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ABSTRACT

Amplification is a key mechanism whereby a cancer cell increases the
message level of genes that confer a selective advantage when they are
overexpressed. In breast cancer, there are many chromosome regions
present in multiple copies relative to overall DNA copy number (antpli-

cons), and their target genes are unknown. Using differential display, we
have cloned and sequenced the full coding region of a candidate amplicon
target gene located on chromosome 13. This candidate is the human
homologue of the Caenorhabditis elegans cul-4 gene, cul-4A, a member of

the novel cullin gene family, which is involved in cell cycle control of C.
elegans.

cul-4A was amplified and overexpressed in 3 of 14 breast cancer cell

lines analyzed, and it was overexpressed in 8 additional cell lines in which
it was not amplified. The latter observation, indicating that its overex-

pression can occur by mechanisms other than gene amplification, suggests
that cul-4A plays a key role in carcinogenesis. Moreover, cul-4A was found

to be amplified in 17 of 105 (16%) cases of untreated primary breast
cancers, and 14 of 30 cases analyzed (47%) were shown by RNA in situ
hybridization to overexpress cul-tA. These results suggest that up-
regulation of cul-4A may play an important role in tumor progression.

INTRODUCTION

Gene amplification can be defined as increased copy numbers of
certain regions of the genome. Gene amplification often results in
up-regulation of gene expression by increasing the number of tem

plates available for transcription (1). Gene amplification is commonly
found in tumor cells and is considered an important mechanism
whereby tumor cells gain increased levels of expression of critical
genes (1). Thus, identification and characterization of these genes
should provide important insights into the pathobiology of cancer.

In breast cancer, cytogenetic evidence of increased DNA copy
number is common (2-4). For example, homogeneously staining

regions have been found in more than 50% of primary breast cancers
(3,4). Many genes amplified in breast cancers have been identified as
oncogenes that were characterized previously in model systems.
These include erbB2 (17ql2), c-myc (8q24), cyclin D (Ilql3), FLG
(8pl2), and BEK (10q24); each was amplified in -10-30% of breast

cancers (5-9). However, these known oncogenes are not sufficient to

account for all of the genetic material present in large homogeneously
staining regions in breast cancer (3). This indicates that other ampli
fied genes might contribute to breast cancer progression.

Recently, several new amplified chromosomal regions have been
identified in breast cancer by comparative genomic hybridization (10,
11), a method particularly suited to the study of breast cancer and
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other slow-growing tumors. These amplified regions often contain as
many as 50-100 genes, which can be identified by different tech
niques, including differential display (12-14). However, it is possible

that not all genes present in amplified regions contribute to carcino
genesis. Some may be amplified simply because of their proximity in
the genome to amplicon target genes. To distinguish true target genes
that are likely to be involved in carcinogenesis, we have used the
following criteria, (a) A target gene (but not its unrelated neighbors)
will always be amplified and overexpressed when the amplicon is
present in a tumor cell. Because amplicons vary in size among
different tumors, any unrelated gene might sometimes be excluded
from the amplicon. (b) A target gene (but not an unrelated gene)
should be overexpressed in some cases in which it is not amplified,
because there are other mechanisms for inducing gene overexpression
besides amplification. If the overexpression of the target gene is
important for malignancy, other mechanisms should be involved in
up-regulating the expression of the critical gene.

Using these criteria, we have isolated and characterized several
genes that may be target genes for breast cancer amplicons. Here, we
report characterization of one of the genes, which is the human
homologue (Hs-cul-4A) of the Caenorhabditis elegans "cullin" gene

(15).

MATERIALS AND METHODS

Human Mammary Epithelial Cells, Breast Cancer Cell Lines, and
Tissues. All breast cancer cell lines except 600PE were obtained from the
American Type Culture Collection (Manassas, VA) and maintained according
to the donor's instructions. The line 600PE was developed in our laboratory

from the pleural effusion of a patient (16). Nonmalignant breast epithelial cells
were derived from normal reduction mammoplasty specimens and cultured as
described previously (17). Normal tissues and primary breast carcinomas were
obtained at surgery from University of California Medical Center (San Fran

cisco, CA).
Differential Display, Cloning, and Sequencing. Differential display of

cDNA, recovery, and reamplification of cDNA fragments were performed
essentially as described by Liang et al. (12-14). cDNA fragments were cloned

into the PCR II vector using the TA cloning system (Invitrogen, San Diego,
CA). The 2A12-1 cDNA reported here was isolated using TCGGCGATAG
and rrrrri'1'rrriAC primers for PCR amplification. A BT474 cDNA

library was constructed in Ã€GT10 and screened with the cloned cDNA
fragment to isolate the longer cDNA clones. The 5' end of the cDNA was

obtained by the rapid amplification of cDNA ends technique using the Am-

pliFinder kit from Clontech (Palo Alto, CA). The cDNA was then subjected to
double-stranded sequencing (Retrogen, San Diego, CA).

Southern and Slot Blot Analysis. Tumor DNA samples were extracted
from cultured cell lines and primary breast carcinomas as described (18).
Normal DNA samples were extracted from 12 normal skin biopsies and 5
human placentas. For Southern hybridization, 10 /xg of DNA were digested
with fcoRI and subjected to electrophoresis on a 0.8% agarose gel (19). For
slot blot analysis, 0.5 fig of DNA was loaded in each slot as described (20).
The blots were then hybridized with a 32P-labeled 1.6-kb cul-4A cDNA

fragment (corresponding to nucleotides 1551-3210 in Fig. 1). After an auto-

radiogram was obtained, the probe was stripped, and the blot was reprobed
using a reference probe to adjust for differences in sample loading. Chromo
some 2 probe D2S6 and a chromosome 21 probe D21S16 (American Type
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OVEREXPRESSION OF cul-tA IN BREAST CANCERS

Fig. 2. Melaphase mapping of cul-4A by FISH.
cul-4A was mapped lo human chromosome 13q34-

qter in normal human lymphocytes using a BAC
clone for cul-4A. Inset, localization of cul-4A
(green) to 13q34-qter. based on DAPI banding of

metaphase chromosome 13.

signal and hybridized to metaphase chromosomes overnight. The hybridization
signal was detected by antidigoxigenin conjugated with FITC. The chromo
somes were counterstained with DAPI. The location of the probe was deter
mined by digital image microscopy following FISH and localized by DAPI
banding (23).

Definition of Cutoff Points. To calculate the cutoff points for either gene

amplification or overexpression, a set of nonmalignant (normal) samples was
analyzed by Southern or Northern hybridization. Densities of the signals on the
autoradiograms were obtained using a densitometer (Molecular Dynamics,
Sunnyvale, CA). The density ratio between the cul-4A gene and the reference

gene was calculated for each sample. Two steps were required to determine the

cutoff point. First, the data for normal tissues were transformed so that it
became normally distributed (i.e., followed a Gaussian distribution curve).
Next, a table of tolerance bounds for a normal distribution was used to define
cutoff points so that the confidence was 90% and so that a fraction of the
distribution of no more than P would lie above the cutoff point. Each cutoff
point is defined by cutoff point = mean + it(SD), where the mean and SD are

based on values from normal tissues. Values of k are found in the table and
depend on P and the number of normal tissue samples (n\ Ref. 24). The cutoff
point was then transformed back to the original measurement unit.

RNA in Situ Hybridization. Archival paraffin blocks of infiltrating breast
cancer were obtained from 30 randomly selected patients from University of

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
â€”¿�9kb

â€”¿�3.8 kb

â€”¿�8kb

â€”¿�6.7 kb

Fig. 3. Soulhern bloi analysis of cul-4A in human
breast cancer cell lines. Ten fig of genomic DNA
from placenta (Lanes 1 and 2) and breast cancer
cell lines BT474 (Lane 3), MCF7 (Lane 4), MDA-
MB-157 (Lane 5), SKBR-3 (Lane 6). ZR-75-30
(Lane 7). CAMA-1 (Lane 8). Du4475 (Lane 9),
600PE (Lane 10), MDA-MB-453 (Lane 11). MDA-
MB-231 (Lane 12), T47D (Lane U), UACC812
(Lane 14). BT468 (Lane 15). MDA-MB-134 (Lane
16), anÃ  MDA-MB-435 (Lane 17) were digested

with EcoR\. electrophoresed on a 0.8% agarose gel,
and hybridized with "P-labeled Hs-cul-4A (A).

D2S6 (ÃŸ)and D2IS 16 (O were used as reference
probes for loading control. The cell lines MDA-
MB-157 (Lane 5), SKBR-3 (Lane 6). and 600PE
(Lane 10) show increased cul-4A gene copy num

ber.

3679

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/16/3677/2466987/cr0580163677.pdf by guest on 19 M

ay 2023



OVEREXPRESSION OF cul-4A IN BREAST CANCERS

2.5

>.Â° 2.0

sse o
So 1.5

o<
|ÃŒ LO

Å’20.5

o

0.0

.*.1".

Normal
(n=15)

Tumor
(n=16)

Fig. 4. Amplification of cul-4A in breast cancer cell lines. Slot blots of DNA from 15

samples of normal tissues and 16 breast cancer cell lines were quantitated by densitometer.
The ratio of the density of cul~4A to the density of total DNA was calculated for both
normal tissues and breast cancer cell lines and plotted as shown. The cutoff point was
calculated as described in "Materials and Methods." cutoff point for P = 0.01.

California at San Francisco. Cultured breast cancer cell lines (600PE and
BT20) were used as control. The cultured cells were spun down and wrapped
in colloidin bag. The colloidin bag was fixed in 4% buffered formalin for 24 h
and embedded routinely in paraffin wax. In situ hybridization was carried out
as described (25, 26). Briefly, deparaffinized 4-^m-thick tissue sections were
treated with proteinase K and hybridized overnight at 45Â°Cwith digoxigenin-
labeled antisense transcripts from a 1.2-kbcul-4A3'-UTR clone. Sections were

incubated with sheep antidigoxigenin antibody, followed by alkaline phospha-
tase detection (Boehringer Mannheim). The concentration of the probe was
titrated to show a strong staining on 600PE cell line and a negative staining on
BT20 cell line. A 200-bp ÃŸ-actinantisense probe was used as a positive control
for the negatively stained slides to confirm the qualities of the RNA on such
slides.

RESULTS

Isolation, Cloning, and Sequence Analysis of cul-4A. Using the
differential display technique (12-14), we compared the cDNAs of the

breast cancer cell lines BT474, SKBR3, and MCF7 with cDNAs of
normal breast epithelial cells derived from reduction mammoplasties.
Overabundant cDNAs in tumor cell lines were isolated and screened
for overexpression (Northern analysis) and gene amplification (South
ern analysis) in these and other breast cancer cell lines (see below).
One of the cDNA fragments, 2A12-1, which showed overexpression

and amplification in the SKBR3 cell line after the preliminary screen
ing, was further characterized. Longer cDNA clones were isolated
from a BT474 cDNA library using the original 2A12-1 cDNA frag
ment as a probe. Additional 5' sequences were cloned by rapid cDNA

amplification technique and assembled to generate a nearly full-length

cDNA(Fig. 1).
A BLAST search for sequence homologues in the GenBank data

base revealed that the 2A12-1 gene is the human homologue (Hs-cul-
4A) of the C. elegans cul-4 gene (Ce-cul-4; Ref. 15). The human
cDNA for Hs-cul-4A, as compiled from the expressed sequence tag

database was incomplete, lacking 246 amino acids at the NH2 termi
nus, as judged by comparison with the C. elegans homologue (15).
Fig. 1 shows the full-length cul-4A cDNA sequences of 3643 nucle-

otides, which encodes 659 amino acids and is 30% identical to
Ce-cul-4.

The cDNA sequences shown in Fig. 1 are derived from the breast
cancer cell line BT474. When compared with the sequences available
from GenBank, which were assembled from the expressed sequence
tag database, no amino acid differences were found. However, two
species of mRNA with different lengths of 3'-UTR were isolated from

the BT474 cDNA library. Sequencing results revealed that the 3.8-kb
mRNA had a 3'-UTR of 1502 nucleotides, whereas the 3.5-kb mRNA
had a shorter 3'-UTR of 960 nucleotides. Northern analysis showed

that the 3.8-kb mRNA was more abundant than the 3.5-kb mRNA (see

below).
Using human-rodent somatic cell hybrids (data not shown; Coriell

Institute for Medical Research, Camden, NJ), we localized cul-4A to
chromosome 13q. Subsequently, cul-4A was mapped to chromosome
13q34-qter by FISH using a cul-4A BAC clone isolated from a

human BAC library (Fig. 2).
Amplification of cul-4A in Breast Cancer Cell Lines and Pri

mary Breast Cancers. Fig. 3 illustrates the Southern analysis of
cul-4A in breast cancer cell lines. It appeared that the cul-4A was

present in increased gene copy in some cell lines as compared to
normal DNA derived from placenta tissues. The additional 8-kb
fcoRI fragment present in ZR-75-30, 600PE, and UACC812 (Fig. 3,

Lanes 7, 10, and 14) was due to an EcoRI polymorphism. It is
interesting to note that the amplification of cul-4A in 600PE cells

seemed to occur in only one alÃele.
To achieve a statistically significant cutoff point for defining gene

amplification, we used slot analysis, which allowed simultaneous
analysis of many normal and cancer cell samples. Fig. 4 shows the
relative gene copy number in normal and tumor cell line DNA
samples, as measured by slot blot analysis. On the basis of the defined
cutoff point, 3 (600PE, MDA-MB-157, and SKBR3) of the 15 (20%)

cell lines analyzed showed a significantly increased gene copy num
ber (P < 0.01). In addition, using the same methodology, cul-4A was

found to be amplified in 17 of 105 (16%) untreated primary breast
tumors analyzed (P < 0.01).

Expression of cul-4A in Breast Cancer Cell Lines. The expres
sion level of cul-4A mRNA in both breast tumor cells and normal

breast epithelial cells was measured by Northern hybridization, as
compared to internal loading controls, ÃŸ-actin,and 36B4 (Fig. 5). The

blots were quantitated by densitometry and expressed as a density
ratio of cul-4A mRNA to ÃŸ-actinor 36B4 mRNA. On the basis of the
defined cutoff point (see "Materials and Methods"), 10 of 14 breast

Fig. 5. Northern blot analysis of cul-4A expres
sion in human breast cancer cell lines. Ten fj,g of
total RNA from normal mammary epithelial cells
(Lanes I and 2) and breast cancer cell lines SKBR3
(Lane 3), BT474 (Lane 4). 600PE (Lane 5), MCF7
(Lane 6), UACC812 (Lane 7), MDA-CAMA-
CAMA-1 (Lane 8), MDA-MB-134 (Lane 9),
MDA-MB-157 (Lane 10), MDA-MB-231 (Lane
11), and MDA-MB-361 (Lane 12) were electro-

phoresed on a 0.8% agarose gel in the presence of
formaldehyde and hybridized with 12P-labeled

cul-4A (A). Two RNA species of 3.8 and 3.5 kb are

present in both normal and breast cancer cell lines.
B, the same blot hybridized with reference probe,
ÃŸ-actin,and 36B4.

B

Lane 1 2 3 4 5 6 7 8 9 10 11 12

3.8 kb -
3.5 kb -

1.7kb-1
1.2kb-

Hs-cul-4A

- actm
-36B4
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Fig. 6. Overexpression of cul-4A RNA in breast cancer cell lines. Northern blots of 18

samples of normal breast epithelial cells and 15 breast cancer cell lines were quantitated
by densitometer. The ratio of the density of cul-4A to the density of ÃŸ-actinwas calculated

for both normal and breast cancer cell lines and plotted as shown. The cutoff point was
calculated as described in "Materials and Methods." .cutoff point for P = 0.01. A.

cell lines with the cul-4A gene amplified.

cancer cell lines significantly overexpressed cul-4A mRNA, as com
pared to normal breast epithelial cells derived from reduction mam-
moplasty specimens (Fig. 6; P < 0.01).

Table 1 Amplification and Overexpression of the cul-4A gene in breast cancer

cell lines

Amplification" Overexpression No. of cell lines

Yes
No
No
Yes

Yes
Yes
No
No

1Data compiled from slot blot analysis, represented in Fig. 3.
' Data compiled from Northern analysis, represented in Fig. 5.

cul-4A as a Candidate Target Gene for the Amplicon on Chro
mosome 13q. Table 1 summarizes the results presented in Figs. 3-6.
All three cell lines that amplified the cul-4A gene also overexpressed
the gene. In eight of the cell lines (BT474, CAMA-1, T47D, MDA-
MB-134, MDA-MB-231, MDA-MB-361, MDA-MB-435, and MDA-
MB-468) the gene was overexpressed without amplification. This is

consistent with the hypothesis that there are other mechanisms for
gene Overexpression besides amplification. Four cell lines (BT20,
MCF7, DU4475, and UACC812) neither amplified nor overexpressed
cul-4A. Most importantly, as predicted for a candidate target gene of
an amplicon, we found no cell lines in which the cul-4A gene was

amplified but not overexpressed.
Overexpression of cul-4A in Primary Breast Cancers. The ex

pression of cul-4A RNA was evaluated by RNA in situ hybridization
on formalin-fixed, paraffin-embedded sections in a panel of 30 cases

of infiltrating breast carcinoma. Of the 30 cases, 15 also had adjacent
nonmalignant breast epithelium. The slides were reviewed independ
ently by at least two people. Fig. 7 shows the differential expression
of cul-4A mRNA on paraffin-embedded sections. A negatively stained

cell line (BT20) and a positively stained cell line (600PE) are shown
in Fig. 7, a and b, respectively. This result is consistent with the data
obtained by Northern hybridization. Fig. 7c shows a representative
tumor that overexpressed the gene for cul-4A, whereas adjacent nor
mal breast epithelium stained negatively, as shown in Fig. Id. cul-4A

mRNA was detected in 14 of 30 (47%) breast tumors. In contrast, in
14 of 15 (93%) cases, the adjacent normal breast epithelium stained
negatively for cu!-4A mRNA.

Tissue Expression. The expression of cul-4A gene in a variety of
normal human tissues was analyzed by Northern blotting (Clontech,
Palo Alto, CA; Fig. 8). Northern blot showed that cul-4A mRNA was
expressed in multiple tissues. Although expression of cul-4A was most

abundant in heart and skeletal muscle, it was almost undetectable in
kidney and lung.

Fig. 7. RNA in situ analysis of cul-4A expression in human breast cells. Cells labeled with purple and blue indicate cul-4A expression. All slides were counterstained with nuclei
(red) for viewing negatively stained cells, a, negative staining of cell line BT20, which does not overexpress cul-4A. b, positive staining of cell line 600PE. which overexpressed cul-4A.

c, positively stained infiltrating breast carcinoma cells, d, negatively stained normal breast epithelial cells. X40.
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Fig. 8. Analysis of Hs-cul-4A mRNA transcript in normal human tissues. Two fig of
poly(A)+ RNA from the indicated tissues (Clontech) were analyzed by Northern blot
using a-"P-labeled Hs-cul-4A cDNA.

DISCUSSION

Progression of human cancers is known to involve multiple genetic
changes that lead to up-regulation or down-regulation of expression of

critical genes (21). Gene amplification is a common mechanism
whereby tumor cells increase expression of genes that are critical for
malignancy. Positional cloning and differential display are convenient
methods of identifying amplified genes in tumors. However, not all
genes present in multiple copies are necessarily relevant to malig
nancy. Amplicons may contain irrelevant genes that are present by
virtue of their physical proximity to target genes. Furthermore, how
the results of differential display are interpreted is very dependent
upon the cell substrates being used. However, we have shown that, by
selecting proper substrates for differential display, followed by careful
screening of gene amplification and overexpression, potential target
genes for amplicons can easily be cloned.

Using this approach, we have identified the human homologue of
the C. elegans cul-4 gene. We have shown that the gene is located on

chromosome 13q and is a candidate target gene for an amplicon
located there. Two (MDA-MB-157 and SKBR3) of the three cell lines
in which cul-4A was amplified also revealed a small amplicon at

chromosome 13q by comparative genomic hybridization analysis
(11), whereas the third cell line, 600PE, was shown not only to have
lost a copy of chromosome 13 but to have gained a marker chromo
some of lq:13q. The exact copy numbers of cul-4A gene in these cell

lines remain to be determined.
We have also shown that the cul-4A gene is amplified in 16% of

primary breast tumors examined. Because the tumor samples used for
analysis were a mixture of tumor cells and the surrounding normal
cells, the 16% positive cases may be an underestimate. Furthermore,
in both cell lines and primary tumors, the number of cases with cul-4A
overexpressed was greater than the number of cases with cul-4A gene

amplified. This suggests that overexpression of this gene is an impor
tant event in carcinogenesis and not the result of a chance presence in
an amplicon region.

cul-4A belongs to a conserved family of genes, known as the cullin

family (15). There are at least six human, five nematode, and three
yeast cullin genes. Several possible functions for cullin genes have
been suggested. The rabbit orthologue of cui-5, known as vasopressin-
activated calcium mobilizing receptor-1, has been shown to mobilize
Ca2+ after arginine vasopressin induction, increasing the intracellular

calcium concentration (28). The highest expression level of Hs-cul-5

was found to be in the heart and the skeletal muscle, contractile tissues
that require a high level of calcium influx (29). We found that heart
and skeletal muscle also expressed the highest level of Hs-cul-4A,

suggesting it may also be involved in calcium mobilization. However,
there is no obvious transmembrane sequence in Hs-cul-4A.

On the other hand, the yeast cul-1 gene, or Cdc53 (15), is part of a

protein complex that targets cell cycle proteins for degradation by the
ubiquitin-proteasome pathway (30, 31). The C. elegans cul-1 (Ce-
cul-1) was shown to be required for cells to exit the cell cycle.
Moreover, a null mutation of Ce-cul-J causes hyperplasia in all
tissues. Recently, human cul-2 gene product has been shown to form

a stable complex with pVHL (32). Taken together, these results
suggest that cul-1 and cul-2 gene products might be candidate tumor

suppressors.
In contrast, our data suggest that overabundance of cul-4A contrib

utes to malignancy; thus, cul-4A may function as an oncogene. For
instance, Hs-cul-4A may target tumor suppressors or other proteins

that negatively regulate the cell cycle. It is also possible that overex
pression of Hs-cul-4A may have a profound effect on localization of
the protein to the proper cellular compartment. Both Ce-cul-1 and
Hs-cul-2 contain potential bipartite nuclear targeting signals (15, 32),

and the latter is a cytosolic protein that can be translocated to the
nucleus by binding to the pVHL complex (32). It has been shown that
overexpression of Hs-cul-2 without pVHL or coexpression of Hs-
cul-2 with a mutant pVHL results in localization of Hs-cul-2 to the
cytosol exclusively (32). However, the Hs-cul-4 described here and
the previously reported Hs-cul-5 were shown to contain a variant

nuclear localization signal (29). The lack of conservation of the
nuclear localization motif in some members of the cullin family
suggest that this motif is not required for their functions.

In summary, we have shown that the cul-4A transcript is overex

pressed in primary breast cancers. Preliminary data suggest that
cul-4A is also overexpressed in other types of human cancers (data not
shown). Because Hs-cul-4A may be the target for an amplicon on

chromosome 13, it may be a potential predictive and prognostic
indicator. It would be important to identify the interacting protein(s)
for Hs-cul-4A, which might help in understanding the biological
function of Hs-cul-4A. Moreover, the interacting proteins may them

selves be good targets for therapeutic intervention.

ACKNOWLEDGMENTS

We thank Dr. Emma Shtivelman for critical reading of the manuscript; May
Yu, Calvin Tong, Judy Cheung, and Karen Poznansky for technical assistance;
and Dr. William Goodson for coordination of sample acquisition.

REFERENCES

1. Stark, G. R., Debatisse, M., Giulotto, E., and Wahl, G. M. Recent progress in
understanding mechanisms of mammalian DNA amplification. Cell, 57: 901-908,

1989.
2. Gebhart, E., Bruderlein, S., Augustus, M., Siebert, E.. Feldner. J., and Schmidt, W.

Cytogenetic studies on human breast carcinomas. Breast Cancer Res. Treatment, 8:
125-138, 1986.

3. Saint-Ruf. C., Gerbault-Seureau, M., Viegas-Pequignot. E.. Zafrani. B., Cassingena,
R., and Dutrillaux, B. Proto-oncogene amplification and homogeneously staining
regions in human breast carcinomas. Genes Chromosomes Cancer, 2: 18-26, 1990.

4. Zafrani, B., Gerbault-Seureau, M., Messeri, V., and Dutrillaux, B. Cytogenetic study
of breast cancer: clinicopalhological significance of homogeneously staining regions
in 84 patients. Hum. Pathol., 23: 542-547, 1992.

5. Slamon, D. J., Clark. G. M., Wong, S. G.. Levin, W. J., Ullrich, A., and McGuire,
W. L. Human breast cancer: correlation of relapse and survival with amplification of
the HER-2/nfu oncogene. Science (Washington DC), 235: 177-182, 1987.

6. Machotka, S. V., Garret, C. T.. Schwartz, A. M., and Callahan. R. Amplification of
the proto-oncogenes int-2, c-erb B-2 and c-mvc in human breast cancer. Clin. Chim.
Acta, 4: 207-218, 1989.

7. Lammie. G. A., and Peters, G. Chromosome 1Iql3 abnormalities in human cancer.
Cancer Cells. 3: 413-420. 1991.

8. Gillett, C., Fanti, V., Smith, R., Fisher, C., Bartek, J., Dickson, C., Barnes. D., and
Peters, G. Amplification and overexpression of cyclin D l in breast cancer detected by
immunohistochemical staining. Cancer Res., 54: 1812-1817, 1994.

3682

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/16/3677/2466987/cr0580163677.pdf by guest on 19 M

ay 2023



OVEREXPRESSION OF cul-4A IN BREAST CANCERS

9. Adnane, J., Gaudray. P.. Dionne, C. A., Crumley, G., Jaye, M., Schlessinger, !..
Jeanteur, P., Birnbaum, D., and Theillet, C. BEK and FLO, two receptors to members
of the FGF family, are amplified in subsets of human breast cancers. Oncogene, 6:
659-663, 1991.

10. Kallioniemi, A., Kallioniemi, O-P., Sudar, D., Rutovitz, D., Gray, J. W., Waldman,

F., and Pinkel, D. Comparative genomic hybridization for molecular cytogenetic
analysis of solid tumors. Science (Washington DC), 258: 818-821. 1992.

11. Kallioniemi, A., Kallioniemi, O-P., Piper, J., Chen, L-C, Smith, H. S., Gray, J. W,

Pinkel. D., and Waldman. F. Detection and mapping of amplified DNA sequences in
breast cancer by comparative genomic hybridization. Proc. Nati. Acad. Sci. USA, 97:
2156-2160, 1994.

12. Liang. P.. and Pardee, A. B. Differential display of eukaryotic messenger RNA by
means of the polymerase chain reaction. Science (Washington DC). 257: 967-970.

1992.
13. Liang, P., Averboukh, L., Khandan, K., Sager, R., and Pardee, A. B. Differential

display and cloning of messenger RNAs from human breast cancer versus mammary
epithelial cells. Cancer Res.. 52: 6966-6968. 1992.

14. Liang. P., Averboukh, L., and Pardee, A. B. Distribution and cloning of eukaryotic
mRNAs by means of differential display: refinements and optimization. Nucleic
Acids Res., 21: 3269-3275, 1993.

15. Kipreos, E. T., Lander, L. E., Wing, J. P., He, W. W., and Hedgecock, E. M. cul-1 is

required for cell cycle exit in C. elegans and identifies a novel gene family. Cell, 85:
828-839, 1996.

16. Smith, H. S., Wolman, S. R., Dairkee, S. H., Hancock, M. C., Lippman, M., Leff, A.,
and HackeÂ». A. J. Immortalization in culture: occurrence at a late stage in the
progression of breast cancer. J. Nati. Cancer Inst. (Bethesda), 78: 611-615, 1987.

17. Smith, H. S., Lan, S., Ceriani, R., Hacken, A. J., and Stampfer, M. R. Clonal
proliferation of cultured nonmalignant and malignant breast epithelia. Cancer Res..
41: 4637-4643, 1981.

18. Maniatis, T., Fritsch, E. F., and Sambrook. J. Molecular Cloning: A Laboratory
Manual, pp. 16-19. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory, 1982.

19. Southern. E. M. Detection of specific sequences among DNA fragments separated by
gel electrophoresis. J. Mol. Biol.. 98: 503-517, 1975.

20. Mclntyre, P.. and Stark, G. R. A quantitative method for analyzing specific DNA
sequences directly from whole cells. Anal. Biochem., 174: 209-214. 1988.

21. Sambrook, J., Fritsch, E. F., and Maniatis, T. Molecular Cloning: A Laboratory
Manual, pp. 7.23-7.25. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory.

1989.
22. Sambrook, J., Fritsch, E. F., and Maniatis. T. Molecular Cloning: A Laboratory

Manual, pp. 7.43-7.48. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory,

1989.
23. Stokke. T., Collins C., Kuo, W-L., Kowbel, D., Shadravan, F., Tanner, M.,

Kallioniemi, O-P., Pinkel, Dâ€žDeaven, Lâ€žand Gray, J. W. A physical map of

chromosome 20 established using fluorescence in situ hybridization and digital image
analysis. Genomics, 26: 134-137, 1995.

24. Owen, D. B. Noncentral f and tolerance limits. In: Z. W. Birnbaum (ed.). Handbook
of Statistical Tables, pp. 108-127. Reading, MA: Addison-Wesley, 1962.

25. Angerer, L. M., and Angerer, R. C. In situ hybridization to cellular RNA. In: D.
Rickwood and B. D. Hames (eds.), In Situ Hybridization, pp. 15-32. London: LRL

Press, 1992.
26. Panoskaltsis-Mortari, A., and Buey, R. P. In silu hybridization with digoxigenin-

labeled RNA probes: facts and artifacts. BioTechniques. 18: 300-307. 1995.

27. Dairkee, S. H., and Smith. H. S. Genetic analysis of breast cancer progression.
J. Mamm. Gland Biol. Neoplasia, /: 139-151, 1996.

28. Bumatowska-Hledin, M. A., Spielman, W. S., Smith, W. L., Shi, P., Meyer, J. M., and
Dewitt, D. L. Expression cloning of an AVP-activated, calcium-mobilization receptor
from rabbit kidney medulla. Am. J. Physiol., 268: F1198-F1210. 1995.

29. Byrd, P. J., Stankovic, T. McConville. C. M., Smith, A. D., Cooper, P. R.. and Taylor,
A. M. R. Identification and analysis of expression of human VACM-1, a cullin gene
family member located on chromosome llq22-23. Genome Res., 7: 71-75, 1997.

30. Jackson, P. A. Cell cycle: cull and destroy. Curr. Biol., 6: 1209-1212, 1996.

31. Willems. A. R.. Lanker, S., Patton, E. E.. Craig, K. L., Nason, T. F., Mathias, N..
Kobayashi. R.. Wittenberg, C., and Tyers, M. Cdc53 targets phosphorylated Gl
cyclins for degradation by the ubiquitin proteolytic pathway. Cell, 86: 453-463,

1996.
32. Pause, A., Lee, S., Worrell, R. A., Chen, D. Y., Burgess, W. H., Linehan. W. M.. and

Klausner, R. D. The von Hippel-Lindau tumor-suppressor gene product forms a stable
complex with human cul-2. a member of the Cdc53 family of proteins. Proc. Nail.
Acad. Sci. USA. 94: 2156-2161. 1997.

3683

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/16/3677/2466987/cr0580163677.pdf by guest on 19 M

ay 2023




