr for their invaluablea help and contributions to this work.
the enzymes corresponding to two of the complementation groups
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tion of cellular proteins by endogenous ribosyltrans-
Sequence analysis of the candidate tumor suppres- ferases or bacterial toxins has been shown to affect

sor OVCA1 revealed extensive sequence identity and profoundly the activity of these proteins (Iglewski,
similarity to proteins from a diverse number of spe- 1994).
cies, including the yeast diphthamide biosynthesis We and others have recently described the positional
protein-2, dph2, which suggested that OVCA1 may be cloning of OVCA1/DPH2L1 from a chromosomal region
the human homologue to this yeast gene. However, on 17p13.3 that displays high rates of LOH 3 in ovarian,
searches of the translated EST database for sequences breast, and brain tumors (Phillips et al., 1996; Schultz
in common with dph2 and OVCA1 uncovered an EST, et al., 1996). These sequences have been found to be
h52976, with significant amino acid conservation with similar to a diphtheria toxin resistance protein and the
dph2. Isolation of a eDNA clone encompassing the EST art diphth eriosyntresis protein and th
by RACE methodologies and sequence analysis indi- yeast diphthamide biosynthesis protein-2. Based on
cate the identification of a previously unidentified amino acid sequence conservation, a cDNA sequence
gene that is ubiquitously expressed and maps to chro- for a gene related to but distinct from OVCA1 has been
mosome lp34 . Based on amino acid sequence analysis, identified. Analysis of the predicted amino acid se-
the 489-amino-acid protein encoded by this novel gene quence of this previously unidentified gene suggests
is distinct from OVCA1 and is more closely related to that it is more closely related to the yeast dph2 gene
the yeast dph2 gene product. Therefore, we refer to product; hence, it has been referred to as the diphtha-
this novel gene as DPH2L2, which constitutes one mide biosynthesis-like protein-2 gene, DPH2L2. The
member of a novel gene family that may be involved in high degree of amino acid sequence homology between
diphthamide biosynthesis in humans. © 1998 Academic OVCA1 and DPH2L2 suggests that a novel gene family
Press has been uncovered, based on putative functional mo-

tifs with uncharacterized biochemical function.

INTRODUCTION MATERIALS AND METHODS

Diphtheria toxin resistance is best defined in yeast, Northern blot analysis of DPH2L2. The expression of DPH2L2
in which five complementation groups have been de- mRNA in various human tissues was determined by hybridization of
fined. Genes complementing two of these groups have an 800-bp EcoRIIBamHI fragment from the insert of commercially
been cloned and characterized (Mattheakis et al., 1992, obtained EST h52976 (Genome Systems, St. Louis, MO) to multiple-

tissue Northern blots (Clontech, Palo Alto, CA). Membranes were1993). Both genes are believed to encode enzymes that prehybridized, hybridized, and washed as previously described
are integral to the biosynthesis of diphthamide (Schultz et al., 1996).
through the posttranslational modification of histidine. Marathon RACE PCR used to clone a DPH2L2 eDNA. The entire
Diphthamide is a rare amino acid that is found almost coding region of DPH2L2 was identified by the PCR amplification of
exclusively in the eukaryotic translation elongation 1 Al of a human spleen or human thymus Marathon cDNA library
factor 2, EF-2. The cellular role of EF-2 is to translo- (Clontech) with 5'-CCA TCC TAA TAC GAC TCA CTA TAG GGC-3'

(AP-1) and either 5'-CGG AGA TCT CCA GTA ATG AGT GACcate a growing peptide from the W pocket of the ribo- ACG-3' (5' GSP-1) or 5'-TCC TGC AGT CTC ATT CCT TAG TTC
some to the "P" pocket through an energy-dependent CCG-3' (3' GSP-1) in 40 mM Tricine-KOH, pH 9.2,15 mM KOAc, 3.5
mechanism, allowing the next codon of a message to be
read during the synthesis of a peptide. ADP ribosyla-

'Abbreviations used: OVCA1, ovarian cancer 1 gene; DPH,
1 Current address: Wistar Institute, 3601 Spruce Street, Philadel- diphthamide; LOH, loss of heterozygosity; RACE, rapid amplifica-

phia, PA 18014. tion of cDNA ends; EST, expressed sequence TAG; FISH, fluores-
2 To whom correspondence should be addressed. Telephone: (215) cence in situ hybridization; AP, anchor primer; GSP, gene-specific

728-2756. Fax: (215) 728-2741. primer; PFU, plaque-forming units.
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FIG. 1. Tissue expression pattern of DPH2L2. Blots containing 514g ofpoly(A)+ selected mRNA from each of the indicated human tissues
were hybridized with an internal 800-bp EcoRI/BamHI fragment from the insert of EST h52976. Note that the tissues are heterogeneous,
and the percentage of relevant epithelial cells in breast and ovary can be variable. Size standards are in kilobases. (Bottom) Blots were
reprobed with a 3-actin cDNA probe. Heart and skeletal muscle express two 3-actin transcripts, 1.8 and 2.0 kb in size.

mM Mg(OAc) 2 , 75 gg/ml BSA, 1% glycerol, 0.8 mM Tris-HCI, pH 7.5, (Oncor) and a second layer of fluorescein-labeled avidin. The chro-
1 mM KCI, 0.5 mM (NH4 )2 S0 4, 2.0 g.M EDTA, 0.1 mM 3-mercapto- mosome preparations were counterstained with diamidino-2-phe-
ethanol, 0.005% Thesit, 0.44 t•g of TaqStart antibody (Clontech), 0.5 nylindole (DAPI) and observed with a Zeiss Axiophot epifluorescence
t.M of each primer, 200 AM of each dNTP, 5% DMSO, and 0.4 Al of microscope equipped with a cooled charge-coupled device camera
Klentaq Advantage DNA polymerase (Clontech) in a final volume of (Photometrics, Tucson AZ) operated by a Macintosh computer work-
20 1A. Following an initial denaturation step at 94°C for 1 min, DNA station. Digitized images of DAPI staining and fluorescein signals
was amplified through 5 cycles consisting of 5 s of denaturing at 940C were captured, pseudo-colored, and merged using Oncor version 1.6
and a 4-min extension at 72°C and 5 additional cycles consisting of software.
5 s of denaturing at 940C and a 4-min extension at 700C. The samples
were then subjected to an additional 25 cycles, consisting of 5 s of
denaturation at 94°C, and a 4-min extension at 680C. PCR products RESULTS
were diluted 1:10, and 2 gl were reamplified by nested PCR with
5'-ACT CAC TAT AGG GCT CGA GCG GC-3' (AP-2) and either Following the cloning of a candidate tumor suppres-
5'-CCC AGG GCC AAC ACA TAG CTA CG-3' (5' GSP-2) or 5'-CTC
AGC ACA TGC CCA GTA ATG CG-3' (3' GSP-2) as described above. sor gene, OVCA1, subsequent searches of the EST da-
PCR products were gel purified or directly ligated into 50 ng pGEM-T tabase revealed an EST, h52976, that was 63% identi-
(Promega, Madison, WI). Colonies with inserts were sequenced in a cal to the corresponding nucleotide sequence of
core sequencing facility at the Fox Chase Cancer Center using a OVCA1. These data implicated the existence of a gene
Model 377A automated fluorescence-based cycle sequencer (Applied potentially related to OVCA1. To explore further the
Biosystems, Foster City, CA) and Taq dye terminator chemistry. npte ra t o OiCAla To exle furthe Tnature of this similar nucleotide sequence, the EST

Fluorescence in situ hybridization analysis of DPH2L2. Phage was commercially obtained from Genome Systems. A
clones were isolated from a human placenta genomic DNA A library,
EMBL3 (Clontech). A total of 5 x 10' PFU immobilized on Gene- 1.2-kbp insert was rescued from the plasmid, and se-
Screen NEF-978x hybridization membrane (Dupont-NEN, Boston, quence analysis did not identify a polyadenylate tail.
MA) were hybridized with an [a-3 2P]dATP (Dupont-NEN) random Sequence comparison of the EST sequence with se-
prime-labeled 800-bp EcoRI/BamHI fragment of EST h52976. Hy- quences in the GenBank or EST databases did not
bridization and washing conditions were as previously described match that of any previously identified transcripts;
(Godwin et al., 1994). Two independently purified phage DNA clones
were biotinylated and hybridized to human metaphase chromosome however, 400 bp of a repetitive line element, MER 20,
spreads from phytohemagglutinn-stimulated peripheral blood lym- was identified. Hybridization of an internal 800-bp
phocytes prepared according to methods previously described (Fan et nonrepetitive DNA probe to poly(A)+ selected North-
al., 1990). Cultures were synchronized by treatment with 5-bromode- ern blots revealed a 2.5-kb transcript that was ubiqui-
oxyuridine (0.18 mg/ml, Sigma) for 16 h, followed by release from the tously expressed (Fig. 1). In addition to the expression
block by incubation in fresh medium containing thymidine (2.5 g ti
ml) for 6 h. Metaphase cells were harvested, and chromosome of the 2.5-kb transcript, an alternative transcript, ap-
spreads were prepared according to standard procedures. proximately 3.0 kb, was identified in pancreas, spleen,

Fluorescence in situ hybridization and detection of immunofluo- thymus, and lymphocytes. To obtain the full-length
rescence were carried out essentially as described previously (Bell et sequence of this novel transcript, a PCR cloning strat-
al., 1995). Biotinylated probes were denatured, preannealed with
excess Cot1 DNA, and hybridized overnight at 370C to metaphase egy was employed using Marathon stretch cDNA li-
spreads. Hybridization sites were detected with fluorescein-labeled braries (see Materials and Methods). Sequencing of
avidin (Oncor) and amplified by the addition of anti-avidin antibody multiple independent 5' and 3' RACE amplification
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1 CGCCCGGGCAGG TAGGGGATACTC ACCGGCTGAAGG CCGACTGTGATT CCCCCTACCCCC ACAAGGCGATTT TGACCCCCTGAG GGCTGCTCTAGA 96

97 GGACTCAGGCCC CGAAGCTGTCCC AGGGAGGTCCCC GCTGCATCCCAC CACCCAAGCTGT GCCTCATGGAGT CGATGTTTAGCA GCCCTGCCGAGG 192
1 H E S M F S S P A E A 11

193 CGGCGCTGCAGC GAGAGACCGGGG TGCCAGGACTGC TTACTCCTCTTC CGGACCTGGACG GAGTGTACGAGC TGGAGCGAGTCG CTGGATTTGTCC 288
12 A L Q R E T G V P G L L T P L P D L D G V Y E L E R V A G F V R 43

289 GCGACCTGGGGT GTGAACGAGTTG CCTTGCAGTTCC CTGACCAGCTAT TGGGAGATGCTG TGGCTGTGGCTG CACGACTGGAGG AGACGACAGGGT 384
44 D L G C E R V A L Q F P D Q L L G D A V A V A A R L EE T T G S 75

385 CAAAGATGTTCA TTCTGGGTGACA CAGCCTACGGCA GCTGCTGCGTGG ATGTGCTGGGTG CTGAGCAAGCTG GAGCTCAGGCTC TCATACATTTTG 480
76 K M F I L G D T A Y G S C C V D V L G A E Q A G A Q A L I H F G 107

481 GCCCTGCCTGCT TAAGCCCTCCAG CCCGCCCACTGC CCGTTGCCTTCG TGCTTTCGTCAA CGTTCTGTGGCC TTGGAACTCTGT GTCAAGACCTTT 576
108 P A C L S P P A R P L P V A F V L S S T F C G L G T L C Q D L W 139

577 GGGGCCCAAAAC CCAGACCCCAAA GCGCCTGTGGTG CTGCTGGTGAGC CGGCCTGTGCCC ATGCCCTGGAGG CTTTGGCTACTC TCCTGCGCCCAC 672
140 G P K P R P 0 S A C G A A G E P A C A H A L E A L A T L L R P R 171

673 GGTACCTGGACC TGCTAGTCTCCA GCCCAGCTTTTC CCCAACCAGTGG GTTCCCTGAGTC CAGAGCCTATGC CCCTAGAGCGTT TTGGGCGCCGCT 768
172 Y L D L L V S S P A F P Q P V G S L S P E P M P L E R F G R R F 203

769 TCCCCCTTGCCC CAGGGAGGCGTC TAGAAGAGTATG GTGCCTTCTATG TAGGGGGCTCTA AGGCCAGCCCTG ACCCAGACCTTG ACCCAGACCTGA 864
204 P L A P G R R L E E Y G A F Y V G G S K A S P D P D L D P D L S 235

865 GTCGGCTGCTCT TGGGGTGGGCAC CAGGTCAACCCT TCTCCTCCTGCT GTCCAGATACAG GGAAGACTCAGG ATGAGGGTGCCC GGGCTGGAGGGC 960
236 R L L L G W A P G Q P F S S C C P D T G K T Q D E G A R A G G L 267

961 TAAGGGCACGAA GACGATATCTGG TAGAGAGGGCCA GAGATGCCCGCG TGGTAGGGCTGC TGGCAGGCACAC TGGGTGTAGCCC AACACCGTGAGG 1056
268 R A R R R Y L V E R A R D A R V V G L L A G T L G V A Q H R E A 299

1057 CACTGGCCCACT TGCGGAACCTGA CTCAGGCTGCTG GCAAGCGTAGCT ATGTGTTGGCCC TGGGGCGGCCCA CCCCTGCCAAGC TTGCCAACTTCC 1152
300 L A H L R N L T Q A A G K R S Y V L A L G R P T P A K L A N F P 331

1153 CTGAGGTGGATG TCTTTGTGCTAT TAGCCTGTCCTC TGGGTGCTCTAG CCCCCCAGCTTT CTGGTAGCTTCT TCCAGCCTATAC TGGCACCATGTG 1248
332 E V D V F V L L A C P L G A L A P Q L S G S F F Q P I L A P C E 363

1249 AGCTGGAAGCTG CCTGCAACCCTG CCTGGCCACCTC CAGGCCTGGCTC CCCACCTCACAC ATTATGCGGACT TATTGCCTGGCT CTCCCTTCCACG 1344
364 L E A A C N P A W P P P G L A P H L T H Y A D L L P G S P F H V 395

1345 TGGCTCTCCCAC CACCTGAGTCAG AGCTGTGGGAAA CCCCAGACGTGT CACTCATTACTG GAGATCTCCGAC CCCCACCTGCCT GGAAGTCATCAA 1440
396 A L P P P E S E L W E T P D V S L I T G D L R P P P A W K S S N 427

1441 ATGATCATGGAA GCTTGGCTCTGA ACCCACGGCCCC AGCTGGAGCTGG CTGAGAGCAGTC CTGCAGTCTCAT TCCTTAGTTCCC GGAGCTGGCAAG 1536
428 D H G S L A L N P R P Q L E L A E S S P A V S P L S S R S W Q G 459

1537 GGCTGGAGCCCC GCCTGGGTCAGA CGCCAGTGACAG AAGCTGTGAGTG GAAGACGAGGGA TTGCCATCGCCT ATGAGGATGAGG GAAGCGGCTGAT 1632

460 L E P R L G Q T P V T E A V S G R R G0I A I A Y E D E G S G 489

1633 ACCATGTGGGGC TGGAGACATAGA TGGACTTATGAA TGGCTGCTAGGA CCTTTAGTGCTC CCTGCACCAACC TCCCATCCCCCT GCCAAOATCCTT 1728

1729 GAAGGACCCTGG AAGGAGGGAGAG CAGGCAGCCCTT CACAGGATAGGA TCCGTCTCTGTC CTGTCCTGGCAC TGGCACAAGCTC AGCACATGCCCA 1824

1825 GTAATGCGTGTT GTTTGGCTGATG GAATAAAGGGCT TAGGGACTTCCC TGAGGCCTCTGG ACCCATCTGTCT TCCTGAGGGCAG CCCAGGACCTTT 1920

1921 GGCCAATCCCAG TTCCCAGGCTGC AGTTGAGGGTCT GTCCTTGTCAAA AGGCAGGTGCTA GACAGTCTAGAC CAGGGTTTCTCA AACTCGTACTTG 2016

2017 ACATTTGGGGCC AGATAATTCTTT GTTGTGGGGCTG TCTGGTGTATGG TAGGGTGCTCAG CAGCATCCCTGO CCTCTGCCCACT AGACATCAGAAG 2112

2113 CACTCCCCCAGT TGTGACAACCAA AAATATCTCCAG ACCTTGGCAAAT GTTATCTGTGGG GGAAAATTGCCC TCAATTGAGAAC CACTGGTCTAOC 2208

2209 TAGACCTGCACT GTCCAGTACAGT ACCCACTAAATA CATGTGGCTAAA CTTAAATTTAAG TTAATTAAGATT AAAAGCTCAGTT TCTCAGTCACAT 2304

2305 TAGTCATTCAAG TGTTCAGACAGC CACATGAGGGGA CAGTGCAGCTAC AGGATATGCCAT CATGGCAGAAAQ TTCTATTGGTTG GACAGTGTTGGT 2400

2401 CTATACTGACTC TTATTTCTCAGG GAGATCACAGCA ACCTAAATAAAC CAGATACCTTTT CG 2462

FIG. 2. The nucleotide and predicted amino acid sequence derived from the composite nucleotide sequence generated from the
overlapping sequence of the RACE clones and EST 52976. The start codon (ATG), the stop codon (TGA), and the polyadenylation signal
(AATAAA) are indicated. The MER-20 repetitive line element is boxed.

products generated a sequence of 2462 bp (Accession cDNA probe was used to isolate human genomic phage
No. AF053003) that was distinct from that described clones (>10 kbp in size) that were used to map the
for OVCA1. An open reading frame of 1464-bp was chromosomal location of DPH2L2 by FISH. Hybridiza-
identified that would be predicted to produce a protein tion of two overlapping genomic DPH2L2 probes to
of 489 amino acids with a predicted molecular mass of metaphase spreads revealed specific labeling on hu-
approximately 52 kDa. The repetitive line element is man chromosome 1. Fluorescent signals were detected
located entirely within the 3' untranslated region and on chromosome 1 in 38 of 40 metaphase spreads scored.
spans approximately 800 nucleotides (Fig. 2). We refer Altogether, 45% (77/171) of all fluorescence signals hy-
to this new gene as DPH2L2. Hybridization of the bridized to chromosome ip, specifically at lp 3 4 (Fig. 3).
internal nonrepetitive fragment to DNA from 12 dif- The distribution of signals among spreads was as fol-
ferent species demonstrated strong cross-hybridization lows: 1 chromatid (9 cells), two chromatids (20 cells),
to restriction fragments in all species tested except three chromatids (8 cells), and four chromatids (1 cell).
chicken (data not shown). The 800-bp nonrepetitive Amino acid sequence analysis revealed that DPH2L2
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FIG. 3. Chromosomal localization of DPH2L2 by FISH. Partial metaphase spreads show specific hybridization signals at chromosome
band lp34 (arrows). Photograph represents computer-enhanced, merged images of fluorescein signals (arrows) and DAPI-stained chromo-
somes. The inset shows similar localization of human DPH2L2 to two pairs of sister chromatids from independent metaphase spreads.

is 24% identical and 46% similar to OVCAL. In fact, to OVCA1, has sequence similarities to a diphtheria
both DPH2L2 and OVCA1 display significant relation- toxin resistance-like protein (Wilson et al., 1994). To a
ships with proteins from Saccharomyces cerevisiae, lesser extent, OVCA1 is 20% identical and 50% similar
Caenorhabditis elegans, Drosophila melanogaster, Mus in amino acid sequence to the yeast diphthamide bio-
musculus, Schizosaccharomyes pombe, Brugia malayi, synthesis protein, dph2. However, our results indicate
Arabidopsis thaliana, Plasmodium falciparum, Meth- that OVCAl is more similar to the yeast and nematode
anococcus jannaschii, and rice, indicating that these proteins of unknown function, yik3 (89%) and yky5
proteins may constitute a gene family that is highly (77%), respectively, than to the yeast dph2 (Schultz et
conserved throughout evolution (Fig. 4) (Schultz et al., al., 1996).
1996). Because OVCA1 is more closely related to an- BLAST analysis of OVCA1 identified significant sim-
other yeast protein, yik3 (53% identical and 89% sim- ilarity to proteins present in mice, Drosophila, yeast,
ilar), DPH2L2 may represent the human homologue of nematodes, parasites, bacteria, and plants. During the
the yeast dph2 protein (28% identical and 50% simi- course of these computer searches, we observed that a
lar). Although these proteins are highly conserved, no human EST, h52976, that when translated exhibited
known functional domains match the conserved amino 39% identity and 70% similarity to a 108-amino-acid
acids, indicating that DPH2L2 and OVCA1 possess stretch of OVCAl (amino acids 272 to 380). Cloning of
biochemical functions yet to be described. Overall, the the full-length cDNA corresponding to h52976 identi-
fact that DPH2L2 and OVCA1 are so highly conserved fled a novel protein of 489 amino acids distinct from the
at the amino acid level with organisms lower on the sequence of OVCAL. Because the sequence of this pro-
phylogenetic tree argues that each is likely to possess tein appears to be more closely related to sequences of
an important cellular function. the yeast dph2 protein, it has been referred to as

DPH2L2 (Fig. 4).
DISCUSSION FISH analysis mapped DPH2L2 to chromosome

1p34 (Fig. 3). Cytogenetic and allelotype studies have
We have reported the identification and character- revealed frequent losses from the 1p34-pter region in

ization of an evolutionarily conserved candidate tumor meningiomas (Bostrom et al., 1997), pheochromocyto-
suppressor gene in chromosome 17p13.3 (Schultz et al., mas (Vargas et al., 1997), and malignant peripheral
1996). Although sequence analysis of OVCA1 revealed nerve sheath tumors (Mertens et al., 1995). Structural
no known functional domains, OVCA1 showed signifi- rearrangements of chromosome 1 with breakpoints in
cant sequence identity and similarity to sequences lp34 have been described in human myelodysplasia
present in yeast, nematode, and other species (Fig. 4). and marginal zone B-cell lymphoma (Dierlamm et al.,
The predicted protein for the C. elegans clone 1996). Furthermore, in a review of cytogenetic findings
CEC14B1, yky5, which displays significant similarity in more than 3000 malignant solid tumors, four regions
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DPH2L2 dph2 suggests that these two proteins may share
only a common functional motif, with an as yet un-

M.musaa1551 3 3  identified function, and not necessarily a common
biological function. The cloning of DPH2L2 will fa-
cilitate future studies that aim to address whether

A.thai3793 3  OVCA1 and DPH2L2 can function in the same path-
way. To demonstrate further that OVCA1 is most

yaxf likely not a member of the DPH gene family, several
haploid yeast strains in which yik3 has been dis-

cecdph2 rupted have been created. Disruption of dph2 or
dph5 does not affect the growth or viability of yeast
(Mattheakis et al., 1992, 1993). However, disruption

dph2 of yik3 was observed to reduce significantly the

growth rate of the yeast (Godwin, unpublished data).
M.mus50861 These preliminary studies suggest that yik3 is most

likely not a member of the DPH family. Current

OVCA1 efforts are in progress to evaluate whether OVCA1 or
DPH2L2 can complement a yik3 or a dph2 knockout,
which may help to distinguish the biochemical func-

D.melaa2 64244 tion of OVCA1 from DPH2L2. Furthermore, identifica-

tion of proteins that interact with DPH2L2 and OVCA1
yik3 by two-hybrid genetic screens might provide some clues

to the biochemical function these proteins possess as well
yky5 as decipher whether they both function in a common
yycellular pathway.
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ABSTRACT mutations and polymorphisms of the BRCAI gene of a number of
women affected with either breast and/or ovarian cancer andWe have discovered a useful new reagent for mutation reporting a family history of these diseases.

detection, a novel nuclease CEL I from celery. It is
specific for DNA distortions and Mnismatches from pH 6 MATERIALS AND METHODS
to 9. Incision is on the 3'-side of the mismatch site in
one of the two DNA strands in a heteroduplex. CEL Preparation of plant extracts
I-like nucleases are found in many plants. We report Various plant tissues were homogenized in a Waring blender at
here that a simple method of enzyme mutation detection 4aC and adjusted with a lOx solution to give the composition of
using CEL I can efficiently identify mutations and buffer A [0.1 MTris-HCI, pH7.7, 10 tMphenylmethanesulfonyl
polymorphisms. To illustrate the efficacy of this fluoride (PMSFrI. The extracts were stored ath-70C. Equivalent
approach, the exons of the BRCA 1 gene were amplified dauore obtained whe extract s were frored in liquid
by PCR using primers 5'-Iabeled with fluorescent dyes data were obtained when the tissues were frozen in liquid
of two colors. The PCR products were annealed to form nitrogen, ground to a powder with a mortar and pestle and then
heteroduplexes and subjected to CEL I incision. In extracted with buffer A on ice.

GeneScan analyses with a PE Applied Biosystems
automated DNA sequencer, two independent incision Purification of CEL I
events, one in each strand, produce truncated fragments Celery stalks (7 kg) were extracted at 4*C with a juicer and
of two colors that complement each other to confirm adjusted with a lOx solution to give the composition of buffer A.
the position of the mismatch. CEL I can detect 100% of The extract was concentrated with a 20-70% saturated ammonium
the sequence variants present, including deletions, sulfate precipitation step. The final pellet was dissolved in 250 ml
insertions and missense alterations. Our results indicate buffer A and dialyzed against 0.5 M KC1 in buffer A. The solution
that CEL I mutation detection is a highly sensitive was incubated with 10 ml concanavalin A-Sepharose resin
method for detecting both polymorphisms and disease- (Sigma) overnight at 4°C. The slurry was packed into a 2.5 cm
causing mutations in DNA fragments as long as 1120 bp diameter column and washed with 0.5 M KC1 in buffer A. Bound
in length. CEL I was eluted with 90 ml 0.3 M cx-D+-mannose, 0.5 M KCI

in buffer A at 65 ° C. CEL I was dialyzed against buffer B (25 mM
INTRODUCTION potassium phosphate, 10 gtM PMSF, pH 7.0) and applied to a

1 00 ml phosphocellulose P-11 column that had been equilibrated
Single-stranded nucleases such as 51 and inung bean nuclease in buffer B. The bound enzyme was eluted with a linear gradient
nick DNA at single-stranded regions (1-3). However, the acid pH of KC1 in buffer B. The peak of CEL I activity was next
optima of these nucleases lead to DNA unwinding at A+T-rich concentrated by dialysis against saturated ammonium sulfate.
regions and result in non-specific DNA degradation. For The enzyme precipitate was dialyzed against buffer C (50 mM
example, SI nuclease was found not to cleave DNA at single base Tris-HCl, pH 7.8, 0.2 M KC1, 10 ltM PMSF, I mM ZnC12) and
mismatches (4). The efficiency of mung bean nuclease at nicking fractionated by size exclusion chromatography on a Superose 12
supercoiled DNA is five orders of magnitude higher at pH 5 than FPLC column in the same buffer. The center of the CEL I activity
at pH 8 (5). At neutral pH, a high concentration of mung bean peak from this step was used as the purified CEL I in this study.
nuclease is necessary to act on double-stranded DNA, mainly at Protein concentrations of the samples were determined by the
A+T-rich regions (3). In this report, we show that celery and many Bicinchoninic acid protein assay (Pierce).
plants possess novel endonucleases, characterized by neutral pH
optima, that detect destabilized regions of DNA helices, such as Preparation of mismatch-containing heteroduplexes
at the site of a mismatch. The celery enzyme was named CEL I.
The mismatch specificity of CEL I at neutral pH has enabled The oligonucleotides were synthesized on an Applied Biosystems
development of a highly effective and user-friendly mutation DNA synthesizer in the Fannie E.Rippel Biotechnology Facility
detection assay. We illustrate this CEL I method by detection of of our Institution and purified using a denaturing PAGE gel in the

*To whom correspondence should be addressed. Tel: +1 215 728 2488; Fax: +1 215 728 3647: Email: atyeung@fccc.edu
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A

10 20 30 X 40 50 60
1 1 I I I

5 'CCGTCATGCTAGTTCACTTTATGCTTCCGGCTCG CGTCATGTGTGGAATTGTGATTAAAATCG 3'
3' GCAGTACGATCAAGTGAAATACGAAGGCCGAGC_GCAGTACACACCTTAACACTAATTTTAGCG 5'

B
10 20 30 40 50 60
1 I I I I

5 ' CCGTCATGCTAGTTCACTTTATGCTTCCGGCTCYCGTCATGTGTGGAATTGTGATTAAAATCG 3'
3' GCAGTACGATCAAGTGAAATACGAAGGCCGAGZGCAGTACACACCTTAACACTAATTTTAGCG 5'

Figure 1. Design of the heteroduplexes containing base substitutions or DNA insertions. (A) Substrates with extrahelical DNA loop- (B) substrates with base
substitution. Oligonucleotides containing variations of the nucleotides X. Y and Z were used to assemble all the permutations of mispaired substrates.

presence of 7 M urea at 50'C. DNA heteroduplex substrates of DNA templates for BRCA1 mutation analysis
-64 bp long containing mismatched base pairs or DNA loops
(Fig. 1) were constructed by annealing partially complementary Twenty five pairs of PCR primers specific for 22 coding exons in
oligonucleotides. The single-stranded oligonucleotides were6-FAM dye (blue) at the -end of
labeled at the 5'-termini with T4 polynucleotide kinase and each forward primer and with TET dye (green) at the 5-end of
[y-32P]ATP prior to annealing with an unlabeled oligonucleotide. each reverse primer. PCR was performed in a reaction volume of

After annealing, all the substrates were made blunt-ended by the 20 rl containing 100 ng genomic DNA as template, 10 mM
fill-in reaction of DNA polymerase I Klenow fragment using 20 p H 8.3,50 ng goic 1.5 MM M902 e I0 mMdCTP and dGTP and purified by non-denaturing PAGE as Tris-HC1, pH 8.3, 50 mM KC1, 1.5 mM MgC12 , 0.00 1% gelatin,
described (6) without exposure to UV light. DNA was eluted I 1M both forward and reverse primer, 60 gtM each deoxyribo-
from the gel slices using an A tICON model 57005 electroeluterd nucleotide triphosphate, 5% dimethyl sulfoxide (DMSO) and 0.5 UTaq DNA polymerase. After an initial denaturation step at 940 C,

the DNA was amplified through 20 cycles consisting of 5 s
denaturation at 940C, 1 min annealing at 650C, decreasing by

Mismatch endonuclease assay 0.5 0C/cycle, and 1 min extension at 72°C. The samples were then

5'- 32p-labeled substrates (50-100 fmnol) were incubated with subjected to an additional 30 cycles consisting of 5 s denaturation5"-3p-lbeld sustrtes(50100 mol wee inubaed ith at 940°C, 1 min annealing at 55°C and 1 min extension at 720°C,

CEL I preparation in buffer D (20 mM Tris-HCI, pH 7.4,25 mM with a final extension for 5 mi at 72C C. The PCR reactions were
KCI, 10 MM Mg912) for 30 min at 37 or 45 °C in 20 g~l reactions. wt ia xeso o i t7'.TePRratoswr

C1, 10mM Mgl fora 30.5-2.5 m ) at(3or4in 2lmer) rasadeation. purified using Wizard PCR Preps (Promega). The sizes of the
Taq DNA polymerase (0.5-2.5 U) (Perkin Elmer) was added to DAfamnsgnrtdb C agdfo 1 o12 p

each reaction where indicated. The presence of dNTP is not

necessary for DNA polymerase to stimulate CEL I turnover. Ten
micromolar dNTP was included only in the reactions of
Figure 3A to illustrate a form of nick translation that may result
when dNTP is present. The reaction was terminated by adding CELI mutation detection
10 pl 1.5% SDS, 47 mM EDTA and 75% formamide plus
tracking dyes, and analyzed on a denaturing 15% PAGE gel in Aliquots of 50-100 ng Wizard Prep processed DNA was heated
7 M urea run at 50'C. Autoradiography was used to visualize the to 940 C in buffer D and cooled to room temperature to form
radioactive bands. Chemical DNA sequencing ladders were heteroduplexes. The heteroduplexes were incubated in 20 R1
included as size markers as previously described (6). buffer D with 0.1 [tl purified CEL 1(0.01 rgg) and 0.5 U Taq DNA

polymerase at 450C for 30 min. No dNTP was added. The
reactions were stopped with 1 mM o-phenanthroline and

Sample ascertainment incubated for an additional 10 min at 45°C. The samples were
processed through a Centricep column (Princeton Separations)

As part of a Fox Chase Cancer Center (FCCC) Institutional and dried in a SpeedVac. One microliter of ABI loading buffer
Review Board approved protocol, peripheral blood samples were (25 mM EDTA, pH 8.0,50 mg/ml Blue Dextran), 4 g1 deionized
obtained from consenting affected high risk family members formamide and 0.5 ll TAMRA internal lane standard were added
through the Margaret Dyson/Family Risk Assessment Programfi to the dried DNA pellet. The sample was heated at 90'C for 2 min,
(FRAP). Individuals participating in FRAP have agreed to allow loaded onto a denaturing 34 cm well-to-read 4.25% polyacrylamide
their samples to be used for a wide range of research purposes, gel and analyzed on an ABI 373 Sequencer using GeneScan 672
including screening for mutations in candidate cancer predisposing Software (Perkin Elmer). Since the heteroduplexes were labeled
genes, such as BRCA1 (7). The participating individuals had with a different color on each strand, the mismatch-specific DNA
previously been screened for BRCAI mutations by the Clinical nicking in each strand gave DNA fragments of two colors and
Genetic Testing Laboratory at FCCC and were screened for different sizes that independently and complementarily pinpointed
sequence alterations by CEL I mutation detection in this study in the mutation or polymorphism. All mutations and polymorphisms
a blind fashion. detected were confirmed by automated sequencing.
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Figure 2. Conserved features of the CEL I-like mismatch endonucleases from different plants. (A) One microliter of plant extract was used in each incubation with
a mismatch duplex containing an extrahelical G residue. The substrate was 5'-Iabeled in the top strand and incubation was at 45'C. (B) One milliliter of each of the
crude extracts of the plants was applied to a 100 pl column of concanavalin A-Sepharose resin (Sigma) in 20 mM HEPES, pH 7.0, 0.5 M KC1 buffer, washed and
eluted with 200 jl 0.5 M ri-D+-mannose in 0.5 M KCI, pH 7.0. One microliter of the eluted enzyme was used in the reactions in lanes 14-21. Lanes 18-21 were control
reactions for lanes 14-17, respectively, using the perfectly base paired substrate.

RESULTS celery stalk. The Superose 12 fraction contained 3 ml CEL I at
0.1 gtg/dtl and is estimated to be -10 000-fold purified with a

Detection of CEL I-like activities in plant extracts recovery of 9%. SDS-PAGE followed by staining with Coomassie

By incubating plant extracts with a mismatch-containing hetero- Blue R250 indicated that the purest CEL I contains more than one
duplex, we detected a novel mismatch endonuclease activity. This protein band of 34-39 kDa (data not shown). It is not clear yet
activity performs a single-strand cut on the 3'-side of a mismatch whether these bands represent glycoforms of CEL I or whether
site (Fig. 2). The activity appears to be present in many common proteins with unrelated properties are present.
vegetables and in a variety of plant tissues: root, stem, leaf, flower
and fruit. From each tissue, we have found a similar amount of
mismatch endonuclease activity per gram of tissue (Fig. 2A, Incision by CEL I at mismatches of single nucleotide DNA
lanes 2-13). We named the prominent activity present in celery loops and nucleotide substitutions
CEL I. The substrate initially used was a 5'-labeled duplex with
an extrahelical G nucleotide mismatch that can alternate between The mismatch incision by purified CEL I in substrates containing
two consecutive G residues, thereby giving two CEL I cut bands. a single extrahelical nucleotide is shown in Figure 3A (lanes 2-5).
These gel mobilities are consistent with the production of a 3'-OH This analysis shows that CEL I has a preference for G > A > C
group on the deoxyribose moiety (6). All the CEL I-like >T in the extrahelical position. The activity of CEL is stimulated
mismatch endonucleases cut the DNA at the same two alternate by the presence of Taq DNA polymerase (Fig. 3A, lanes 6-10).
positions on the 3'-side of the mismatch. The mismatch This stimulation of CEL I does not require dNTP (data not
endonucleases of alfalfa sprout, asparagus, celery and tomato shown). Taq DNA polymerase stimulation of incision at the weak
were each found to bind to a concanavalin A-agarose column and extrahelical T substrate is -30-fold (Fig. 3A, comparing lanes 5
were eluted by cL-D+-mannose (Fig. 2B). Thus, CEL I-like and 10), as measured by densitometry of the autoradiogram bands
activities appear to be mannosyl glycoproteins. (data not shown). The DNA polymerase stimulation is less for

extrahelical G and A substrates (Fig. 3A, lanes 7 and 8,

Purification of CEL I respectively) because these substrates are already efficiently cut
by CEL I. Because of base pairing slippage in the extrahelical

Celery stalks were chosen to be a source of model enzyme nucleotide G and C substrates (Fig. 3A, lanes 2 and 4), two
because of the year-round availability of celery, a low amount of incision bands were seen. At the extrahelical nucleotide that is
chloroplast proteins and pigments in the extracts and the high closer to the 5'-terminus, in the presence of Taq DNA polymerase
mismatch specificity of CEL 1. The CEL I purification procedure and dNTP in lanes 7 and 9 mismatch slippage allows nick
started with celery juice, containing -350 g protein, from 7 kg translation to occur after CEL I incision. As a result, the lower
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Figure 4. CEL I enzymatic mutation detection in the BRCA1 gene. (A) Schematic
presentation of the exons of the BRCAJ gene and the polymorphisms and
mutations detected in this report. The BRCAJ gene is divided into 24 exons
(22 coding exons). For CEL I mutation detection, each PCR usually covers one
exon. Exon 11 is divided into four regions of -1000 bp that overlap by at least
100 bp indicated by the diagonally shaded areas. All of exon 1, part of exon 2 and
part of exon 24 are untranslated regions, as denoted by dotted areas. Exon 4 is not
part of the mRNA (7). p, polymorphisms; in, mutations. (B) Electropherogram of
CEL I mutation detection GeneScan analyses. Two color fluorescent hetero-
duplexes of the PCR products of the BRCAI gene were prepared as described
in Materials and Methods. All lanes have CEL I treatment. Vertical axis, relative
fluorescence units; horizontal axis, DNA length in nucleotides. (A-D) Deletion
of A in exon 19. The CEL I mismatch-specific peaks seen at sizes 106 and 146 nt
in (C) and (D) for the 6-FAM-labeled and the TET-labeled strand, respectively,

Figure 3. Mismatch incision of the purified CEL I nuclease at different were not present in the wild-type control for the FAM (A) and the TET
mismatches. (A) Taq DNA polymerase stimulation of purified CEL I incision (B) strands. Full-length PCR product was observed at 249 nt length and residual
at DNA mismatches of a single extrahelical nucleotide. Autoradiograms of primers at 20-30 nt. The signal in the full-length position exceeded the linear
denaturing 15% polyacrylamide gels are shown. F, full-length substrate, 65 nt range of the detector. (E-H) Detection of C--T base substitution in exon 24.
long, labeled at the 5'-tenninus (*) of the top strand. Lanes 1-5 and 6-10, 50 fmol The PCR product was 286 bp. This C--T base substitution was detected as blue
substrates, in the presence of 10 IIM dNTP, treated with 20 ng purified CEL I, at fragment sizes 76 and 77 nt in (G) and as green at fragment size 206 nt in (H)
without and with 0.5 U Taq DNA polymerase, respectively, for 30 min at 37 G C; for the 6-FAM-labeled and the TET-labeled strand, respectively, but not in the
lanes 1 and 6, substrates containing no mismatch; lanes 11-14, substrates wild-type control for the FAM (E) and the TET (F) strands. (I-L) Detection of
incubated with only Taq DNA polymerase in the presence of 10 .tM dNTP, with a C insertion mutation in exon 20. The PCR product was 410 bp long. This
the autoradiogram exposure time extended 3x The two cuts (I and II) in lanes 2 insertion of a single C residue was detected at fragment sizes 151 and 259 nt for
and 4 are due to mismatch slippage in altemative base pairing possibilities. One exon 20 in (K) and (L), respectively, for the 6-FAM-labeled and the
mismatched base at each cut site was repaired by DNA polymerase + dNTP in TET-labeled strand, respectively. The mutation-specific CEL I cuts were not
lanes 7 and 9. (B) pH profile of CEL I mismatch incision at a substrate with a observed in the wild-type controls for the FAM (I) and the TET (J) strands.
single extrahelical G residue. S, substrate incubated without CEL I. Taq DNA (M-P) Detection of mutations next to a polymorphism in exon 11. The PCR
polymerase and dNTP were not present in this study. If Taq DNA polymerase, product was 1006 bp long. (M) Wild-type control treated with CEL I. (N)
butnotdNTP, were included, the pH profile is similar, but the incision efficiency Polymorphism (2201 T-GC) identified by CEL 1. (0) Two polymorphisms
would be near completion in all lanes (data not shown). (C) CEL I incision at (2210 T--C and 2196 G--A) detected by CEL I. (P) Polymorphism (2210 T--C)
base substitutions. The top strands were 5'-labeled. Incubation with CEL I was and mutation (K630ter; 2154A--T) detected by CEL I. Only the data from the
for 30 min at 45°C in the presence of Taq DNA polymerase but no dNTP. TET-labeled strands are presented in (M-P).
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nt # Exon p/m DNA change 5' Heteroduplex formation 3'
# sequence sequence

185 2 m AG 5' ATCTT AG 5' AGTGT
deletion • TC

188 2 m 11 bp 5' TTAGA GTGTCCCATCT 5' GGTAA
deletion ,

CACAGGGTAGA
1186 11 P A 4 G 5' TAAGC A/C G/T 5' GAAAC
2154 11 m A 4 T 5' GAGCC A/A T/T 5' AGAAG
2196 11 P G 4 A 5' GACAT G/T A/C 5' ACAGC

2201 11 P T 4 C 5' GACAG T/G C/A 5' GATAC
2430 11 P T 4 C 5' AGTAG T/G C/A 5' AGTAT
2731 11 P C -> T 5' TGCTC C/A T/G 5' GTTTT
3667 11 P A 4 G 5' CAGAA A/C G/T 5' GGAGA
3819 11 m 5 bp 5' GTAAA GTAAA 5' CAATA

deletion -- CATTT

4153 11 i A deletion 5' TGATG A 5' AGAAA

T

4168 11 m A 4 G 5' AACGG A/C G/T 5' CTTGA
4184 11 m i 4 bp 5' AATAA TCAA 5' GAAGA

deletion AGTT

4427 13 P T 4 C 5' GACTC T/G C/A 5' TCTGC
4956 16 P A 4 G 5' CCCAG A/C G/T 5' GTCCA
Intron 19 m A deletion 5' TCTTT A 5' GGGGT
18 T '-- T

5382 20 m C insertion 5' ATCCC C 5' AGGAC
A

5622 24 im C 4 T 5' TGACC C/A T/G .5' GAGAG

Figure 5. Summary of mutations and polymorphisms detected in the BRCAJ gene by CEL I in this study. m, mutation; p, polymorphism.

band of CEL I incision seen in lanes 2 and 4 was restored to A summary of the mutations and polymorphisms in the BRCA1
full-length in lanes 7 and 9. gene detected by CEL I in this study is shown in Figure 5.

Sequence analyses of the coding regions and intron/exon
pH optimum of CEL I endonuclease boundaries confirmed that all known sequence variants were

detected by CEL I. The DNA sequences flanking each mutation
The pH optimum of CEL I appears to be in the neutral range or polymorphism illustrate that CEL I detects mismatches in a
although the enzyme is active from pH 5 to 9.5 The pH activity variety of sequence contexts. Furthermore, no false positive or
profile of CEL I cutting of the extrahelical G mismatch substrate false negative conclusions were encountered.
without Taq DNA polymerase stimulation is shown in Figure 3B.

DISCUSSION
Incisions of CEL I at base substitutions Plants and fungi contain single-stranded specific nucleases that

Base substitution mismatched substrates are also recognized by attack both DNA and RNA (8). S 1 nuclease from Aspergillus
CELI and cut on one of the two DNA strands for each mismatch oryzae (1), P1 nuclease from Penicillium citrinum (9) and mung
duplex (Fig. 3C). Some of these substrates are less efficiently bean nuclease from the sprouts of Vigna radiata (2-3) are Zn
incised compared with those containing DNA loops. For the proteins active mainly near pH 5.0. CEL I is similar to these
purpose of mutation detection in vivo, all base substitution enzymes in that the most purified enzyme fraction shows some
mismatches can be detected by CEL I at 45 °C in the presence of single-stranded DNase activity and endonuclease activity on
0.5 U Taq DNA polymerase (Fig. 3C). Substrates with the supercoiled plasmids, relaxed double-stranded DNA, UV irradiated
5'-terminus of the top strands labeled were used in this study. CEL plasmids and Y-shaped DNA duplexes (data not shown).
I substrate preference shown here is C/C > C/A - C/T > G/G > However, CEL I is most active on mismatch substrates. The
A/C - A/A - T/C > T/G - G/T - G/A - A/G > T/T. neutral pH optimum, incision primarily at the phosphodiester

bond immediately on the 3'-side of the mismatch and stimulation

Detection of mutations and polymorphisms in the BRCA1 of activity by a DNA polymerase are properties that distinguish

gene CEL I from the above nucleases. The mechanism for DNA
polymerase stimulation of the CEL I activity is presently

A CEL I-based assay was used to detect mutations and unknown. One possibility is that DNA polymerase has a high
polymorphisms in various exons of the BRCA1 gene (Fig. 4). affinity for the 3'-OH group produced by CEL I incision at the
Strong incision bands were observed for heteroduplex alleles but mismatch and displaces CEL I simply by competition for the site.
not for wild-type alleles (Fig. 4B). The CEL I assay is also capable Such protein displacement will allow CELI to recycle catalytically.
of detecting multiple sequence variants within the same DNA For the purpose of mutation detection, DNA polymerases with
strand (Fig. 4, panels M-P). 3'-45' exonuclease proofreading activity cannot be used. Such
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SDNA polymerases. of which the Klenow fragzment of E.coli DNA by visual inspection of the GeneScan cel image. CEL I is a very
polymerase I is an example. will excise tile mismatch nucleotide stable enzyme. during both its purification, storage and assay.
after DNA polymerase displacement of CEL I at the site of CEL I mutation detection provides a mutation detection
mismatch incision. In the absence of dNTP, one will observe method based on different principles than DNA sequencing and
3'->5' exonuclease degradation of the DNA fragment produced single-strand conformation polymorphism (SSCP) (13). In genes
by CEL I mismatch incision. In the presence of dNTP. a highly such as BRCAI. mutations can occur in numerous positions.
efficient in vitro mismatch correction system will have been making it very difficult for most mutation detection methods to
reconstituted (data not shown). It is necessary to test whether or screen for mutations in this gene. To date, >520 individual
not other proteins, such as DNA helicases. DNA ligases and DNA sequence alterations are known in the BRCA 1 gene. The ability
terminus-binding proteins, can also assist CEL I at mismatch of CEL I to detect a mismatch at any one or more nucleotide
incision in vivo. positions without prior knowledge of the mutation provides

In the CEL I detection scheme used in this paper, two alleles promise of a very powerful method for screening mutations in
will form two alternate heteroduplex mispairs such that at least cancer genes. Indeed, the ease of setting up and performing CEL
one mismatch in each pair should be a good substrate for CEL I. I mutation detection should allow it to be established quickly in
G/G is paired with C/C, A/G is paired with C/T, A/C is paired with most laboratories.
G/T and TT is recognized least well by CEL I, but an A/A
mismatch will be present in such a heteroduplex preparation and ACKNOWLEDGEMENTS
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ABSTRACT suppressor gene is, by far, the most frequently altered gene observed
in ovarian cancer. In epithelial ovarian carcinomas, TP53 mutations

Loss of all or part of one copy of chromosome I7p is very common its are present in '-50% of advanced-stage cancers. However, the low

ovarian and breast tumors. OVCA1 is a candidate tumor suppressor gene

mapping to a highly conserved region on chromosome 17p13.3 that shows frequency of TP53 mutations in cancers confined to the ovary and the

frequent loss of heterozygosity in breast and ovarian carcinomas. Western near absence of mutations in benign and borderline ovarian neoplasms

blot analysis or extracts prepared from breast and ovarian carcinomas suggest that TP53 alterations may be a relatively late event in the

revealed reduced expression of OVCA1 compared with extracts from progression of ovarian cancer (12).
normal epithelial cells from these tissues. Subcellular localization studies LOH4 for markers on the short arm of chromosome 17 is one of the v/

indicate that OVCA1 is localized to punctate bodies scattered throughout most common genetic abnormalities in ovarian cancer. Two regions
the cell but is primarily clustered around the nucleus. Attempts to create on l7pl3, including TP53 at 17p13.1 and a more telomeric region at
cell lines that stably expressed OVCAI from the cytomegalovirus pro- 17pl3.3 defined by markers D17S5/30 (equivalent to YNZ22.1) and
moter were generally unsuccessful In a variety of different cell lines. This
reduction of colony formation was quantified in the ovarian cancer cell D17S28 (equivalent to YNH37.3), have received the most attention
line A2780, where it was demonstrated that cells transfected with plasmids (13). It has been reported that YNZ22.1 had a rate of LOH as high as

expressing OVCA1 had a 50-60% reduction in colony number as corn- 80%, and YNH37.3 showed >65% LOH in ovarian carcinomas. Loss

pared with appropriate controls, and only a few of these clones expressed at either D 17S5/S30 or D 17S28 was observed in 43% of low malig-

OVCAI, albeit at low levels. The clones that expressed exogenous OVCA1 nant potential tumors, 80% of carcinomas without metastases, and
were found to have dramatically reduced rates of proliferation. Reduced 90% of advanced-stage carcinomas. Interestingly, in the low malig-
growth rates correlated with an increased proportion of the cells in the G1  nant potential tumors, allelic losses at YNZ22.1 and YNH37.3 were
fraction of the cell cycle compared with the parental cell line and de- not accompanied by LOH at TP53, suggesting the loss of a more distal
creased levels of cyclin D1. The low levels of cyclin DI appeared to be
caused by an accelerated rate of cyclin D1 degradation. Overexpression of tumor suppressor gene in early tumorigenesis (14, 15).
cyclin D1 was able to override OVCAl's suppression of clonal outgrowth. g g
These results suggest that slight alterations in the level of OVCA1, such as some 17p13.3 are not limited to ovarian cancer. A recent study by the

would occur after reduction of chromosome 17p13.13 to hemizygosity, European Breast Cancer Linkage Consortium of 1280 breast tumors

may result in cell cycle deregulation and promote tumorigenesis. found that the frequency of LOH observed on the p arm of chromo-
some 17 was much higher than that observed on the q arm (16). Up

INTRODUCTION to two-thirds of breast tumors show LOH at the YNZ22.1 locus
(17-23), and this finding has been associated with markers of tumor

Ovarian cancer is the leading cause of death from gynecological aggression (16, 23-25). Breast tumors with LOH at YNZ22.1 have
malignancy and the fourth leading cause of cancer death among been associated with a higher risk of recurrence than those showing

American women, yet little is known about the molecular evolution of reentionof th region ( is sfme region shos frequnt

ovarian tumors. Only a few candidate tumor suppressor genes in rtnino srgo 2,2) hssm einsosfeun
sporadiovarian tmr nlyr havfew candidatbeen tuorsuprssen esf . A h t LOH in small cell lung cancers (26-28), colon cancers (29), primitive
sporadic ovarian cancer have thus far been identified. Although two

familial breastlovarian cancer genes, ERCA1 and BRCA2, have been neuroectodermal tumors (30-32), carcinoma of the cervix uteri (33-

identified, mutations in sporadic ovarian cancers are rare in these 36), medulloblastoma (37-40), astrocytoma (41, 42), follicular thy-

genes. Other recently identified tumor suppressor genes that have roid carcinoma (43), malignant melanoma (44), hepatocellular carci-

been analyzed for mutations in ovarian tumors include TSGIOJ, noma (45), and leukemia and lymphoma (46). In many of these

PTEN, DPC4, and BARDI. However, there has been little evidence studies, changes on chromosome 17pl3.3 occur in the absence of

reported suggesting that these genes are important in the pathogenesis alterations involving TP53, suggesting that a tumor suppressor gene(s)

of sporadic ovarian cancers (1-7). In addition, several interesting residing in this region on chromosome 17p 13.3 may be involved in the

candidate tumor suppressor genes, DOC2, NOEY2, and LOTI, have development of many types of cancers.

recently been identified, and their roles in the development of ovarian We have previously reported the identification of a common region

cancer are currently being investigated (8-Il). The TP53 tumor of allelic loss on 17p13.3 in ovarian cancer defined by the markers

D17S28 and D17S5/S30 (47). These two loci span <20 kbp (47). By

Received 9/15/98; accepted 8/5/99. the use of positional cloning strategies, two candidate tumor suppres-
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synthetic pathway, DPH2, and to a number of proteins of unknown technology, and the resulting tagged cDNAs were subcloned into pcDNA3 and
ftmction from a variety of organisms, including yeasts, plants, insects, are referred to as pcDNA3-HAOVCA1 or pcDNA3-OVCAIHA, depending on
and maminals, indicating that this putative protein family is conserved the location of the HA tag. The plasmid pGFP-CI, which expresses green
throughouit evolution. However, the amino acid sequence of OVCAI fluorescent protein, was obtained from Clontech. The cDNA of OVCAI was
does not demonstrate any conservation with the sequence of any fused to the COOH terminus of the green fluorescent protein at the BglIl site
'known functional motif (47, 48). Northern blot analysis revealed that to generate the plasmid pGFP-OVCAJ. To prepare a GST fusion of OVCAI inbacteria, we subcloned the OVCA1 cDNA. containing an NH 2-terminal HAOVCAI niRNA expression was lost or dramatically reduced in ovar- tag, into(JEX-2T (Phammacia).
ian tumors and ovarian tumor cell lines (as compared with normal Production of Antl-OVCAI Antibodies. The 13-amino acid peptide P/le.r
ovarian epithelial cells), indicating that loss or reduction of OVCA1 RDGPGRGRAPRGC, corresponding to amino acids 20-31 of OVCAI (where
expression may contribute to ovarian tumorigenesis (47). the terminal cysteine was added for conjugation purposes) was synthesized

Studies in which genes are expressed in tumor cells have provided (Research Genetics, Huntsville, AL). Purity of the peptide was confirmed by
proof for the pivotal role of TP53, RB, CDKN2A/p16, and BRCAI in high-performance liquid chromatography. The peptide was conjugated to
reverting dte transformed phenotype of tumor cells (49-55). Here, we malemide activated keyhole limpet hemocyanin (Pierce, Rockford, IL) and
report that OVCAI can inhibit proliferation of ovarian tumor cells. In used to immunize a New Zealand White rabbit (Cocalico, Reamstown. PA).
addition, we report the identification of genetic alterations of OVCAI Two mg of antigenic peptide were covalently linked to Aminolink agarose
in ovarian tumor cell lines and in high-risk breast cancer families. (Pierce) and used to purify anti-OVCA I antibody from crude serum by affinity
These data strongly suggests that OVCA1 is a viable candidate for the chromatography. The final antibody is referred to as TJ132. The antibody

FC21 was produced by immunizing a New Zealand White rabbit (Cocalico)
breast and ovarian tumor suppressor gene at 17 p 13.3. with a bacterially expressed carboxyl terminal portion of OVCA 1 (amino acids

330-443). The resulting antiserum was immunoaffinity purified on Aminolink
MATERIALS AND METHODS agarose covalently linked to bacterially expressed GST-OVCAI.

Puriffication of Bacterially Expressed OVCAI. BL21 bacteria were
Reagents and Cell Lines. Cell culture reagents were from Life Technol- transformed with pGEX2T-OVCAI. Expression of the fusion protein was

ogies, Inc.; unless otherwise indicated, most other reagents were obtained from induced with I mm isopropyl-13-thio-galactopyranoside (Stratagene, La Jolla,
Sigma Chemical Co. (St. Louis, MO). Cell lines were obtained from American CA). The bacteria were lysed by sonication, and GST-OVCA1 was purified
Type Culture Collection (Manassas, VA) or were derived in our laboratory from the soluble fraction by binding to glutathione-Sepharose 4B (Pharmacia).
(HOSE, human ovarian surface epithelial cell lines grown in primary culture; Pure OVCAI was released by digesting with thrombin (Pharmacia), or the
and HI cell lines, SV40-immortalized human ovarian epithelial cells). A2780 GST-OVCAI fusion was eluted with excess glutathione. PET-OVCAI (nucle-
cells were maintained in DMEM supplemented with 10% FCS and 0.2 IU/mi otides 1011-1350) was expressed in BL21 bacteria and purified as an insoluble
porcine insulin. COS-1, MCF-7, and MDA-MB8 cells were maintained in inclusion body by repeated washing of the insoluble fraction with 1% Triton
DMEM supplemented with 10% FCS. T47D cells were maintained in RPMI X-100. The insoluble pellet was solubilized in 8 M urea-2% SDS. The protein
1640 supplemented with 10% FCS and 0.2 IU/mil porcine insulin. SKBR3 cells (OVCAI amino acids 330-443) was further purified by SDS-PAGE. The gel
were maintained in McCoy's 5a medium supplemented with 10% FCS. HOSE slice containing the protein was homogenized and used to immunize rabbits.
cells and HItO cell lines were maintained in a 1:1 mixture of medium 199 and Preparation of Protein Extracts from Human Tumor Specimens. Nor-
MCDB-105 medium, supplemented with 5% FCS and 0.2 IU/mI porcine mal human tissues were obtained from Clontech. Tumors were snap-frozen
insulin. Unless otherwise stated, cells were transfected with Superfect (Qiagen, after surgical removal and stored in liquid nitrogen until use. One g of tumor
Chatsworth, CA), as described by the manufacturer. The A2780 clones that tissue was rinsed twice with cold PBS and minced finely into small pieces.
stably express OVCAI were obtained after selection in G418 by standard Tissue pieces were suspended in 1 ml of PBSTDS [0.137 M NaCI, 2.68 mm
methods and maintained in DMEM supplemented with 10% FCS and 0.5 KC1, 10.6 mM Na2HPO 4, 1.47 mM K2H2PO4 , l%.(v/v) Triton X-100, 0.5%
mg/mil G418. (w/v) deoxycholate, 0.1% (v/v) SDS, 0.004% (w/v) NaF, 100 mg/mi phenyl-

SSCP Analysis of OVCA1. PCR was carried out in a reaction volume of 10 methylsulfonyl fluoride, 1 mg/mi aprotinin, 1 mg/mi leupeptin, and 2 mm
jtl containing 100 ng of genomic DNA template, 10 mrm Tris-HC1 (pH 8.3), 50 sodium orthovandate, (pH 7.4)] and ground with a Polytron tissue grinder at
mm KCI. 1.5 mrm MgCI2, 0.001% gelatin, I pms forward and reverse primers, 300-400 rpm for two 30-s intervals at 40C. Tissue homogenates were clarified
60 gM dNTPs, 0.1 t.Ci of [32 P]dATP (DuPont-NEN, Boston, MA), 5% by centrifugation at 100,000 X g for I hour at 4*C. Lipid layers were removed,
DMSO, and 0.5 unit of AmpliTaq DNA polymerase (Perkin Elmer Corp., and cytosolic extracts were aliquoted, snap-frozen in liquid nitrogen, and
Foster City, CA). Following an initial denaturation step at 94"C for 4 rin, stored at -80"C. Quantitation of protein was achieved using a bicinchoninic
DNA was amplified through 20 .e e onsisting of 5 s of denaturing at 94°C, acid/copper (I1) sulfate assay (Sigma).

c I. 1 win of annealing at 651C "0.5*/cy , and I min of extension at 72 0C. The SDS-PAGE and Western Blot Analysis. Fifty J.g of total protein extract
samples were then subjected to tional 25 cycles, consisting of I min of from tissues or 20 pLg of total protein from cell extracts, unless otherwise
denaturation at 94°C, I win of annealing at 55 0C, and 1 rmin of extension at stated, were separated by standard SDS-PAGE and transferred to Immobilon-P
720C and a final extension at 72*C for 5 rin. PCR products were diluted 1:10 (polyvinylidene difluoride; Millipore, Bedford, MA). The membranes were
in 95% formamide, 10 mm NaOH, 0.25% bromphenol blue, and 0.25% xylene blocked with 3% BSA and probed with the anti-OVCA1 antibody TJI132, or
cyanol. Diluted products were denatured for 5 min at 95"C and flash-cooled on blocked with 3% dried milk and probed with the indicated antibody. The signal
ice. Four g1 were loaded onto a 0.5X MDE gel (AT Biochem, Malvern, PA), was visualized using anti-rabbit antibodies coupled to HRP (Amersham) and
prepared according to manufacturer's specifications, and electrophoresed at 6 developed using ECL reagents, as recommended by the manufacturer (Amer-
W for 12-16 h at room temperature in 0.6X TBE [IX TBF, 0.09 M Tris, 0.09 sham).
M boric acid, and 0.002 M EDTA (pH 8.0)]. Following electrophoresis, the gel Subcellular Fractionation. HOSE cells were homogenized in ice-cold
was dried and exposed to autoradiography film at -80 0 C for 4-24 h. Variant hypotonic homogenization buffer [40 ram Tris (pH 7.4), 1 mi EDTA, 1 mM

• and normal SSCP bands were cut out from the gels after al'l nent with the EGTA, 1 mM DTi', and 10% glycerol]. The nuclei were pelleted by centrif-
autoradiograph, and the DNA was eluted in 100 jtd dilled deoionize 20 ugation at 2500 rpm for 10 win. The supematant was collected, and insoluble
at 37°C for 3 h. Two jAl of the eluted DNA were used as ten condary debris was pelleted at 180,000 X g for 30 min to give the cytosol fraction. The
PCRs. as described above, except that radiolabeled dATP was omitted. Fol- nuclear pellet was washed twice with homogenization buffer containing 0.1 M
lowing amplification, the DNA was collected on Wizard resin (Promega, KCI. The nuclear pellet was then extracted with homogenization buffer plus
Madison, Wi) and eluted in 50 jtl of distilled deoionized H20, and 50-100 0.45 M KCI for 1 h on ice, with frequent vortexing. Insoluble debris was
finol of purified PCR product were subjected to direct sequencing. pelleted at 180,000 X g for 30 win to obtain the nuclear fraction,

Plasmids. The eukaryotic expression vectors pcDNA3 and pcDNA3-LacZ Immunofluorescent Staining and Imaging. COS-l cells were transfected
were obtained front Invitrogen. The HA antibody tag (YPYDVPDYA) was with the indicated plasmids using Lipofectamnine (Life Technologies, Inc.) or
added to the COOH or NH2 terminus of the OVCA1 cDNA by standard PCR Superfect (Qiagen), as directed by the manufacturer. Forty-eight h after trans-
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OVCAI IS REDUCED IN TUMORS AND INIBITfTS GROWtHl

SpCi/mI and the cells were labeled for 30 min. The radioactive medium was

removed, and the cells were washed with largc volumes of complete medium

and then incubated in complete medium for the indicated times. The cells were

Exon 1 . :•. then lysed in 100 ,. of PBSTDS. Insoluble debris was pelleted, and the lysaies
M-•were diluted 10-.old into RIPA buffer f 10 nmr Tris (pH 8.0). 150 ,m NaCl. 17

NP40, 0.1% SDS, and 0.5% deoxycholatej. Anti-cyclin DI antibody (Santa

' Cruz Biotechnology) was added and the immunoprecipitates were collected on

Protein A beads (Life Technologies, Inc.) and washed well with RIPA buffer.

The imnnunoprecipitates were released by boiling in SDS-PAGE loading

buffer and were separated by 12% SDS-PAGE. The amount of label incorpo-

rated into cyclin DI was quantitated by Phosphoimager (Fuji).

FACS Analysis of Stable Transfectants. Cells (500.000) were seeded in
10 mi of complete medium supplemented with 0.5 mg/mI G418. Seventy-two

Sxon 6 ih postseeding, cells were harvested and 1 million cells were prepared for FACS

Exon 6 ' • $.• analysis by resuspending cell pellets in 1 mi of staining buffer [3.4 mM sodium
*.., , citrate, 10 mM NaCl, 0.1% (v/v) NP40, and 75 mm ethidium bromide] and

stored at 4°C for no more than 3 days. The cells were filtered through a 37-pm

nylon mesh and then analyzed by a flow cytometer (Becton Dickinson, San
4!• Jose, CA). Data for 20,000 events were gathered by CellQuest (Becton

Dickinson, San Jose, CA) and analyzed by MacCycle (Phoenix Flow Systems,
"___ __ • • San Diego, CA).

STUNEL Staining. Cells were plated on coverslips and stained for TUNEL
using an in situ cell death detection kit, as recommended by the manufacturerExon 9 (Boehringer Mannheim).

RESULTS

Mutational Analysis of OVCAI by SSCP. SSCP analysis was

conducted on 50 ovarian tumors independent of LOH status for

markers on 17p13.3 and on 20 breast tumors demonstrating allelic loss

Fig. t. Mutational analysis of OVCAI. Each exon and its surrounding intronic regions of OVCA1 and retention of TP53. Multiple sequence variants were

was amplified by PCR and analyzed for sequence variants by SSCP. as described in identified throughout the gene (Fig. 1; Table 1). These sequence

"Materials and Methods." Examples of the SSCP gel patterns are shown for 10 tumor variants were deemed to be polymorphisms because these same at-
samples for exons 1.6. and 9. The exon I region has several sequence variants, shown in
Lanes 1.5. 6. 7, and 8 (left to right), exon 6 has one sequence variant, shown in Lanes 7, terations were either found in the corresponding germ line or resulted

8. and 9: and exon 9 has one sequence variant, shown in Lanes 5 and 9. All variants seen in either conservative or silent amino acid substitutions. The fre-

by SSCP were verified by directly sequencing a separate PCR. quency of these putative polymorphisms was determined by SSCP

analysis of 100 chromosomes from control individuals (Table 1). In

fection, the cells were visualized. For green fluorescent proteins, the living addition, we identified two nonconservative amino acid substitutions:

cells were observed with a Nikon TE 800 upright microscope. For visualizing alanine 34 changed to an aspartic acid residue and serine 389 changed

HA-tagged OVCAl proteins, the cells were fixed for 20 rmin in 3.7% form- to an arginine residue. Each alteration was detected in the germ line

aldehyde-PBS and then for 30 s in methanol. The cells were then stained with of a woman with early-onset breast cancer who reported a family

an anti-HA rabbit polyclonal antibody Y-1l (Santa Cruz Biotechnology, Santa history of the disease. In both cases, the missense mutation/rare

Cruz. CA) in TBS [50 rnM Tris (pH 8.0) and 140 mM NaCI] plus 0.03% Triton polymorphism was retained in the corresponding breast tumor DNA
X-100 and 10% FCS. The staining was visualized with an antirabbit antibody and showed reduction to homozygosity (data not shown). Evaluation

coupled to Texas Red (Jackson Immunoreseareh Laboratory, Inc.). The stained of > 100 control chromosomes has failed to detect these sequence
cells were observed on a Biorad MRC 600 laser scanning confocal microscope, variants. The individual carrying the A34D missense variant was
using COMOS Version 7.0.1 software. The images were rendered and pseudo-

colored with Voxel View 2.5.1 (Vital Images) software. Final prints were made diagnosed with breast cancer at age 37 and reported a history of one

using a codonics dye sublimation printer.
Stable Colony Formation Assay. A2780 cells (2.5 X 105 per 60-crm plate)

were cotransfected with 5 pug of pcDNA3-LacZ and 2.5 pmol of pcDNA3 Table I Nucleotide sequence variants observed in OVCAJ in nonors"

control vector, pcDNA3-HAOVCA1, or p53 expression plasmid or the cyclin Exon Codon Base Change Result Frequencyb

DI expression plasmid. At 24 h posutransfection, G418 (Life Technologies, 1 7 2 C--T Ala-Val 0.39

Inc.) was added to a final concentration of 0.5 mg/mI, or cells were stained for 2 34 2 C-',A Ala--Asp 0.00

transient 03-galactosidase activity. Antibiotic selection was continued for 2 72 3 C-*T Ala-Ala ND

10-14 days. Colonies were fixed with 0.2% formaldehyde and stained with 4 13804 3 G-*AT Leu-Leu*Val ND

0.2% (w/v) crystal violet, and colonies containing >50 cells were scored. 5 188 3 G-*A Ser-*Ser 0.20

Growth Curve Analysis. Cells were removed from the flask by trypsiniza- 9 335 1 C--a Leu.-Val 0.09

lion. The trypsin was inactivated by addition of complete medium to a final 9 337 3 C-T Pro--Pro 0.18

volume or 10 mi. One hundred tLI of cell suspension were diluted in 20 ml of 1 432 3 C•A Ser.Air 0.00vlmof1mlOnhude l12 432 . 3 C'--*T Ser--*Ser 0.01

Isoton solution (Coulter, Miami, FL), and the number of cells quantified on a 13 NC C---- ND

ZI Coulter counter (Coulter). Cells (200,000) were plated in triplicate in aThe variants shown are those that were detected in the coding and 3' untranslated

35-mm tissue culture dishes and incubated at 37"C and 5.0% CO 2. Cells were region regions. Sequence variants that were detected in the promoter and in introns 5, 6,

counted in 24-h intervals by trypsinization and resuspension of cells in 10 ml 11, and 12 are not listed. Codon refers to the amino acid affected by the nucleotide change.

of Isoton (Coulter) and counted on the ZI Coulter counter (Coulter). Base indicates the nucleotide position of the codon affected. Change describes the nature
of the nucleotide alteration. Result describes the affect the nucleotide alteration has on the

lpulse.Clase Labeling. Cells were seeded into 60-ram dishes and grown amino acid. ND, not determined: NC, noncoding sequence.

until they were 60% confluent. They were starved in minus-methionine me- b Allele frequency in control population was determined by examination of 100

dium (ICN) for 30 rein, and then Trans35-Label (ICN) was added to 500 chromosomes from unaffected individuals.
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A B TJ132 FC2I was designated FC21. Both antibodies were able to recognize bacte-
rially expressed OVCAI by Western blotting (data not shown). In

>6 0, 2 0 2 addition, these antibodies were able to recognize a protein of M,
C •-�C� -50,000 in extracts prepared from COS-] cells that had been tran- (/')

,- - p8 w�. . siently transfected with pcDNA3-HAOVCAI and in whole-cell lysates
""- p70 from the ovarian tumor cell line A2780 (Fig. 2A). Recognition of this X

SM, 50,000 protein could bd ith a molar excess of thc(vnc Ilo"M, _antigenic peptide, indicating that the antibodies recognize the authen-
-w tic OVCAI protein (data not shown). In addition to the M, 50,000

protein, both antibodies detected proteins of Mr -85,000, as observed
C in extracts prepared from a variety of sources, including normal

(kDa) H B P L Li S K P S T M TeO human tissues, primary cultures of HOSE cells and a number of cell
lines (Figs. 2 and 3; data not shown). The NH2-terminal antibody
TJ132 also recognized proteins of M, -70,000, but these species were

106- ?:• p85 variable in amount and presence and were not recognized by antibod-
- 70- _ - p70 ies directed against the COOH terminus of the protein. The secondary

44- p50 antibody alone did not recognize any of the three proteins (Mr 50,000,
70,000, and 85,000; data not shown). The identity of the M, 70,000

28- .. and M, 85,000 proteins is unknown, as are their relationships with the
Mr 50,000 OVCAI protein; however, the available evidence suggests

19- that the Mr 85,000 form is an alternatively spliced or posttranslation-
Fig. 2. Characterization of OVCA1 expression. A, extracts from the indicated tissues ally modified form of OVCA1 and that the p70 form is either unre-

and cell lines were separated by 10% SOS-PAGE and transferred to Immobilon-P, as lated to OVCAI or is a breakdown product of the p85 form. Alter-
described in "Materials and Methods." The blot was then probed with the anti-OVCAI natively, the p85/p70 forms could be unrelated, cross-reacting
antibody TJ132, as described in "Materials and Methods." Lane MVT in vitro translated
pcDNA3-HAOVCAI; Lane COS, extract of COS-I cells that had been transfected with proteins. However, this is unlikely because completely different anti-
pcDNA3-HAOVCAI; Lane A2780, extratt of the ovarian tumor cell line A2780; Lane H. OVCAI antibodies recognize the p85 protein, and recognition of the
ovary, extract of whole human ovary. Arrowheads, three different polypeptides that TJ132 M 8
recognizes (p50, p70, and p85). B. 20 Isg of each indicated cell line extract were separated r 5,000 protein by T"132 can be competed with a molar excess of
in duplicate by 10% PAGE. transferred to Immobllon-P. and probed with the indicated
antibodies, as described in "Materials and Methods." One of the duplicate blots was
probed with the anti-OVCAI antibody TI 132, and the other was probed in parallel with
the anti-OVCAI antibody FC2I. OVCAR-5 is a cell line derived from an ovarian tumor, A
whereas T47D and SKBR3 are cell lines derived from breast tumors. C, 50 1kg of extracts c
from various human tissues (Clonteeh) were separated by 12% SOS-PAGE and processed C r' c f , I
for Western blotting, as described in "Materials and Methods." The blot was probed with Z _M e
the anti-OVCAI antibody TJ132. Lane H, hears; Lane B, brain; Lane P. placesta; LaneL, Z Z _ Z Z _ z " MolecUularDa
lung: Lane Li. liver; Lane S. skeletal muscle; Lane K, kidney; Second Lane P. pancreas' . , • Weight/Da
Second Lane S, spleen; Lane 7", thymus; Lane M. mammary gland; Lane Te. testis: Lane -- 00,000
0 . o vary . - 9 7, 0 0

7, • 68,4000

first-degree relative and two second-degree relatives with the disease . 43,000
(ages of onset unknown). The individual carrying the S389R missense
variant was diagnosed with breast cancer at age 49. She reported that .i• (
her mother was affected with breast cancer at age 55 and that two 29,000
maternal aunts were diagnosed with the disease at 61 and 65 years of "
age. The functional significance of these mutations is not yet clear;, 18400
preliminary experiments exploring their effect on the OVCA1 protein - 14,300
are presented below.

Southern Blot Analysis of OVCA1. To assess deletions or rear- B 2 'n u rn v
rangements within the OVCA1 gene, we performed Southern blotting 6 2 o r o w Z cm
of 60 normal/ovarian tumor DNA pairs using the full-length OVCAI kDa 6 a [ Z . C . M .Z L

cDNA as the probe. The vast majority of the tumors had lost one copy -
of the OVCAI gene. No rearrangements or large interstitial deletions 68-
were detected in the remaining copy. However, a 7-kbp EcoRI frag- 43-
ment was observed to be variable in length due to changes in the
VNTR, i.e., YNH37.3, which is intragenic to OVCAI (data not 29 •,
shown). We did not observe any correlation between the length of the
VNTR fragment and an increased risk of developing ovarian cancer. Fig. 3. Expression of OVCAl in tumors. A, 50 g~g of each sample were separated by

Western Blot Analysis of OVCA1. Conceptual translation of 12% SOS-PAGE and transferred to Immobilon-P, as described in "Materials and Meth-
ods:" The blot was probed with the anti-OVCAI antibody TJI 132. UPN, extracts fromOVCAI predicts a 443-amino acid protein wiih Mr -50,000. An primary tumors; MCF-7 and MDA-MB8, extracts from cell lines derived from breast

antibody that recognizes I1 amino acids at the NH2 terminus of tumors; N.M.E*, extract from normal breast epithelial Cells grown in short-term primary
tissue culture. Equal loading of the blots was confirmed by staining with Coomassie BlueOVCAI was prepared by immunizing rabbits with a peptide. The for total protein after probing. B, protein extracts (50 gsg) from primary ovarian tumors

antiscrutm was affinity-purified and was designated T1132. Another (UPW), normal human ovarian surface epithelial cell lines (1110), and a normal ovary
antibody that recognizes the COOH terminus of OVCAl (amino acids (ovary) were separated by 12% SOS-PAGE and transferred to lmmobllon-P. as described

in "Materials and Methods." The blot was probed with the anti-OVCAI antibody TJI32.
330-443) was prepared by immunoaffinity purification following Equal loading of the blots was confirmed by staining the blots for total protein with
immunization of rabbits with a bacterially expressed polypeptide and Coomassie Blue after probing.
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A C

H HIO-121 HIO-106

N C WCL N C WCL
p85 p85
p70- p70
p50 P5

Fig. 4. Sub$ellular localization of OVCAI. COS-I cells were transiently tansfected with pcDNA3 or with pcDNA3-0VCAIHA. Forty-eight h after transfection, the cells were fixed

and stained with an anti-HA tag antibody (Y-II; Santa Cruz Biotechnology), as described in "Materials and Methods." A, cells transfected with pcDNA3; R, cells trantfected with

pcDNA3-OVCAIHA. At the level of sensitivity needed to obtain high resolution of the OVCAIHA staining, the mock-transfected cells are not visible. C, subcellular fractionation of
SV40-immortalized human ovarian surface epithelial cell lines (H10). Cell lines were fractionated as described in "Materials and Methods," and 50 jIg of the corresponding extracts

were separated by 12% SDS-PAGE and transferred to Intmobilon-P. The Western blot shown was probed with the anti-OVCAI antibody T1132. Lane WCL, whole-cell extract: Lane
C. cytoplasmic fraction: Lane N. nuclear fraction.

the antigenic peptide. Because FC2I and TJ132 gave almost identical COS-I cells were transfected with either an empty vector pcDNA3 or

patterns by Western blotting (Fig. 2B), most of the data shown used with pcDNA3-OVCAJHA, which expresses OVCA1 fused to a

only the antibody TJ 132. COOH-terminal HA tag. Immunostaining of transfected cells with an

OVCA1 was found to be expressed in many different tissues (Fig. anti-HA antibody (Y-1 1; Santa Cruz Biotechnology) indicates that

2C). In some cases, the Mr 70,000 and Mr 85,000 proteins were very OVCAI is located throughout the cell. A widespread diffuse staining

prominent, whereas the M, 50,000 protein was less so (notably the was seen, in addition to strongly staining punctate bodies (Fig. 4 A and

ovary and placenta) and, in other tissues, the p50 form was predom- B). These bodies were scattered throughout the cell and were heavily

inant (liver and thymus). Note that although extracts from total breast clustered around the nucleus. A similar pattern was obtained in

tissue appeared to express little or no OVCAI (Fig. 2C), breast immortalized HOSE cells transfected with pcDNA3-OVCAJHA and

epithelial cells did express the p50 OVCA1 protein (Fig. 3A, when the cells were immunostained with the specific anti-OVCAl

N.M.E.*). We explain this apparent discrepancy as being due to antibody, TJ 132 (data not shown). To further confirm the localization,

epithelial cells making up only a low percentage of the total breast, we fused OVCA1 to the COOH terminus of the green fluorescent

Analysis of breast and ovarian tumor extracts demonstrated variable protein. COS-I cells expressing the green fluorescent protein-OVCAI

expression levels of p50 and an almost complete absence of the fusion again demonstrated a punctate, primarily perinuclear localiza-

p70/p85 species (Fig. 3). Expression levels of p50 were reduced as tion of the protein set against a weaker, diffuse staining throughout the

compared to normal epithelial cells in 21 of 59 ovarian (37%) and 18 cell (data not shown).

of 46 breast (39%) carcinomas. p85 and p70 were not detected in the Fractionation studies confirmed that the Mr 50,000 OVCA I protein

majority of tumors analyzed (100% of breast tumors and 85% of is located throughout the cell (Fig. 4C). However, the M, 70,000 and

ovarian tumors) (Fig. 3). No correlation was evident between reduced Mr 85,000 species appeared to be exclusively located within the

expression and clinical prognostic factors. nucleus (Fig. 4C).

Subcellular Localization of OVCA1. To aid in understanding the Suppression of Clonal Outgrowth. Attempts to generate cell lines

function of OVCAI, we determined its subcellular localization, that stably expressed OVCAI were unsuccessful. Very few clones
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A With the OVCAI expression construct compared with controls (Fig. 5
< 0 S efc CSrpouil observed in more than four inde-wasendepednt taseiof experiments. Suppression of clonal outgrowthwa ndpnen fplassnid DNA purity beeeawetstdthe

diferet pepaatinsof plasnsid DNA (eandedthe
difeen prpaaton ~PDA whether equivalent~ 55 molar amounts or microgram amounts of plasmid were transfected.
Furthermore, experiments in which an expression vector containing

r F AJ the gene encoding for the )3-galactosidase protein were Cotrnsfected
I 50 with OVCAI indicate that the reduction in clonal outgrowth is not an

8 TAOJ ~ artifact due to differences in transfection efficiency (data not shown).04 ?P.,3s The A34D and S389R alterations described above, detected in theZ T germn line of women with breast cancer and with a strong familyhistory of the disease, were rebuilt into the pcDNA3-OVCAJIIA
expression plasmid using standard PCR technology. Both altered
proteins were expressed well in transient transfection assays (data not
showvn). However, both alterations were found to suppress colony

2 J 3 6 7 1formation 50-60%, as compared with controls, similar to wild-typeExperiment OVCA1 (Fig. 5B).
Growths Kinetics of Stable Transfectants. To verify that theB suppression effect was due to exogenous OVCAI expression, indi-

ISO0 vidual colonies were clonally expanded after G418 selection. A total
of seven colonies from pcDNA3 vector control transfected cells andT 15 colonies from pcDNA3-IIAOVCAI transfected cells were ampli-fled following selection in G41I8 for 10 days. All colonies selected

T from pcDNA3 vector control plates expanded and formed stable

'r T 
cultures. In contrast, only 9 of 15 colonies selected from pcDNA3-

OVCA I at the NH, terminus, the level of exogenous protein produced
in these clones could be monitored. Western blot analysis revealed
that there was approximately equimtolar expression of exogenous and
endogenous OVCAI in only four of nine stable pcDNA3ý-flAOVCAJ 1

~ ~. ~clones (OV-5, OV-6, OV-9, and OV-13; Fig. 6).
0 ~Of the HAOVCA1 transfectants with exogenious expression, no
ff 'E major differences in morphological features were observed when0 0 compared to parental A2780 cells (data not shown). Cells were plated

Hig. 5. Suppression of closnal outgrowth by OVCA I In A2780 ovarian cancer cels at limited dilutions and monitored for growth kinetics. Two independ-A2780 cells were transfecttd with the indicated plasmids and selected fro resistance to ent clones, OV-5 and OV-13, displayed -8- and 10-fold reductions in6;4 18. as described in Maiteirials and Methods." Ten to 14 days posittcansection, the ttlcl ubrcmae ihepeso etrcnrl n acolonsies were stained and counted. A. the percentage ofG4tS tNeoa) colonies that formsed ttlcl ubrcmae ihepeso etrcnrl n arelative to die number forned after trainsfeetion with pcONA3 (defined as 100% in each rental A2780 cells, respectively. A third clonial line, OV-9, demon-
experimnenti allong tie ordinate. Abscissa, data fromt eight independent transfection ex-
pcsslstents. A wild-type T~pSS expression vector was included in some experiments as a
positive control for colony suppression. B, the total nutmber of colonies obtained after
transfcction wills the indicated plasnoids and selection with 0418. pet)NA3 is the parent CMVV H-A-OVCAI
vector: OVCAIIIA expresses the wild-type OVCA1 plus a CO0lt-tereninal IIA tag: and
A.141) and S3819R refer to the Point osulations. discussed in the text, that were introduced QCit Minto ttsc sild-tylpe OVCAIIIA construsct using standard t'CRt technology. Columns nrsean
of tlsrce indctiendently repented experiments: bars, SD). U 0 0 0 0

anti-VCAIi~ •.~J~i PSI 11A-O5VCAI
were foutud to express OVCA I, and those that did expressed only low .SO -s: p0oVcAt
levels of tile protein. This phenomenotn was consistently observed in
a tsttmhcr of different cell types (RAT-I, UZOS, MCF-7, 1110118, andt T,.
'1471) cells; data not shown). To quantitate this effect, we transfected tnti-IIA VS t-v~

cqstitsslrintcottns of a mammalian expression vector containtingth
NilI-termitsal IIA-tagged OVCAI open reading frame (pcDNA3- rFig. 6. Ma.intenance of exogenousOVCAl expression in stable ttansfectantsofA27ll0
IIAOICAl) attd alt empty expression vector (pcDNA3) into the ovarian cancer cetls. A2780 cells were teansfected with an llAOVCAl cxpresion vco
ovarian cancer cell line A2780. A2780 cells were chosen for further and then selected for res istance to G4 18. as described in "Mnteriasl and Methods.' Clones

rechosen at random and amplified. After amsphlifcation, extract'; were prepared fromatnalysis because they are well-characterized ovarian tumnor cells that the cells, as described in "Matertlain and Methods."Tncgfeahxtctwrsprtd
nsormually express fairly low levels of OVCA 1 p50 and almost no by duplicate 10% SIDS-PA10E1. The gets were transferred to tsnrobilon,]P and probed withcontol fr gowthsuppes- the indicated antibodies, as described in "Materials and Methods." top, total OVCAIp85lp70 OVCAI (Fig. 2). As a positive cnrlfrgot upe antigen was detected with the an~tiOVCAt antibody TJI32. Bottom, exogenous OVCAI
%iont itt expression vector thtat expresses wild-type p53 protein was antigen was detected with the anti-IIA mAB 161112 aBabCo, Richmond, CA). Lane COS,
included in, some of tile colony number experiments. Evaluation of Protein 'extract prepared from COS cells transiently tcanSfectd with an IIAOVCAI

crslsts fomaton n th prsene o geeticn (4 1) cnsitenly expression vector:, Lanes A2780, protein extract prepared from the parental cell line; Lanse$colny ormtio inthepreenc ofgenticn (419 cosisent CMV, cell lines derived from pcODNA3 transfected cells: Lasses 01", cell tines derived fronmresutlted its a 50-60% reduction in colony number in cells transfected ImovcAl-trianafected c-Us.
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OVCAI IS REDUC11D IN TUJMORS AND INHIBITS fowROltts

A FACS Analysis of Stable Transfectarats. Two main mechanisms,
apoptosis and cell cycle arrest, may account for the growth suppres-

..0 01B sion observed in stable clones expressing exogenous OVCAI. To

- 0g investigate tirc mechanism of growth suppression, we seeded parental
:--.o: HAOVCA1.5 13 2 A2780 cells and each of the stable transfectants at an equal number of

'~ ~ .4-.VCAI cells. Seventy-two ht postseeding, dhe cells were harvested, nuclei
20- -*OVCAI were stained with ethidium bromide, and cell cycle distribution was

~2O.. ..~sxs~3 -cYcfin 0 measured by FACS analysis. As illustrated in Fig. 8, a 10-20%
4' - A increase in the number of cells in the 0, fraction was observed in

tO clones QV-5, OV-9, and OV-13 compared with parental A2780 cells
- --- and stable vector control cells, CMV-5. No subdiploid cell peaks

I 0 4 0 8 suggestive of apoptosis were observed. To further investigate the
bourspossibility of apoptosis playing a role in reduced cell number, we

subjected clones OV-5 and OV-9 to TUNEL staining and compared

c them with the vector control cells. There were no TUNEL-positive
C cells onl the vector control cell slidcs. A total of 1 .2% of the OV-9

cells were TUNEL-positive, and 476 orfithe OV-S cells werc TUNEL-
positive, suggesting that, although rates of apoptosis are slightly
elevated in A2780 cells stably expressing OVCAl, apoptosis does not

fully account for the drastic reduction in growth rates (data not

7.5 shown).
Cyclin DI Overexpresslon Can Partially Overcome OVCAI's

Suppression of Clonatl Outgrowth. Reduction of cyclin D) levels by

- OVCAI may be the primary cause of OVCAl's growth-suppressive

o -D~--.* A278t0

- - tIAOVCAI#5 G1=-37.4%
2.5- aS=44.7%

--- A- AOVCAI#9 A2780 G2-17.7%

... liAOVCAI#13 o10 1~72

CMV-5 S=42.1%

trig. 7. Suppression of growths rate by OVCA I. A. the protireration of A7780 clonal G2.20.6%

lines was monitored over time, as described in "Materials and Methods:'Vector (0i;

(:MV.5) is A2780 cells that have stably integrated the plasmid pct)NA3, IIAOVC-Al-S

(9 i OV-5) sad I IAOVCAI1-9 (A; OV-9) are Iwo lines that stably express OVCAI1. The, VL W

parental cell line. A2780, gave results that were virtually identical to those of the CMV-S

cell line (doata not shown), and sthe stably expressing OVI2AI ctone OV-13 gave meulls

similar to that of OV-S (data not shown). Ile graph represents the growth rates for the cell,

lines over the indicated time period and is representative of a number of Independent GI',43.4%

experiments. ordinate, number of cells (W0
); abscissa, days in 24-h time points. a, S3l]8

uVCA I expresson (Western btot probed with the anti-tIA tag antibody Y-1 I; Santa Cruz OV-S G2=~21.7%

ltoterlhnolOgy) and cyclin DlI expression (the western blot showing OVCAI expression

was reprohed with, an annticychin Dl antibody; Santa Cast Biotechnology) in the indicated

Celt tines: Lane I. CMV-5: Lane 2. OV-5. Lane 3, OV-9. Thie parental cell line, A2190, o Vt I000

gave results that were virtually identical to those of the CMV.5 cell line (data not shown),

sand the stably expressing OVCA I clone OV- 13 gave results that were stmular to those ofr3

(tV-5 (data not shown). C. the Ist'ability Of cyclin Dl was monitored by pulse-chase

jsin hnnn labeling of the indicated cells followed by tmnmnoprecipitation of the G1=,47.3%

l-abeled cyctin v l. The insmunoprecipitates were separated on Sl)S-PAGL and qoansitatedS296

by l'tospttoimnafer (Fuji). Abscissa, minutes after initiation of the chase,, ordinate, relative OV-9 =29.22.9

units of labeling incorporated into cyclin DI. The graph is tepresentative of a number of 0[ "1 -9

independent experiments. 815000
PW12t-

strated a 4-fold reduction in total cell number over the same time D3 1§77

intterval compared with controls (Fig. 7A). On the basis of these St=I2G~57.7%
growth curves, tlse cell doubling times between parental A2780 and OV-13
OVCAl-expressitng stable clones were found to be considerably dif- oc_ G2=16.5%

feretst. A2780 cells doubled 2-2.5 times during a 24-h period, whereas )

OV-S, OV-9, and OV-13 doubled -1-1.5 times during die same lime Parts

intervatl. contsistent with the reduced growth rate, the clones stably Fig. 8. rACS analysis of stable transfeetahstS. cell cycle distributions were determined

expressing OVCA I had a dramatic reduction in cyclin DlI levels (fig. 72 b poatseeding by flow cylosessY, aS descibe in "Materials and Miethods." DNA

71)). 'rite reduction of steady-state cydlin Dl levels appeared to be profiles Telresesat cell nsumber (counts) along the ordinate and DNA content TPI11712)

due o at icresedrateof egrdaton f cylinDl n clls along the abscissa. percentage of cells in each phsase of the cell cycle it fisted On fth right.

primarily du oa nrae aeo erdto fcci ncls G,, both the Gn and (G, populations of cells; S, the population of cells isn DNA synthesis;

expressing llAGVCA I compared with the parental cell line (Fig. 7Q. G2, both the G.~ and MI populations Of cells



OVCAI IS R[DUCED IN TUMORS AND INILBITS GROWnIH

11 Screening of a panel of primary breast (it = 20) and ovarian

$0- (t(n = 50) tumors for alterations of OVCA1 revealed two distinct

n missense changes and multiple polymorphisms in both the coding and
40 noncoding regions. Both missense changes were detected in breast

tumors, and each alteration was present in the germ line of a woman
)0o- with a strong family history of this disease. In both cases, the missense

T mutation/rare polymorphism was retained in the corresponding breast
20 tumor DNA and showed reduction to homozygosity. Evaluation of

,0- >100 control chromosomes failed to detect these sequence variants.
The probands do not have unusual ancestries, indicating that the

0. ,sequence alterations are unlikely to be related to a specific ethnic

group. Unfortunately, the probands are deceased, and we do not have

@ 0 4$:) ,informed consent to contact other members of their respective fami-
G Cý •4Glies. Both of these probands have tested negative for germ-line mu-

tations in BRCAI and BRCA2.6 However, neither amino acid sub- V

stitution alters OVCAI's ability to suppress colony

Fig. 9. Overexpression of cyclin DI can override OVCAI's suppression of clonal formation, suggesting that either these alterations are nonfunctional "
outgrowth. A2780 cells were transfected with the indicated plasmids, as described in polymorphisms or that they affect some as yet undefined function of
"Materials and Methods." Resistant colonies were selected in G418 for 14 days and then OVCA 1 or perhaps alter the function of the p85 form of OVCA I. Our
they were fixed and stained. Colonies with >50 cells were counted. The experiment was
repeated three times. pcDNA-3, transfected with I jig of pcDNA3 and I uig of psk[lI observation is of particular significance because, in a recent European
CMV-OVCAI, transfected with I gig of pcDNA3-0VCAIHA and I gg of pskll; CMV- Consortium study, an association between LOH at the OVCA1 locus
cyclin DI, transfeeted with 1 tg of CMV-cyclin DtI (carries no selectable marker) andg and a positive family history of breast cancer was observed (16).
jig of pcDNA3: CMV-OVCAI+-cyclin DI was transfected with I gig of pcDNA3. n- oiiefml itr fbes acrwsosre 1)
OVCAIHRA and 1 gig of CMV-cyclin D1. We also assessed ovarian tumors for large alterations involving the

OVCA1 gene by Southern blotting; however, no rearrangements or

large interstitial deletions were detected. One previous study has
effect. To test this theory, we cotransfected A2780 cells with reported a homozygous deletion in an ovarian carcinoma that involved
pcDNA3-OVCAJHA and CMV-cyclin D1. The cells were transfected both D17S28 and D17S30 but not any other flanking markers (15).

with pcDNA3 alone, pcDNA3-OVCA!HA alone, CMV-cyclin DI Overall, no somatic mutations were detected within the coding region

alone, or both pcDNA3-OVCAJHA and CMV-cyclin Dl. pcDNA3 of OVCA1 at the DNA level in either primary breast or ovarian

and psklI were added as necessary to equalize the amount of select- tumors.
able marker and plasmid DNA in each transfection. After selection for Because . VCA1 does not appear to be commonly mutated in
14 days in G418, the colonies were fixed, stained, and counted. As tumors and tumor cell lines, we sought to determine whether changes
noted previously, cells transfected with the OVCA1 expression con-

struct formed -50% fewer colonies than did cells transfected with in its protein levels are more frequent in breast and ovarian cancer.

pcDNA3 (Fig. 9). Cells transfected with the cyclin Dl Western blot analysis of extracts from breast and ovarian tumors

vector formed almost as many colonies as did cells transfected with suggest that expression of p50 OVCA1 is reduced in at least one-third
vctor. formedlalmostransf many pclnies asddcls ansetd with of the tumor specimens evaluated. The larger putative forms of

cyclin DI formed -75% fewer colonies than did cells transfected with OVCA1 (p70/p85) are absent or highly reduced in almost 100% of the

pcDNA3 and almost the same number of colonies formed by cells tumor specimens evaluated. The mechanism whereby the p70/p85

pDA ned awmostith e sam e nD mbe a coloneiuesting thatfovrmedbyeis forms of OVCAI are generated is as yet unclear. Several different

transfected with CMV-cyclin Dc alone, suggesting that overexpres- antibodies raised against different regions of OVCA1 recognize the
larger isoforms, confirming that they are closely related to the p50

OVCAI. Most likely, the p85 form is the product of an as yet

DISCUSSION undefined alternatively spliced exon or posttranslational modification.

Molecular studies of human neoplasms suggest that a tumor sup- The p70 form is not recognized by antibodies directed against the

pressor locus exists on chromosome 17p13.3 near the VNTR markers COOH terminus of OVCAI, suggesting that it is either a degradation

YNH37.3 and YNZ22.2 (14-18, 20-25). To date, only two genes product of the p85 form or an unrelated, cross-reacting protein. If

have been reported that map within the critical region of allelic loss on reduction of OVCAI levels is important in tumorigenesis, then rein-

chromosome 17p13.3: OVCA1 and OVCA2 (47, 48). We have found troduction of OVCA1 into tumor cell lines should revert, at least

that OVCA2 cannot suppress tumor cell proliferation.: The amino acid partially, the transformed phenotype. Because the p85/p70 isoforms

sequence of OVCA1 contains little information with regard to its are most consistently lost from tumors, reintroduction of these forms

biological function. The only portion of the protein that is similar to would be most informative. However, because they have not yet been

previously identified proteins is a region in the NH 2 terminus that is completely defined, our experiments were confined to reintroduction

similar to a domain found in a number of proteins isolated from a of the p50 isoform. Attempts to stably express OVCA1 from the CMV

variety of species (47, 48). Unfortunately, the function of this domain promoter in a variety of cell lines were unsuccessful. This phenom-

is unclear. The only member of this putative gene family to which a enon crossed species lines, being apparent in cells derived from both

function has been assigned is the yeast protein DPH2, which is known rodents and primates; was independent of p53 status; and was evident

to play a role in the synthesis of diphthamide (56). It is unlikely that in both immortalized and transformed cells, suggesting that overex-

OVCAI is the human homologue of the yeast dph2 because at least pression of OVCAI either blocks growth or is toxic to the cells.

one other human gene, DPH2L2, is more similar to the yeast dph2 Overexpression of OVCAI in the ovarian cancer cell line A2780

than is OVCA1 (57). provided some clues about the function of OVCAI. It was possible to

'T. White and A. Prowse, unpublished observations. 6 A. K. Godwin, unpublished observations.
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isolate a fcw clones that expressed exogenous OVCAI. In all cases, (65). They also spontaneously developed germ cell, gonadostromal,
the level of cxogenous expression was not high and was, at most, thyroid, and colon tumors, suggesting that PTEN haploininsufficiency
equivalcjnt to the amount of OVCAI normally seen in A2780 cells, plays a causal role in CD, LDD, and BZS (65). These studies,
Cells expressing exogenous OVCAI were found to have a 4-fold therefore, suggest that there is another class of tumor suppressor

ý(OV-9) to 10-fold (OV-13) reduction in growth compared with pa- genes, in which genes that exhibit haploinsufficiency, leading to
rental A2780 cells. The cellular mechanisms by which OVCAI sup- reduced levels of the protein, are important for tumorigenesis.
presses growth could fall into three categories: apoptosis, replicative The data presented here and elsewhere, i.e., high rate of allelic loss
senescence, or cell cycle arrest. On the basis of the amino acid observed for chromosome 17p13.3 in ovarian tumors, the reduced
seq-uence of OVCAI, it is unclear which, if any, of these pathways expression of OVCAI in ovarian tumors, and the observation that an
OVCA I may affect. It is unlikely that OVCA I promotes cell death to equimolar level of exogenous p50 OVCA I suppresses the growth rate
any great extent. TUNEL labeling and FACS analysis suggest that, of tumor cells up to 10-fold, suggest that a slight reduction in the level
although the OVCAI stably expressing clones have a slightly elevated of expression of OVCA I is sufficient for loss of growth regulation.
rate of apoptosis, it is not significant enough to account for the The high rate of loss of one copy of chromosome 17p in breast and
dramatic reduction in proliferation rates. It is also unlikely that exog- ovarian tumors may contribute to carcinogenesis by reducing OVCAJ
cnous OVCA I restores replicative senescence because stable overex- to hemizygosity. Future efforts aimed at clarifying the biochemical
pression of OVCA1 did not affect rates of colony outgrowth (data not function of OVCA 1 will aid in confirming the role that this gene has
shown). in tumorigenesis as well as its normal cellular function.

Cell cycle analysis of the OVCAl stably expressing clones suggests
that decelerated growth was associated with an increased percentage
of the population in the Go-Gt phase of the cell cycle. We observed ACKNOWLEDGMENTS
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INTRODUCTION
The OVCA1 gene is a candidate for the breast and

ovarian tumor suppressor gene at chromosome Analyses of ovarian, breast, and other human tu-
17p13.3. To help determine the function(s) of OVCA1, mors indicate that allelic loss of chromosome 17p1 3 .3 is
we used a yeast two-hybrid screening approach to one of the most frequently observed molecular alter-
identify OVCAl-associating proteins. One such pro- ations. Recent data from our laboratory suggest that
tein, which we initially referred to as BOV-1 (binder of the ovarian cancer 1 gene (OVCA1)2 gene is a strong
OVCAI-1) is 173 or 174 amino acids in length and ap- candidate for the breast and ovarian tumor suppressor
pears to be a new member of a highly conserved RNA- gene at chromosome 17p13.3, yet the biochemical func-
binding motif (RBM) protein family that is highly con- tion is unknown (Bruening et al., 1999; Schultz et al.,
served evolutionarily. Northern blot analysis revealed 1996). To help determine the function(s) of OVCA1, we
that BOV-1 is ubiquitously expressed and that three used a yeast two-hybrid screening approach to identify
distinct messenger RNA species are expressed, 1-, 3.2-, OVCAl-associating proteins. Several proteins were
and 5.8-kb transcripts. The 1-kb transcript is the most identified; however, the most common was a protein
abundant and is expressed at high levels in the testis, containing an RNA-binding motif.
heart, placenta, spleen, thymus, and lymphocytes. Us- RNA-binding proteins (RBPs) play key roles in the
ing fluorescence in situ hybridization and the 5.8-kb RNA-binding rei on of gene expressin in
complementary DNA probe, we determined that posttranscriptional regulation of gene expression in
BOV-1 maps to both chromosome 5q13-q14 and chro- eukaryotic cells. Once produced in the nucleus, mes-
mosome 14q22-q23. Further sequence analysis deter- senger RNAs (mRNAs) are transported to the cyto-
mined that the gene coding the 1- and the 3.2-kb tran- plasm where the protein synthesis machinery is lo-
scripts (HGMW-approved gene symbol RBM8A) maps cated, and there is an array of posttranscriptional
to 14q22-q23, whereas a second highly related gene mechanisms that control mRNA stability, localization,
coding for the 5.8-kb transcript resides at chromosome and translation (St Johnston, 1995). Many of these
5q13-q14 (HGMW-approved gene symbol RBM8B). The processes are mediated by RBPs and by small RNAs as
predicted proteins encoded by RBM8A and RBM8B are stable ribonucleoprotein (RNP) complexes. Character-
identical except that RBM8B is 16 amino acids shorter ization of these proteins has led to the identification of
at its N-terminus. Molecular modeling of the RNA- several conserved RNA-binding motifs (Birney et al.,
binding domain of RBM8A and RBM8B, based on ho- 1993; Burd and Dreyfuss, 1994a). The most notable
mology to the sex-lethal protein of Drosophila, identi- feature of many of these proteins is the presence of one
fies conserved residues in the RBM8 protein family or more RNA-recognition motifs (RRMs). The RRM is a
that are likely to contact RNA in a protein-RNA com- 90-amino-acid protein domain that binds single-
plex. The conservation of sequence and structure stranded RNA. In contrast to the RRM, much less is
through such an evolutionarily divergent group of or- known about the structure and function of other RNA-
ganisms suggests an important function for the RBM8 binding motifs, including the arginine/serine-rich (RS)
family of proteins. 0 2000 Academic Press and arginine/glycine-rich (RG) regions. We report here

the initial characterization and structural analysis of

Sequence data from this article have been deposited with the RBM8A and a closely related member of this highly

EMBL/GenBank Data Libraries under Accession Nos. AF231511 and conserved RNA-binding motif protein family referred
AF231512.
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to as RBM8B, which interact with a candidate tumor Homology modeling of the RNA recognition motif domain of BOV-
suppressor. 1/RBM8. We used methods described previously to build a model of

the RBM8 RRM domain (Dunbrack, 1999). Briefly, PSI-BLAST was
used to build a sequence profile of the RBM8 family by iteratively
searching the nonredundant protein sequence database available

MATERIALS AND METHODS from NCBI (Altschul and Koonin, 1998). We used four iterations of
PSI-BLAST, and only sequences with expectation values better thanYeast two-hybrid interaction trap analysis. The two-hybrid 0.0001 were included in the sequence profile matrix. Upon comple-

screening of protein interaction was performed by standard protocols tion, this matrix was used to search a database of protein sequences
(Golemis and Serebriiskii, 1998) using a human fetal brain yeast in the Protein Data Bank (Berman et al., 2000) of experimentally
expression library in the vector pJG4-5 kindly donated by Dr. Erica determined protein structures. This resulted in a list of proteins that
Golemis (Fox Chase Cancer Center), pMWl03 as the LacZ reporter, could be used as a template for modeling of RBM8A/B. Models of
and an N-terminal or a C-terminal bait, corresponding to amino RBM8A/B were built from two of these structures using the side-
acids 2 to 161 or 225 to 443 of OVCA1 (i.e., LexA-OVCAla.a.2-161 or chain conformation prediction program SCWRL (Bower et al., 1997).
LexA-OVCAla.a.225-443), respectively. SCWRL builds side chains on a template backbone by first placing

Cloning of binder of OVCAl-1 (BOV-1). The entire coding regions residues according to a backbone-dependent rotamer library (Dun-
of BOV-la, b, and c were obtained by using an EcoRI/XhoI 724-bp brack and Cohen, 1997), followed by a combinatorial search to re-
complementary DNA (cDNA) fragment, to probe directly a human move steric overlaps.
fetal brain Uni-ZAP XR cDNA library (Stratagene, La Jolla, CA) by
standard approaches. DNA from selected phage clones was se- RESULTS
quenced.

Northern analysis. The expression of BOV-1 mRNA in various Isolation of BOV-1 cDNA
human tissues was determined by hybridization of an -800-bp We used a yeast two-hybrid screen to identify cDNAs
BOV-1 cDNA fragment to multiple tissue Northern blots, according from a human fetal brain library encoding proteins
to protocols previously described (Schultz et al., 1996). that were able to interact with OVCA1. A C-terminal

Fluorescence in situ hybridization analysis of BOV-1 cDNA. Flu- bait of OVCA1, corresponding to amino acids 225 to
orescence in situ hybridization (FISH) and detection of immunoflu-
orescence were carried out as previously described (Bell et al., 1995). 443, yielded the only protein interactors. A total of
A 5.8-kb cDNA clone corresponding to BOV-ic was biotinylated by 3.5 X 10" primary transformants were screened, re-
standard nick-translation methods. Probes were denatured and hy- sulting in the identification of 28 redundant clones
bridized to metaphase spreads overnight at 37°C. Hybridized probe coding for 4 OVCA1 interactor candidates. The most
was detected with fluorescein-labeled avidin and amplified by addi- redundant clone, initially referred to as BOV-1 (binder
tion of anti-avidin antibody (Oncor) and a second layer of fluorescein-
labeled avidin. The chromosome preparations were counterstained of OVCA1-1), accounted alone for 54% of the total
with DAPI and observed with a Zeiss Axiophot epifluorescence mi- cDNA isolated. It represented 15 independent isolates
croscope equipped with a cooled charge-coupled device camera (Pho- of a cDNA of 700 bp in length, encoding a 173-amino-
tometrics, Tucson, AZ) operated by a Macintosh computer worksta- acid protein. The three additional candidate OVCA1
tion. Digitized images of DAPI staining and FITC signals were binders were BIP/GRP78 and two previously unchar-
captured, pseudocolored, and merged using Oncor version 1.6 soft- acterized proteins (data not included).
ware.

Mammalian cell culture and transfection procedures. The Afri- Northern Analysis of BOV-1
can green monkey kidney cell line COS-1 (American Type Culture
Collection, Manassas, VA) was maintained in Dulbecco's modified The expression pattern of BOV-1 mRNA was evalu-
Eagle's medium (DMEM) supplemented with 10% fetal calf serum. ated by multiple tissue Northern blotting. Three major
The entire coding region of BOV-la/b was PCR-amplified by using
oligonucleotides containing both T7 epitope-tag coding sequences mRNA species were detected, BOV-la, 1b, and 1c, of
and KpnI/NotI overhangs and directionally cloned into the KpnI/NotI -1, -3.2, and -5.8 kb, respectively. While these spe-
sites of the pCDNA3 expression vector (InVitrogen, Carlsbad, CA), cies were expressed in all tissues to varying degrees,
creating a full-length in-frame T7-BOV-1 fusion protein. COS-1 cells the 1-kb transcript was most abundant in testis, heart,
were transiently transfected with the indicated plasmid using Fu- placenta, spleen, thymus, and lymphocytes (Fig. 1).
Gene (Roche), as directed by the manufacturer, and used for immu- The three mRNA species, BOV-ia, lb, and lc, could
nofluorescence studies. also be detected in mammalian cell lines to varying

Immunofluorescence microscopy. COS-1 cells were seeded onto degrees (data not shown).
coverslips in 100-mm dishes and grown to 50% confluence. Forty-
eight hours after transfection, cells were fixed in 3% paraformalde.
hyde and then permeabilized with 2% Triton X in PBS. After incu- Cloning of BOV-1 cDNA
bation with monoclonal antibodies against the T7 tag (Novagen, To aid in the characterization of BOV-1, we isolated
Madison, WI), cells were washed and then incubated with a FITC-
conjugated anti-mouse antibody (Jackson ImmunoResearch Labora- 30 cDNA clones from a human fetal brain library using
tories Inc., West Grove, PA). Slides were visualized with a Nikon a random-primed 700-bp cDNA probe and sequenced
Eclipse E800 epifluorescence microscope, and immunofluorescence 14 of them to determine the nucleotide sequence and
images were taken with a Nikon camera, predicted amino acid sequence of BOV-la, lb, and lc.

Sequence comparison analysis. Nucleic acid and amino acid ho- Our results indicate that BOV-la (the abundant - 1-kb
mology searches were conducted by using the NetBLAST and FastA transcript) represents the entire coding region identi-
programs of the GCG sequence analysis package (Madison, WI) by fled through the yeast two-hybrid screen and that
searching the complete combined GenBank/EMBL and GenBank
CDS translations + SwissProt + PDB + SPupdate + PIR data- BOV-lb results from the use of an alternative polyad-
banks, respectively. The expressed sequence tag database at NCBI enylation signal (Accession No. AF231511). Based on
was searched with the BLAST program. initial sequence analysis, it appears that BOV-lc may
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FIG. 1. Tissue expression pattern of BOV-1 mRNA. Blots containing 5 jg of poly(A)÷ selected mRNA from each of the indicated human
tissues were hybridized with an -800-bp BOV-la/b cDNA clone. Size standards are in kilobases.

be the product of alternative exon splicing and the use cDNAs are identical except for the 5'-UTRs (compare
of the alternative polyadenylation signal (Accession sequences for Accession Nos. AF231511 and
No. AF231512). AF231512).

The cDNA encoding BOV-la consists of 700 bp in- The predicted protein encoded by BOV-lc differs
cluding 20 bp of 5'-untranslated region (UTR), an AUG from BOV-la/b in that the protein is predicted to be 15
leading into an open reading frame (ORF) of 173 amino amino acids shorter (see Fig. 2; translation of protein
acids, and a 3'-UTR of 161 bp. The cDNA for BOV-lb encoded by BOV-lc is predicted to start at the second
differs from BOV-la in that the 3'-UTR is substantially methionine, but includes an additional amino acid at
longer, 2236 bp versus 161 bp, respectively. The cDNA codon 27); otherwise the proteins are identical. The
encoding BOV-lc consists of 5786 bp including 3074 bp predicted molecular masses for the BOV-la/b and
of 5'-UTR, an ORF of 158 amino acids, and a 3'-UTR of BOV-lc proteins are 20 and 18 kDa, and their isoelec-
2238 bp. At the nucleotide level, BOV-lb and BOV-ic tric points occur at pH 5.78 and pH 7.62, respectively.

A V C
1 MADVLDLHEAGGEDFAMDEDGDESIHKLKEKAKKRKGRGFGSEGSRARMR

51 EDYDSVEQDGDEPGPQRSVEGWILFVTGVHEEATEEDIHDKFAEYGEIKN

101 IHLNLDRRTGYLKGYTLVEYETYKEAQAAMEGLNGQDLMGQPISVDWCFV

151 RGPPKGKRRGGRRRSRSPDRRRR

B D
RRM

NLS RNP2 RNP1 RG SR

1 16 40 80 120 173

FIG. 2. RBM8A structural (A and B). (A) The predicted primary sequence of the protein encoded by BOV-la/b cDNA is shown, and the
RNA-recognition motif (RRM) is underlined. The arrow indicates the methionine where protein encoded by BOV-lc is predicted to start. (B)
A schematic diagram highlighting structural domains of BOV-la/b is presented in the lower panel. The RRM and both RNP1 (residues
113-120) and RNP2 (residues 74-79) consensus sequences are indicated. A putative bipartite nuclear localization signal (NLS) is predicted
to be present at the N-terminus of BOV-la/b. The diagram also shows the arginine/glycine-rich (RG) box (residues 151-162) and a
serine/arginine-rich (SR) domain (residues 163-173) identified in the C-terminus of BOV-la/b. The protein encoded by BOV-lc is predicted
to be either 15 or 16 amino acids shorter than BOV-la/b. The arrow indicates the methionine where protein encoded by RBM8B is predicted
to start. (C and D) Immunolocalization of BOV-la/b in COS-1 cells. COS-1 cells were transiently transfected with pcDNA3/T7-BOV-1.
Forty-eight hours after transfection, cells were fixed and stained with a mouse monoclonal anti-T7 tag antibody (Novagen), followed by
staining with FITC-conjugated anti-mouse antibody (Jackson Immunochemicals) (C) and counterstaining with DAPI (Sigma) (D).
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FIG. 3. Chromosomal localization of BOV-la/b and BOV-lc by FISH. Partial metaphase spread showing specific hybridization signals at
chromosome 5q13-q14 (arrowheads). Arrow indicates specific hybridization signals at chromosome 14q22-q23. (Left inset) BOV-lc-specific
hybridization at 5q13-q14 to individual chromosomes from other metaphases. (Right inset) BOV-lc-specific hybridization at 14q22-q23 to
individual chromosomes from other metaphases.

Comparison of 12 of the 14 BOV-1 cDNA clones iden- (Accession No. AL049219) (score = 496; E = 1.0 X
tified a sequence variant involving codon 43 (GAA) of 10-"'1) identified in fetal brain.
BOV-la/b (or codon 27 of BOV-lc). In 66.7% (8/12) of Based on comparison of the cDNA sequence for BOV-
the clones, this additional codon was present. These lalb and available genomic sequence (Accession No.
transcripts would be predicted to encode a protein of AF231511), the BOV-lalb gene appears to lack introns,
174 amino acids (BOV-la/b). In comparison, this poly- whereas BOV-lc contains at least one intron (Acces-
morphism was not detected in any of the BOV-ic cDNA sion No. AF231512; and data not shown). The genomic
clones, sequencing matching the BOV-la/b cDNA sequence

was placed on chromosome 14, further indicating that
Chromosomal Mapping of BOV-1 cDNA BOV-lalb (Accession No. AF231511) and BOV-lc (Ac-

cession No. AF231512) are distinct genes that reside on
We mapped the chromosomal location of BOy-i by different chromosomes. Based on our mapping and se-

FISH using the 5.8-kb cDNA probe, corresponding to quence data, approved names for BOV-1alb and
the BOV-1c transcript. Of the 51 signals observed, 24 BOV-lc have recently been assigned by the Human
(47%) hybridized specifically at 5q13-q14 in 19 of the Gene Nomenclature Committee (http://www.gene.
20 metaphase spreads scored. In 11 of 20 (55%) meta- ucl.ac.uk/nomenclature) and are RBM8A and RBM8B,
phase spreads, signals were also detected on chromo- respectively.
some 14, specifically at 14q22-q23. Sixteen (31%) of
the 51 signals observed mapped to 14q22-q23, indicat-
ing that two closely related genes may exist at these Protein Sequence Analysis and Subcellular
two sites (Fig. 3). Finally, we should note that six Localization of BOV-11RBM8
metaphases showed weak hybridization (single sig- The deduced primary amino acid sequence of
nals) in the lqh region, possibly suggesting the pres- RBM8A and RBM8B indicates the presence of one copy
ence of a pseudogene (Zhao et al., 2000). of an RNA-binding domain (RBD) in the central region

Nucleotide Sequence Analysis of BOV-1 cDNAs (amino acid residues 71-148 or 55-132, respectively),
also known as an RRM (Figs. 2A and 2B). This RRM

Comparison analysis of BOV-la/b using the contains one set of the two consensus nucleic acid-
BLASTN program demonstrated 99% nucleotide ho- binding motifs, RNP-1 (aa 113-120 for RBM8A and aa
mology (score = 898; E value 0.0) to a human EST from 97-104 for RBM8B) and RNP-2 (aa 74-79 for RBM8A
a colon carcinoma (HCC) cell line cDNA library (Acces- and aa 58-63 for RBM8B), which are characteristic of
sion No. AA30779). Comparison of the 5'-UTR of the the heterogeneous nuclear ribonucleoprotein (hnRNP)
BOV-lc cDNA with the GenBank databases demon- family of proteins. The RBM8A and RBM8B amino
strated 99.4% nucleotide homology over 314 nt (in the acid sequence also contains a putative bipartite nu-
reverse orientation) to human integrin-binding protein clear localization signal (Robbins et al., 1991) at the
Del-1 (Dell) mRNA (1712-1399 nt of Dell and 2668- N-terminus (aa 33-51 for RBM8A and aa 17-35 for
2981 nt of BOV-lc) (Accession Nos. U70312 and RBM8B) and a stretch rich in glycine residues (not
AF231512). The 3'-UTR for both BOV-lb and BOV-lc shown). Interestingly, the C-terminus of the RBM8A
also shared nucleotide identity with a human cDNA and RBM8B proteins (residues 151-173 and 136-158,
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mujnusculus ------- 4
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aUS-juUSCUlus M 98S
zebrafishSV IT

xenopusjlaevis T v I99
c~elegans N1"EIT IV .~.t'S SAT G A,0M ;ý e8d.melanogaster EAIH S RNEEDEE LAQ Q C 106

spombe ------ ---------------------MR AI P D 7! Pq 36

mus musculus T.. . . . . . .. .2

r b m S a T 1 52.. . . . . . 7
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zebrafish S - -- U--- ----- -:-158
xenopus- .aevis------- ------- ----------- --------------------------159

c. elegans K TS---- ---- -------------- - -------------------------142
d~jnelanogaster . K'V - -S EK ~ - --- -- -- -- -- ---- 172

98.7%), X. laevis (91.2%/95.6%), D. melanogaster (63%/76%), C. elegans (60.5%/75.3%), and S. pambe (48.8%/64.5%), using the UWGCG
PileUp program. Percentages of identity/similarity relative to RBM8A are indicated in parentheses. GenBank Accession Nos. AL00227 12,
A1943400, AW200013, AC006074, CAA83626, and AL021813, respectively. White letters in black boxes indicate identical residues. Shading
indicates conserved residues.

respectively) shows significant homology to the serine/ RBM8 Protein Model
arginine-rich (SR) domain of the splicing factor 5035
(Fu and Maniatis, 1992), as well as a domain rich in To gain more information on the RNA-binding prop-
glycine and arginine (residues 15 1-162 for RBM8A and erties of RBM8A, we built a three-dimensional model of
residues 135-146 for RBM8B), reminiscent of the RG the RRM domain of RBM8A. Sequence analysis using
box described in human nucleolin (Nigg, 1997). In ad- PSI-BLAST (see Materials and Methods) indicated
dition, we analyzed the intracellular distribution of that there were 18 possible template structures in six

RBM8 byimmnoflorecene aalyss. mmuolo families in the Protein Data Bank that could be used to
caliatin epermens uingCOS1 cllstrasfeted build the RRM domain of RBM8. We chose two of these,

with a T7-tagged RBM8A expression vector indicate EP

98.%),X.laeis 9120//956%, D meangaser 63/76), . lbgan (60.50/o/75.3% , 19) and the poly(A.8/6.5), bininng the ro-

that fprll-length RBM8A is localized mostly in the cell abe (nda ethae. 199)and the p osy(A)-inin1po
tein (PABP, PDB entry lcvj) (Deo et al., 1999), since

nucleus and is finely diffused throughout the cyto- both of these sequences could be aligned with RBM8A
plasm (Figs. 20C and 2D). without insertions or deletions. The resulting sequence

RBM8 proteins appear to be highly conserved evolu

tionariivly. sequenc ansisnoficn themlg predithed RBM8A alimPoeint issownid i.5elnadtoohsrc

tionariy (Sequence mainalysi of the spricin ctor RB tures contained RNA so that interations between
and RBM8B coding sequence using both FastA and RBM8A and RNA could also be modeled.
TBLASTN algorithms revealed that Mus mus1ulus, We built models of RBM8A from both of these struc-
zebrafish, Xenopus laevis, Drosophila melanogaster, tures using the side-chain conformation prediction pro-

Caenorhabditis elegans, and Schizosaccharomnyces gram SCWRL (Bower et al., 1997). A superposition of
po rbe encode hypothetical proteins remarkably simi- the backbones of these two models is shown in Fig. sB.
lar to RBM8A and RBM8B at the amino acid level (Fig. The root-mean-square (RMS) deviation of the back-
4; and data not shown). The percentages of amino acid bones is 0.82ta. The sequence identity between Sxl and
identity and similarity relative to RBM8A are indi- PABP is 31%, while the sequence identity between
cated in the legend to Fig. 4. M. musculus hypothetical RBM8 and Sxl is 24% and that between RBM8A and
protein (AL0022712) is 11 amino acids shorter than PABP is 27%. Since these sequence identities are sim-
RBM8A and 100% identical to RBM8A, while zebrafish ilar, we expect that the model of the RRM of RBM8A is
and X. laevis, for example, encode hypothetical pro- quite accurate, with an RMS comparable to the Sxl-
teins with 93.7 and 91.2% identity to RBMA, respec- PABP RMS of 0.82 ad.
tively. The sequence similarity is spread throughout In Fig. 5l, we show the model of RBM8A based on
the entire amino acid sequence and is most pronounced Sxl. Residues that bind to RNA are indicated in Fig.
in the RRM region, extending from amino acid residues 50. These include F75, T77, H102, R107, Fbll, Yl15,
70 to 150 of the RBM8A sequence. Lt17, and P142. Some of these residues are identical or
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A 0V- 1 67 REVEGW; 3TGVE1AENE A K DoR LK ITEETYKE
PASP 6 PMYPHAS GDP1 LVC ZRR L MY QQPAN
BXL I -ST Q OEA A gf

BOV-1 1.27 y OQLNQWXDI
PABP 66 D~D FD KRIMIS
SXL 59 ~rv~?R~zRps1

FIG. 5. Homology modeling of the RNA recognition motif domain of RBM8A. (A) Sequence alignment of RBM8A RNA-binding domain
with PABP and Sxl from PDB entries 1CVJ and 1B7F, respectively. (B) Superposition of models of BOV-1/RBM8A based on the structures
of Sxl (protein in purple and RNA in green) and PABP (protein in yellow and RNA in red). The root-mean-square deviation of the protein

Sbackbone Ca coordinates is 0.82 A!. (C) Model of RBMSA based on Sxl in a complex with single-stranded RNA with sequence GUU-
GUUUUUUUU. Residues that contact the RNA in either the Sxl or the PABP models are indicated.

similar in Sxl and/or PABP, which may indicate simi- adenine in the RNA. In Sxl this residue is an isoleu-
lar interactions between these side chains and RNA. cine, making a hydrophobic interaction with a uracil
For example, RBM8A F75 is a tyrosine in PABP and base. RBM8A Y115 is a tyrosine in both Sxl and PABP,
forms an aromatic ring-stacking interaction with an making a ring-stacking interaction with an adenine in



60 SALICIONI ET AL.

PABP and a hydrogen bond to a uracil ring carbonyl in Dreyfuss, 1994a). We have determined that both
Sxl. RBM8A Ylll is also a tyrosine in Sxl, which RBM8A and RBM8B have only one copy of this RRM
makes a hydrogen bond with a uracil carbonyl in Sxl. with one set of the two consensus nucleic acid-binding
While it is not possible to predict the RNA-binding motifs, RNP-1 and RNP-2, which are characteristic of
sequence for RBM8A from the model, it is clear that the hnRNP family of proteins.
many of the residues typical of RNA-protein interac- The RRM is the only RNA-binding motif for which
tions in this family of proteins are contained in the detailed structural information is available. The struc-
RNA-binding site of RBM8A. Since many of these in- tures of several RRM proteins have been determined,
teractions make contact with RNA bases, mutations of and all consist of the same basic protein fold. These
these residues are likely to alter the binding affinity of include the NH 2-terminal RBD of Ul snRNP A (Tang
RBM8A for its natural RNA ligand. and Rosbash, 1996), the Ul domain of hnRNP Al (Xu

et al., 1997), the single RBD of hnRNP C (Gorlach et al.,
DISCUSSION 1994), the tandem RRMs of the sex-lethal protein

(SXL) (Crowder et al., 1999), and the poly(A)-binding
Understanding the biological function of the ovarian protein (PABP) (Deo et al., 1999). On one hand, SXL

tumor suppressor OVCA1 may provide new insights governs sexual differentiation and dosage compensa-
into how breast and ovarian cancers develop. To dis- tion in D. melanogaster by binding specific RNA tran-
cover important clues into the function of OVCA1, we scripts, while it is known that the mRNA poly(A) tail is
used a yeast two-hybrid interaction trap method to an important contributor to both translation initiation
identify proteins that interact with OVCA1. We iden- and mRNA stabilization/degradation (Sachs and
tified several candidates (Salicioni et al., unpublished Wahle, 1993). We have built models of RBM8A based
results), including a novel protein that contains a on the Sxl and PABP structures. These models identify
highly conserved RNA-binding motif, initially referred residues on the surface of the sheet that are likely to
to as BOV-1. In this paper, we demonstrate that BOV- bind single-stranded RNA and share identity in other
la/b (renamed RBM8A) maps to chromosome 14q22- RNA-binding domains with the same protein fold.
q23 and that the closely related novel gene BOV-lc Since many of these interactions make contact with
(renamed RBM8B) maps to chromosome 5q13-q14. RNA bases, mutations of these residues are likely to
Furthermore, the protein encoded by RBM8B is iden- alter the binding affinity of RBM8A and RBM8B for its
tical to RBM8A except that it is 16 amino acids shorter natural RNA ligand.
at the N-terminus and thus appears to be a new mem- In contrast to the RRM, much less is known about
ber of a highly conserved RBM protein family. Since In contrast to nthe RM mhe iS known ou
both RNA transcripts are ubiquitously expressed in the structure and function of the RS and RG motifs or
human tissues and are predicted to encode a protein, it other auxiliaey domains found in the RBPs. In consid-
is unlikely that either gene that we identified is a eringthe possible essential function of RBM8 proteins,
pseudogene. Two sequences related to RBM8A, (Acces- sequence analysis of RBM8A and RBM8B allowed us to
sion Nos. AF127761 and AF161463) were released in predict the presence of clusters of arginine/serine-,ch
the GenBank database while this article was in prep- and rgiin/ hyi e-rich iregins Fur the
aration. Our results are further supported by the RBM8A and RBM8B have significant homology to the
knowledge that genes coding for RNA-binding proteins RG and SR domains described for other human mem-
have diversified by duplication of genes and intragenic bers of the RRM superfamily, i.e., nucleolin, the EWS

domains (Bandziulis et al., 1989; Birney et al., 1993). A proto-oncogene, and splicing factors, with important
three-dimensional model of the RRM domain of roles in mRNA biogenesis and rRNA synthesis and in
RBM8A/B indicates that these RBM8 sequences will the Ewing sarcoma translocation (Burd and Dreyfuss,
fold properly into an RNA-binding domain, forming a 1994b; Delattre et al., 1992).
hydrophobic core between a 3-sheet and two a-helices. An increasing number of proteins appear to be mul-

In eukaryotic cells, different classes of RNA are syn- tifunctional, participating in transcriptional and post-
thesized in the nucleus, including mRNA, ribosomal transcriptional events. The tumor suppressor WT1,
RNA, transfer RNA (tRNA), and small nuclear RNA, initially considered to be a typical transcription factor
and must be actively exported to the cytoplasm. After (Hastie, 1994), may also be involved in splicing (Lam-
the transcription of tRNA genes, the resulting RNAs ond, 1995). Interestingly, the N-terminus of WT1 may
undergo numerous changes before a mature transla- also contain a cryptic RRM, discovered through molec-
tion-competent species is produced. These changes ular modeling (Kennedy et al., 1996). Furthermore,
have been found to include terminal processing, intron recent evidence shows that WT1 colocalizes and is
splicing, editing, deamination, and addition on the nu- physically associated with splice factors and suggests
cleotide level (see review by Ibba and Soll (1999)), that deregulation of splicing may be a crucial factor in
many of which are mediated by RBPs and by small the tumorigenesis of the genitourinary system (Davies
RNAs as stable RNP complexes. The most notable fea- et al., 1999). Aberrant splicing has been linked to the
ture of the RBPs is the presence of one or more copies early and intermediate stages of mammary tumor for-
of the RRM, the most widely found and best-character- mation (Stickeler et al., 1999), and a deregulated ex-
ized RNA-binding motif (Birney et al., 1993; Burd and pression balance between hnRNPs and SR factors has
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been reported for human colon tumor formation and candidate tumor suppressor, is reduced in tumors and inhibits

metastasis (Ghigna et al., 1998). growth of ovarian cancer cells. Cancer Res. 59: 4973-4983.

The importance of our findings is reflected in the Buckanovich, R. J., and Darnell, R. B. (1997). The neuronal RNA

tdiscoveries that several human and other ver- binding protein Nova-1 recognizes specific RNA targets in vitro
brecent and in vivo. Mol. Cell. Biol. 17: 3194-3201.

tebrate genetic disorders (Buckanovich and Darnell, Burd, C. G., and Dreyfuss, G. (1994a). Conserved structures and
1997; Dropcho and King, 1994; Nishiyama et al., 1998) diversity of functions of RNA-binding proteins. Science 265: 615-
are caused by aberrant expression of RNA-binding pro- 621.

teins. Furthermore, recent genetic linkage studies sug- Burd, C. G., and Dreyfuss, G. (1994b). RNA binding specificity of
gest that both 5q13-q14 and 14q22-q23 loci may be hnRNP Al: Significance of hnRNP Al high-affinity binding sites in
implicated in the etiology of human cancers and other pre-mRNA splicing. EMBO J. 13: 1197-1204.
diseases (Black et al., 1999; Knuutila et al., 1999; Zech Crowder, S. M., Kanaar, R., Rio, D. C., and Alber, T. (1999). Absence

et al., 1999). The conservation of RBM8A and RBM8B of interdomain contacts in the crystal structure of the RNA recog-
sequences through such an evolutionarily divergent nition motifs of Sex-lethal. Proc. Natl. Acad. Sci. USA 96: 4892-

4897.
group of organisms, from yeast to mice and human, Davies, R., Moore, A., Schedl, A., Bratt, E., Miyahawa, K., Ladomery,
points toward an important function for the RBM8 M., Miles, C., Menke, A., van Heyningen, V., and Hastie, N. (1999).
family of proteins. Our work also provides a starting Multiple roles for the Wilms' tumor suppressor, WT1. Cancer Res.
point for further structural, biochemical, and genetic 59: 1747s-1750s; discussion 1751s.
studies of the RBM8 protein family and the biological Delattre, 0., Zucman, J., Plougastel, B., Desmaze, C., Melot, T.,
relevance of its interaction with OVCA1 in the context Peter, M., Kovar, H., Joubert, I., de Jong, P., Rouleau, G., et al.

of normal and abnormal cell growth. (1992). Gene fusion with an ETS DNA-binding domain caused by
chromosome translocation in human tumours. Nature 359: 162-
165.
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ABSTRACT

Retinoids, the natural and synthetic derivatives of Vitamin A have been shown to regulate the growth

and differentiation of a wide variety of cell types and consequently have enormous potential as

chemotherapeutic agents. We have previously identified two genes, referred to as OVCA1 and

OVCA2, which are located in a small region showing a high frequency of allelic loss in breast and

ovarian tumors. We have analyzed the expression of OVCA1 and OVCA2 in cells in response to

treatment with All-trans Retinoic Acid (RA) and N-(4-hydroxyphenly)retinamide (4HPR), or under

conditions of low serum and confluence in order to further determine the roles of OVCA1 and

OVCA2 in cell growth, apoptosis and differentiation. We show that OVCA2 is ubiquitously

expressed and that it is downregulated in the lung cancer cell line Calu-6 and the promyelocytic

leukemia cell line HL-60 following treatment with RA and 4HPR. In contrast, expression of the

candidate tumor suppressor, OVCA1, is unaffected by these treatments. Furthermore, we

demonstrate that OVCA2 is evolutionarily conserved and shows regional homology with

dihydrofolate reductases (DHFRs), specifically with hydrolase folds found in alpha-beta

hydrolases. OVCA2 may therefore have an important role in growth regulation and its

downregulation may be involved in the anti-proliferative effects mediated by RA and 4HPR.

INTRODUCTION

Retinoids, the natural and synthetic derivatives of Vitamin A have been shown to regulate the growth

and differentiation of a wide variety of cell types and consequently have enormous potential as

chemotherapeutic agents (Evans et al., 1999; Hansen et al., 2000). The diverse effects of retinoids

are mediated by binding to at least six retinoid receptors which fall into two subfamilies: retinoic

acid receptors (RARs) a, 03 and y, and the retinoid X receptors (RXRs) a, 03 and y (Chambon et al.,

1994). The RARs and RXRs act as transcription factors, binding as homo- and heterodimers to

retinoid response elements in the promoter regions of target genes and thus enhancing or
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repressing transcription. In addition RARs and RXRs can inhibit the expression of API-dependent

genes by antagonizing API activity (DiSepio et al., 1999; Nagpal et al., 1995; Salbert et al., 1993).

However, many of the downstream targets that lead to retinoid induced growth arrest, differentiation

and/or apoptosis remain to be identified. In addition, synthetic retinoids, such as 4HPR, which have

been developed as chemoprevention agents with an acceptable toxicity profile, may well differ in

their mechanism of action (Clifford et al., 1999; Kitareewan et al., 1999; Sun et al., 1999).

We, and others have previously defined a minimum region of allelic loss (MRAL) on chromosome

17pl3.3 in genomic DNA from ovarian tumors (Phillips et al., 1996; Schultz et al., 1996).

Positional cloning and sequencing techniques revealed at least two candidate tumor suppressor

genes in the - 20kb MRAL, referred to as OVCA1 and OVCA2. The OVCA1 and OVCA2 genes

overlap one another in the MRAL, and have one exon in common (Schultz et al., 1996). Since

translation of OVCA1 does not proceed into the shared exon (exon 13 in OVCA1 and exon 2 in

OVCA2), the genes encode for completely distinct OVCA1 and OVCA2 proteins. We have

previously shown that OVCA1 is a strong candidate for a tumor suppressor gene: it is

downregulated in a proportion of breast and ovarian tumors and overexpression of OVCA1

reproducibly inhibits colony formation in a variety of tumor cell lines (Bruening et al., 1999).

However, recent studies have suggested that OVCA1 may be downregulated following

differentiation or growth arrest induced by RA, contrary to a role as a tumor suppressor (Liu et al.,

2000). Therefore, we have analyzed both OVCAl and OVCA2 protein levels in a variety of cell

lines treated with All-trans Retinoic Acid (RA) and N-(4-hydroxyphenly)retinamide (4HPR), or

under conditions of low serum and confluence in order to further determine the roles of OVCA1

and OVCA2 in cell growth, apoptosis and differentiation. We show that OVCA2 is downregulated

in the lung cancer cell line Calu-6 and the promyelocytic leukemia cell line HL-60 treated with RA

and 4HPR, but that OVCA1 is unaffected. OVCA2 may therefore have an important role in growth

regulation and its downregulation may be involved in the anti-proliferative effects mediated by RA

and 4HPR. In addition, we present a further characterization of OVCA2 and show that it is a highly
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conserved gene that is related to a variety of alpha-beta hydrolases including esterases, lipases and

other enzymes.

MATERIALS AND METHODS

Northern Blot Analysis. Multiple tissue Northern blots containing 5jtg of poly(A)+-selected

mRNA from various human tissues were purchased from Clontech. Blots were hybridized with a

-830 bp cDNA probe corresponding to exon 13 of OVCA1 and exon 2 of OVCA2 or a -200 bp

cDNA probe corresponding to exon 1 of OVCA2.

Antibodies. Anti-13-actin was purchased from Sigma. The anti-OVCA1 antibodies TJ132 and

FC22 have been described previously (Bruening et al., 1999). For the production of anti-OVCA2

antibodies a peptide corresponding to amino acids 27 to 41 of OVCA2 was synthesized (Research

Genetics, Huntsville, AL). Purity of the peptide was confirmed by high performance liquid

chromatography. The peptide was conjugated to malemide activated keyhole limpet hemocyanin

(Pierce, Rockford, IL) and was used to immunize a New Zealand White rabbit (Cocalico

Biologicals, Reamstown, PA). Two mg of antigenic peptide were covalently linked to Aminolink

agarose (Pierce) and was used to purify anti-OVCA2 antibody according to the manufacturer's

instructions. The final antibody was referred to as TJ143.

Cell lines. Cos-1, MCF-7, SKOV-3, Hela, A2780, Calu-6 and F9 cells were maintained in DMEM

supplemented with 10% FCS, glutamine and insulin. F9 cells were grown on gelatin coated flasks.

A549 cells were maintained in Kaighn's modification of Ham's F12 medium supplemented with

10% FCS and glutamine. HL-60 cells were maintained in RPMI1640 supplemented with 20% FCS

and glutamine. Human ovarian surface epithelial cell lines expressing SV-40 large T-antigen (HIO

cells) have been previously described (Schultz et al., 1995).
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cDNA Cloning and Cell Transfections. Cloning of the full-length OVCA2 cDNA and genomic

DNA was previously described (Schultz et al., 1996). Genomic OVCA2 DNA was subcloned into

the mammalian expression vector pcDNA3 (InVitrogen) by PCR-amplifying a DNA fragment

using gene specific primers containing BamHI (5') or EcoRI (3') restriction endonuclease sites,

digesting the fragment, and cloning it into the multiple cloning sequence of pcDNA3. To produce

an N-terminal hemagglutinin (HA) tagged OVCA2 expression vector, OVCA2 cDNA was first

cloned into the HA containing mammalian expression vector, J3H then the HA-OVCA2 cDNA was

subcloned into pcDNA3. Cell lines were transfected during the log phase of growth with 5gg of

vector using the Superfect reagent (QIAGEN), according to manufacturer's instructions.

Preparation of Protein Extracts. Whole cell extracts were made by incubating cells in PBSTDS

(10mM Na 2HPO4, 150mM NaCl, 1% triton X-100, 0.5% deoxycholic acid, 0.1% SDS, 0.2%

NaN3, lmM EDTA, 5mM NaF, 100tg/ml PMSF, lgg/ml leupeptin, 0.7 ptg/ml pepstatin, pH 7.25)

as described previously (Bruening et al., 1999). Quantitation of protein was determined using a

bicinchoninic acid/copper (II) sulfate assay (Sigma). Extracts from normal human tissues were

purchased from Clontech.

SDS-PAGE and Western Blot Analysis. Fifty gg of total protein extract from tissues or 30Ag of

total protein from cell extracts, unless otherwise stated, were separated by standard SDS-PAGE and

transferred to Immobilon-P (Millipore). The membranes were blocked either in 3% BSA and

probed with anti-OVCA1 antibody TJ132 or in 5% dried milk and probed with the anti-OVCA2

antibody TJ143, the anti-OVCA1 antibody FC22 or the anti-f3-actin antibody (Sigma).

Cell Culture Treatments. All-trans Retinoic Acid (RA) (Sigma) and N-(4-

hydroxyphenly)retinamide (4HPR) (NIH) were dissolved in ethanol at a stock concentration of

10mM. Cells were treated for a period of 4 days and culture media with or without drugs was

replaced every 48 hours. F9 cells were treated with 107M RA and 1gM 4HPR. Calu-6 and A549
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cells were treated with 10dM RA and 4HPR and HL-60 cells were treated with ltM RA and 3jiM

4HPR. A549 cells were cultured in 1% FCS for 1 week or were cultured for 3 days after

confluence.

Sequence Analysis. GenBank/EMBL and SwissProt. sequences showing homology to OVCA2

were identified using the basic local alignment search tool (BLAST, NCBI). DNA and amino acid

sequence comparisons and motif analyses were performed with the Wisconsin Package versions 8

and 9.1 (Genetics Computer Group, GCG).

Homology Modeling of OVCA2. We used methods described previously to build a model of

OVCA2 (Dunbrack, 1999; Salicioni et al., 2000). Briefly, PSI-BLAST was used to build a

sequence profile of OVCA2 by iteratively searching the non-redundant protein sequence database

available from NCBI (Altschul and Koonin, 1998). Only sequences with expectation values better

than 0.0001 were included in the sequence profile matrix. Upon completion, this matrix was used to

search a database of protein sequences in the Protein Data Bank (Berman et al., 2000) of

experimentally determined protein structures. A model of OVCA2 was built using the side-chain

conformation prediction program SCRWL (Bower et al., 1997), which works by building

sidechains on a template backbone by first placing residues according to a backbone-dependent

rotamer library (Dunbrack and Cohen, 1997), followed by a combinatorial search to remove steric

overlaps.

RESULTS

OVCA1 and OVCA2 are distinct genes.

We and others have previously defined a minimum region of allelic loss (MRAL) on

chromosome 17p13.3 in genomic DNA from ovarian tumors (Phillips et al., 1996; Schultz et al.,

1996). Positional cloning and sequencing techniques revealed two genes in the MRAL, referred to

as OVCA1/DPH2L and OVCA2 which overlap one another in the MRAL, and have one exon in
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common (Phillips et al., 1996; Schultz et al., 1996) (Figure 1). The OVCA2 gene contains 1012

bp, and is composed of 2 exons (184 bp and 828 bp) (Figure 1). Exon 2 is also exon 13 of

OVCA1/DPH2L (Figure 1). However, translation of OVCA1 does not proceed into the shared

exon, and OVCA2 and OVCA1 are completely distinct proteins. The full cDNA sequence of

OVCA1 and OVCA2 has been deposited into GenBank (accession numbers AF335321 and

AF321875, respectively).

Analysis of OVCA1 and OVCA2 under conditions of growth arrest, apoptosis and

differentiation.

Recent studies suggested that OVCA 1 was downregulated in response to cell differentiation, growth

arrest and apoptosis induced by RA. Since the results were in contrast to our previous findings of

dramatic growth suppression induced by overexpression of OVCA1, we elucidated the expression

of OVCA1 and OVCA2 in response to RA and 4HPR. Three human cell lines, the lung cancer cell

lines Calu-6 and A549, the promyelocytic leukemia cell line HL-60, and the mouse embyronic

fibroblast cell line F9 were treated with RA and 4HPR over a period of 4 days. Calu-6 and A549

cells were treated with 10jgM RA and 4HPR, HL-60 cells were treated with lJM RA and 3jiM

4HPR and F9 cells were treated with 107M RA and ljM 4HPR. The effects of RA and 4HPR

have been previously reported in these cell lines: In HL-60 cells RA promotes differentiation,

followed by apoptosis and 4HPR induces apoptosis (Delia et al., 1993; Martin et al., 1990); F9

cells treated with RA and 4HPR undergo both differentiation and apoptosis (Atencia et al., 1994;

Clifford et al., 1999); Calu-6 cells undergo apoptosis in response to RA and 4HPR and A549 cells

are resistant to RA (Li et al., 1998; Liu et al., 2000; van der Leede et al., 1993).

In order to determine whether the RA and 4HPR treatments were affecting the growth properties of

our cell lines, we performed direct cell counts (Figure 2A). All cell lines that were treated with the

drugs showed a decrease in cell number compared to control, except A459 cells treated with RA

which have previously been shown to be resistant to RA. Although it has been suggested that A549

cells are also resistant to 4HPR, as determined by FACS analysis (Liu et al., 2000), we saw an
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approximate 40-50% decrease in cell number in A549 cells treated with 4HPR compared to control

cells in 3 separate experiments. It is known that many cell lines which are resistant to RA are

affected by 4HPR (Chiantore et al., 1999; Clifford et al., 1999; Reynolds et al., 2000; Sun et al.,

1999), although there has not been a thorough investigation of the effects of 4HPR on A549 cells.

We also analyzed HL-60 cells by FACS analysis. HL-60 cells showed a dramatic arrest in GI/G 0

and an increased sub GI/G0 fraction indicating increased cell death (HL60: %G1/G0 21.6; %S 50.8;

%G2 10.4; %<G1 /Go 12.3: HL60 RA: %G1/G0 66.7; %S 9.58; %G2 3.58; %<G1/G0 20.2: HL60

4HPR: %G1/G0 46.6; %S 19.4; %G2 5.93; %<G1 /G0 28.4).

We analyzed the expression of OVCA1 and OVCA2 following RA and 4HPR treatment by

Western blot analysis. Antibodies against amino acids 27-41 of OVCA2 were generated by

injecting the peptide into rabbits and the anti-serum was immunoaffinity purified (referred to as

TJ143). The anti-OVCA1 antibodies TJ132 and FC22 have been described previously (Bruening et

al., 1999). In Calu-6 cells and HL-60 cells OVCA2 protein levels were downregulated by RA and

4HPR (Figure 2B). In F9 cells and A549 cells, OVCA2 was unaffected. OVCA1 protein levels

were unaffected by RA and 4HPR in all these cell lines (Figure2B). OVCA2 protein levels were

unaffected by growth arrest induced by cell confluence for 3 days or low serum for 1 week in A549

cells, whereas OVCA1 levels were decreased slightly in serum deprived cells (Figure 2C). Overall,

our results were not consistent with a previous report (Liu et al., 2000) and suggest that OVCA2,

not OVCA1 may be regulated by RA and 4HPR.

OVCA2 has a Broad Tissue Distribution.

In order to further characterize OVCA2 we analyzed OVCA2 mRNA expression in a variety

of tissues. Multiple tissue Northern blots were probed with the exon 2/13 of OVCA1/2 or the

unique exon 1 of OVCA2 (Figure 3). As shown in Figure 3A, all tissues showed two bands

(-2.4 kb and -1.3 kb). When our blots were re-probed with an exon 1 probe of OVCA2, all tissues

tested showed only the 1.3 kb band representing the OVCA2 transcript, with testis, heart, skeletal

muscle, liver and pancreas showing high mRNA expression (Figure 3B).
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In addition, we analyzed OVCA2 protein expression in a number of cell lines and tissues.

Western blot analysis using the anti-OVCA2 antibody TJ143 revealed that Cos-1 cells, transfected

with a genomic DNA fragment containing the two exons of OVCA2 under the control of a CMV

promoter, produced the predicted -25 kDa protein (Figure 4A). The same results were obtained

when Cos-1 cells were transfected with the OVCA2 cDNA (not shown), indicating that the mRNA

transcribed from the genomic DNA was correctly spliced within the cells. The antibody also

detected endogenous OVCA2 in various breast and ovarian cell lines (Figure 4A) and in a variety

of human tissues (Figure 4B). Of the tissues analyzed, the kidney, liver, testis, placenta and thymus

all showed high levels of OVCA2 (Figure 4B).

OVCA2 is Highly Evolutionarily Conserved

The OVCA2 protein consists of 227 amino acids (Figure 5). A BLAST search of

GenBank/EMBL and Swissprot databases revealed that OVCA2 does not match any known

mammalian genes. However, one C. elegans and 4 yeast proteins were identified which showed up

to 60% similarity and up to 45% identity to the amino acid sequence of OVCA2, and contained a

similar number of amino acids (Figure 5). These sequences were described as putative

dihydrofolate reductases (DHFRs), but they share more conserved domains with OVCA2 than with

mammalian DHFRs (data not shown). A BLAST search of the EST database revealed full length

mouse and partial rat OVCA2 homologues displaying 87% and 86% similarity, respectively, to the

amino acid sequence of OVCA2. In addition, two plant ESTs (rice and arabidopsis) (up to 53%

similar), and multiple human sequences were identified. A multiple sequence alignment of OVCA2

with all available non-human OVCA2 homologues (Figure 5) revealed at least 5 conserved

domains, which presently have no known function, but which may be important new functional

domains based on their evolutionary conservation. Zoo blots probed with the unique exon 1 of

OVCA2 demonstrated that all mammalian species tested have an OVCA2 homologue (data not

shown). Interestingly, when exon 2 of OVCA2, which is a non-coding exon of OVCA1, was used

to probe these blots, both OVCA2 and OVCA1 bands were identified, suggesting that the genomic
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arrangement of the two genes is conserved among many different species. This high degree of

evolutionary conservation suggests that OVCA2 may be very important for normal cellular function.

The Genetics Computer Group (GCG) package was used to evaluate functional motifs

within the OVCA2 amino acid sequence (Figure 5). Two protein kinase C phosphorylation sites

(a.a. 18 and a.a. 178), two casein kinase-2 phosphorylation sites (a.a. 76 and a.a. 84), and a possible

leucine zipper variant (a.a. 95) were identified, all of which are conserved within the available mouse

and rat sequences. In addition, a MYB DNA binding motif was observed (a.a. 83), which is

identical to the native MYB motif, except for a conservative amino acid change from tryptophan to

phenylalanine. Interestingly, this domain contains one of the casein kinase-2 phosphorylation sites.

No other functional groups were identified which could provide clues to the function of OVCA2.

OVCA2 protein model.

Sequence analysis using PSI-BLAST indicated that OVCA2 is related to the N-terminal domain of

some dihydrofolate reductases (DHFRs), notably DYR_SCHPO, a DHFR in yeast. This domain

has a hydrolase fold that is found in alpha-beta hydrolases including esterases and lipases, and

includes the three residues of the catalytic triad, Asp, Ser, His (Figure 6). The crystal structure of

Protein Data Bank entry 1AUR (Kim et al., 1997) was used to build a model of OVCA2 using the

sidechain conformation prediction program SCWRL (Bower et al., 1997). The sequence identity

between OVCA2 and the crystal structure is only 13% but the same fold was identified with high

confidence with three different programs, PSI-BLAST (Altschul and Koonin, 1998), 3d-pssm

(Kelley et al., 2000) and Threader (Jones et al., 1992). The significance of this domain within the

DHFRs, however, has yet to be reported.

DISCUSSION

We have found that OVCA2 can be downregulated in cells in response to RA and 4HPR, but that

OVCA1 is unaffected. This is in contrast to a recent paper by Liu et al (2000) where it was reported
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that OVCA1/DPH2L mRNA levels were decreased in several cancer cell lines after treatment with

RA or 4HPR (Liu et al., 2000). The authors used mRNA differential display to uncover genes

modulated by RA in human lung cancer cell lines and a clone was identified that was homologous

to the 3'UTR of OVCA1/DPH2L. They performed Northern blot analysis with a probe to a 3'

fragment of OVCA1/DPH2L which detected both a -2.3kb trancript and a -1.7kb transcript, which

is consistent with our Northern blot data when probed with exon2/13 of OVCA1/2. We and Phillips

et al have previously described the 2.4kb/2.3kb transcript to be OVCA1/DPH2L (Phillips et al.,

1996; Schultz et al., 1996). However, Liu et al interpreted the -1.7kb transcript to be a smaller

transcript of OVCA1/DPH2L. We have now clarified that the 1.7kb/1.3kb transcript encodes for

OVCA2, which is an entirely different protein from OVCA1/DPH2L.

We have found that OVCA2 is downregulated in response to RA and 4HPR in Calu-6 cells and

HL-60 cells. However OVCA2 was not downregulated in F9 cells treated with either RA or 4HPR.

This is not entirely surprising due to the differences in the cell types. F9 cells are mouse embryonic

cells whereas Calu-6 and HL-60 cells are human cancer cell lines. We have evaluated the sequence

of the OVCA2 promoter for potential retinoic acid response elements (RAREs) and AP1 binding

sites. Our initial screen of the first lOkbp of genomic sequence upstream of exon 1 failed to

uncover any of the common RARE consensus sequences (De Luca, 1991) but did identify three

putative AP1 binding sites. OVCA2 may therefore be downregulated as a consequence of retinoid

receptors' antagonizing AP1 activity (Salbert et al., 1993). Although we saw a decrease in cell

number after treatment of A549 cells with 4HPR we did not see a concordant decrease in OVCA2

expression. It is believed that 4HPR has both retinoid receptor dependent and independent effects

and the independent effects give rise to growth inhibition in cell lines which are resistant to RA

treatment (Clifford et al., 1999; Giandomenico et al., 1999; Sun et al., 1999). It is also interesting

that OVCA2 was not downregulated by other mechanisms of growth arrest such as confluence and

low serum. This suggests that OVCA2 may only be downregulated by a specific factor(s) in a
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retinoid receptor-dependent pathway that is common to HL-60 and Calu-6 cells, but not in F9 nor

A549 cells.

We have shown that over-expression of OVCA1 reproducibly inhibits colony formation in several

ovarian tumor cell lines and that stable expression of exogenous OVCA1 expression is difficult to

obtain which is consistent with but is not proof of a tumor suppressor function (Bruening et al.,

1999). However, over-expression of OVCA2 in a variety of tumor cell lines has no obvious affects

on growth (Prowse and Godwin, unpublished data). The fact that OVCA2 is downregulated in

Calu-6 and HL-60 cells also suggests that OVCA2 is not a tumor suppressor gene, but may still be

involved in growth regulation in the cell. The MRAL, which we have mapped in ovarian tumors

(Schultz et al., 1996), is in fact only 20kb and our mapping studies indicate there are only three

genes in this region, OVCA1 and OVCA2, which we have previously reported (Schultz et al., 1996)

and OVCA4 which is a testis specific gene (Godwin, unpublished data). It therefore seems likely

that OVCA1, not OVCA2, is the tumor suppressor gene in this region. It is of interest that the HL-

60, Calu-6 and A549 cell lines analyzed by Liu et al showed no OVCA1 transcript by Northern blot

analysis (Liu et al., 2000), but our analyses do show OVCA1 protein in these cell lines. This could

be due to analyzing different subpopulations of the cell lines and/or could reflect differences in

post-transcriptional regulation of OVCAJ. Their cell lines are of interest since the lack of OVCA1

transcript suggests that OVCAJ could be a tumor suppressor gene involved in the development of

lung tumors and leukemias. Indeed, studies have shown that loss of heterozygosity (LOH) at 17p is

one of the most frequent alterations in lung cancer (Konishi et al., 1998; Tsuchiya et al., 2000). In

addition, LOH at 17p13.3 is more frequent than at 17p13.1, where TP53 maps, and it appeared to

occur in the absence of TP53 mutation and/or 17p13.1 deletion (Konishi et al., 1998; Tsuchiya et

al., 2000). It will be important to further investigate the role of OVCA1 in the development of lung

cancer and leukemias.
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In summary, OVCA2 is a novel gene identified on chromosome 17pl3.3. OVCA2 is composed of

two exons: a unique exon 1, and an exon 2, which comprises part of the 3' untranslated region of

OVCA1. Thus, the two genes are overlapping, but their protein products are completely distinct.

Both OVCA1 and OVCA2 are highly conserved, suggesting they have important roles in the cell.

The homology of OVCA2 to alpha-beta hydrolases suggests that it may have some enzymatic

activity, however further studies are required to determine the significance of this. Further analysis

of the function(s) of OVCA2 will help to determine OVCA2's role in retinoid induced growth

arrest, differentiation and apoptosis.
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FIGURE LEGENDS

Figure 1. Genomic organization of OVCA1 (exons shown in black boxes) and OVCA2 (exons

shown in white boxes). OVCA1 and OVCA2 map to a 20kb minimum region of allelic loss in

ovarian tumors, between the markers D17S28 and D17S5/30, at 17p13.3 (Schultz et al., 1996). The

OVCA1 and OVCA2 genes overlap one another, and have one exon in common (exon 13 of OVCA1
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and exon 2 of OVCA2). Since translation of OVCA1 does not proceed into exon 13 in

OVCAllexon 2 in OVCA2, the genes encode for completely distinct OVCA1 and OVCA2 proteins.

Figure 2. (A) Growth inhibition of cells treated with RA and 4HPR. Cells were seeded at equal

density and were counted using a hemocytometer after 4 days of treatment with ethanol alone

(vehicle control), RA or 4HPR. The relative cell number as a percentage of the control is shown for

each cell line. (B) Analysis of OVCA2 and OVCA1 expression in various cell lines treated with RA

and 4HPR compared to control cells (ethanol alone). 30jg of extracts from the indicated cell lines

and treatments were separated by 12% SDS-PAGE and processed by Western blotting. The blots

were probed with the anti-OVCA2 antibody TJ143 or the anti-OVCA1 antibody TJ132. For the

analysis of OVCA1 in F9 cells the anti-OVCA1 antibody FC22 was used because it cross-reacts

with mouse Ovcal. Anti-13-actin was used a loading control. (C) Analysis of the effects of

confluence and low serum on OVCA2 and OVCA1 expression. A549 cells were growth arrested by

culturing in 1% serum for 1 week or culturing for 3 days after confluence. 30jg of extracts from

the indicated treatments were separated by 12% SDS-PAGE and processed by Western blotting.

The blots were probed with the anti-OVCA2 antibody TJ143 or the anti-OVCA1 antibody TJ132.

Anti-3-actin was used a loading control.

Figure 3. Tissue expression pattern of OVCA1 and OVCA2 mRNA. Blots containing 5 Pg of

polyA÷ selected mRNA from each of the indicated human tissues were hybridized with a -830 bp

cDNA probe corresponding to exon 13 of OVCA1 and exon 2 of OVCA2 (A) or a -200 bp cDNA

probe corresponding to exon 1 of OVCA2 (B). Size standards are in kilobases.

Figure 4. (A) Characterization of OVCA2 expression. 20gjg of extracts from the indicated cell

lines were separated by 12% SDS-PAGE and processed by Western blotting. The blot was probed

with the anti-OVCA2 antibody, TJ143. Lane Cos-1/OVCA2, extract of Cos-1 cells that had been
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transfected with pcDNA3-OVCA2; lanes HIO-118, HIO-135, HIO-117, extracts from SV40 Tag-

immortalized human ovarian surface epithelial cell lines (IO); lane primary ovarian cell line,

extract from human ovarian surface epithelial cell line; lanes A2780 and SKOV3, extracts from

ovarian cancer cell lines; lane MCF-7, extract from breast cancer cell line. (B) OVCA2 expression

in human tissues. 50tg of extracts from the indicated human tissues (Clontech) were separated by

12% SDS-PAGE and processed by Western blotting. The blot was probed with the anti-OVCA2

antibody TJ143.

Figure 5. Multiple sequence alignment of OVCA2 amino acid sequence and similar sequences

from mouse, rat, C.elegans, S.cerevisiae, S.pombe, rice and arabidopsis. At least 5 conserved

regions are evident. Two protein kinase C phosphorylation sites (PKC), two casein kinase-2 sites

(CK2), a potential pseudo-leucine zipper motif, and a potential MYB DNA binding site (MYB-

DNA) are all indicated.

Figure 6. Molecular model of OVCA2 shown as a ribbon diagram. The three residues

of the catalytic triad conserved in alpha-beta hydrolases are shown as stick figures. The model was

built from Protein Data Bank entry 1AUR (Kim et al., 1997).
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Ann,

While I was at the Bioinformatics Gordon conference, Frank forwarded to
me a draft of a document on the role of IT in research at Fox Chase,
dated August 8. The document nicely laid out the areas generating
large sets of data at Fox Chase. I feel that this is an excellent
start to dealing with the increasing need for IT in biological
research. I wanted to add some additional thoughts, based on the
Gordon conference and present work ongoing in the Bioinformatics
Facility.

The approach of the draft document was based on the individual areas
generating data. However, one of the main themes of the meeting was
the integration of different data sources and analysis, which I felt
was overlooked. In addition, the document seemed to treat
Bioinformatics as only concerned with sequence homology, whereas the
researchers at the meeting and our own ongoing work are aiming to
integrate analysis across domains. Finally, another major theme both
of the conference and of the meetings with the BRITE consortium of
independent cancer centers basic research IT groups, which Frank and
Bob Robbins from the Hutch brought together, is the requirement for
institutions to work together as the problems have become far too large
to be tackled by individual research groups.

A) Data Integration

After a discussion at lunch with Michael Waters from the National Center
for Toxicogenomics concerning databases and what they are missing in
terms of data analysis, I joined with a group he formed to discuss how
to make databases work together. Adam Arkin from UC Berkeley discussed
how his automated methods of data retrieval (necessary for his
modelling work) have been thwarted by constantly changing interfaces
(definitions of how to automatically retrieve data) and web page
designs (which make finding key features in the response difficult).
The group, which included the leaders from the EcoCyc and EcoReg
databases, the Moirai databases from Washington University, and Marcus
Wiedler (head of Bioinformatics for Bayer AG), is hoping to focus
databases around a common core schema to aid automated data retrieval.
In reality, most members seemed to feel that stable interfaces (i.e.
programming definitions of how to get data) might be more feasible in
the near future, though they are not the ideal system. This is an
important consideration to our plans at Fox Chase, as we will certainly
want to make sure we can retrieve data easily, without constantly
expending efforts to update our retrieval subsystems. Also, it is
possible that we will develop databases which we wish to serve to the
outside community (e.g. Population Science databases and databases
developed within the Communication SPORE).

B) Bioinformatics

Bioinformatics focuses on data handling and analysis in an integrated
fashion, with planning for the future expansion of databases and
tools. Within the document there is a sense that data analysis and
retrieval will take place through web interfaces. While this seems
reasonable at present, in the future the amount of data will overwhelm
this approach. Instead the stable interfaces discussed in the previous
section are needed and integrated data analysis needs to be planned.
For example, when we decided to create BeoBLAST as a local resource, we
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designed the system to allow not only access through the web page, but
also automated access (we are submitting our paper on BeoBLAST this week
and we hope other institutions will adopt it). This is critical as we
move forward with microarray analysis, since we plan to tie the output
of the microarray analysis directly into BLAST to return significant
hits to cDNAs (which are often ESTs of unknown function)
automatically. This in turn will later be tied into our automated
annotation system (presently under design after Members expressed high
interest last year). The automated system will use a minimal level of
intelligence to perform such functions as taking an EST, retrieving a
maximal consensus sequence from the TIGR database, and performing BLAST
and PSI-BLAST on this sequence and any translated ORFs of some minimal
length.

It is important to note that such methods are possible only when data
analysis is viewed as an integrated whole, not limited by artificial
boundaries based on data generation. Our present plan for handling
microarray data, for instance, includes automated reading of the images
using WaveRead, which we developed to automatically identify spots and
grids in microarray images (we are submitting a revised manuscript for
publication this week and Michael Waters is interested in testing it at
the National Center for Toxicogenomics). The results will be passed to
the analysis system, which presently handles ImaGene output instead,
for normalization and then either standard statistical analysis or other
more complex analysis (Self Organizing Maps, QT-Clust, and Bayesian
Decomposition are planned initially). We plan to add simple
visualization, however presently Excel or other files are returned to
the researcher. Later we will be able to add proteomics data for more
integrated analysis since the system is flexible. The maximum
efficiency is gained by making the process seamless, which requires
bioinformatics to play a role within each part of the process.

The plan within the document for the creation of a molecular modelling
facility is an excellent example of where Fox Chase can leverage its
significant intellectual investment to provide a valuable resource. I
think this needs to be contrasted to the thought of larger modelling.
Several examples of such modelling were presented at the Gordon
conference. Cynthia Stokes of Entelos showed a very impressive model
of a specific disease, modelled from the level of molecular
interactions all the way through organismal response to mixed
therapeutics. The model was able to predict rather well the clinical
response of individuals in a trial. However Entelos has an extremely
large budget and well over 100 scientists dedicated to these models.
Masura Tomita of Keio University gave a corresponding example from
academia. The E-Cell project at Keio University is attempting to
create models of cells by determining all reaction constants in
metabolic processes, all signalling mechanisms, all transcription and
translation methods, and all other cellular processes. So far they
have managed only a reduced minimal cellular model of a prokaryote of
127 genes (reduced from a real organism, M. genitalium, with 470
genes). This process is backed by $120 million in funding from the
prefecture as well as several million dollars per year in ongoing
support. It is clear that Fox Chase cannot expect to dedicate these
kinds of resources. Instead, in Bioinformatics we have focused so far
on creation of analysis systems which can be tied to other resources
for final analysis while incorporating simple experimental models of
the biological systems under study. For example, the Bayesian
Decomposition algorithm which I developed allows one to model the
transcriptional response as part of the prior knowledge used
mathematically within the analysis. Through discussions with Bob Perry
and John Burch we have begun to include such details in the modelling.
We will later add the ability to interface the analysis with models
created either by hand or through the University of Connecticut's
V-Cell system (a simplified E-Cell which allows modelling of signalling
pathways and transcription).

C) Collaborations

What was very clear from both the Gordon conference, discussions within
the BRITE group, and Frank's talks with Michael Liebman at Penn is that
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no sirtgle academic group is likely to be able to handle the whole job
Rlone. Instead, the interactions with other members of the community
are going to play an increasingly large role in the success of any
individual Bioinformatics group. As such I used the Gordon conference
to initiate contacts with other academic groups. We have invited Toni
Kazic from Washington University to talk on database design, including
her attempt to define minimal units (semiotes) which can be used to
construct consistent database schema. Marcus Wiedler from Bayer has
offered us his open source database schema for microarray data, which
includes integration of sequence search results and automated BLAST
searches as well as standard MIAME data (though it still needs to clear
internal Bayer hurdles prior to release). This should be useful
regardless of the database system we adopt. I am presenting Michael
Waters with information on Bayesian Decomposition and WaveRead, as the
National Center for Toxicogenomics is interested in building high
throughput systems and has been having problems with microarray image
analysis. I have been invited by the program director, Robert Negm,
to speak at a special meeting of NCI's Cancer Biomarkers Research Group
on using microarray data to identify biomarkers. I am also providing
John Smith of the University of Alabama with references and contacts in
the visualization community. I will provide the BRITE group with a
report on the Gordon conference and on likely places for future
collaborations between BRITE and other institutions.

I believe that the integration, from data generation through
quantitation and analysis to visualization and modelling, is what is
needed to make the analysis of microarray and future high throughput
data efficient. By continuing our work in this area and making
contacts to leverage our work, we can position Fox Chase to both
provide developments and to profit from advances as they occur. But it
is important to note that Bioinformatics is essentially this
integration throughout the process, so that avoiding artificial
divisions based on the data source or on preexisting divisions within
the Fox Chase infrastructure is important.

Michael Ochs, Ph.D.
Manager, Bioinformatics
Fox Chase Cancer Center
Philadelphia, PA
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