
Loss of Heterozygosity Associated with Uniparental
Disomy in Breast Carcinoma
Sabita K. Murthy, Ph.D., Lisa M. DiFrancesco, M.D., R. Travis Ogilvie, M.D.,
Douglas J. Demetrick, Ph.D., M.D.

Departments of Pathology and Laboratory Medicine (SKM, LMD, RTO, DJD), Oncology (LMD, RTO, DJD),
and Biochemistry and Molecular Biology (DJD), The University of Calgary; and Calgary Laboratory
Services (LMD, RTO, DJD), Calgary, Alberta, Canada

Loss of heterozygosity is commonly assumed to be
due to deletion of the appropriate genomic region
in one chromosomewithin a neoplastic cell butmay
be due to other mechanisms such as mitotic non-
disjunction or somatic recombination leading to
uniparental heterodisomy. We chose to study the
genomic regions surrounding the p53 and RB1 tu-
mor suppressor genes in breast carcinoma to eval-
uate the different mechanisms that could mediate
loss of heterozygosity. A microsatellite analysis of
polymorphic markers in 50 breast cancer samples
showed loss of heterozygosity for at least 1 of the 10
markers analyzed in 50% of the tumors studied, and
an overall 8.47% of the informative loci showed loss
of heterozygosity. All of the cases with loss of het-
erozygosity were further analyzed for gene copy
number of the tumor suppressor genesRB1 and p53
by fluorescence in situ hybridization of either tu-
mor touch preparations or microdissected tumor
nuclei with specific genomic probes. Surprisingly,
all samples showed the presence of both copies of
tumor suppressor genes, including 4/50 cases show-
ing loss of heterozygosity of tumor suppressor gene-
spanningmarkers. One of the 4 cases showed loss of
heterozygosity of markers spanning a distance of 6
cM over the RB1 gene, with normal copy numbers
of the gene. Three other cases showed loss of het-
erozygosity ofmarkers within the tumor suppressor
gene (RBI or p53) and at least one other spanning
marker. No cases showed a simultaneous reduction
to homozygosity of markers both near the tumor
suppressor gene and distal loci. We suggest that the

presence of both copies of the tumor suppressor
gene in the cases with loss of heterozygosity of span-
ning markers and internal markers for that tumor
suppressor gene could be explained by somatic re-
combination resulting in uniparental disomy, but
not mitotic nondisjunction or deletion. As the
mechanism for physical deletion of a chromosome
may be different from those mediating somatic re-
combination, study of this phenomenon may iden-
tify different pathways of genomic instability that
may be of diagnostic or treatment significance in
breast or other cancers, particularly in those treat-
ments based upon DNA-altering agents.
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The cumulative activation of oncogenes and inac-
tivation of tumor suppressor genes causes disrup-
tion of critical events in cell division and differen-
tiation, leading to neoplastic clones (1, 2). The
paradigm of ordered alterations in the tumor sup-
pressor gene is first a mutation of one allele and
then the loss of the other allele, thus, allelic losses
are regarded as hallmarks of chromosomal regions
harboring tumor suppressor genes (1, 3–6). Reduc-
tion to homozygosity of the tumor suppressor gene
can be detected as loss of heterozygosity of infor-
mative polymorphic markers in the region of the
tumor suppressor gene. In conventional models of
tumor suppressor gene inactivation, an initial mu-
tational event sets the stage for cancer, however, it
is the second event of mutation that is thought to
initiate the cancer (3, 4).
By comparing the constitutional and tumor ge-

notypes, it was possible to determine whether loss
of heterozygosity occurred for the whole chromo-
some, or a part of the chromosome. As gene dele-
tion is usually accepted to be the second hit, loss of
heterozygosity at chromosomal sites of known tu-
mor suppressor genes is considered indicative of
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mutations in the remaining copy of the gene and
loss of tumor suppressor function of the gene prod-
uct. The loss-of-heterozygosity event, however,
may theoretically arise by several mechanisms, in-
cluding deletion, mitotic nondisjunction, or so-
matic recombination resulting in uniparental dis-
omy (Fig. 1; 7–12). The net result of any of these
mechanisms may be loss of the normal allele of a
tumor suppressor gene, with subsequent selection
of clones bearing only mutant alleles. Using the
typical example of a tumor suppressor gene, ge-
netic analysis of retinoblastomas showed often that
somatic recombination rather than deletion events
resulted in the phenotypic expression of the mu-
tated tumor suppressor gene (10, 13).

Uniparental disomy has been occasionally docu-
mented in pediatric cancers associated with inher-
ited syndromes such as Beckwith-Wiedemann syn-
drome (14–16). In these pediatric tumors,
uniparental disomy was confirmed using DNA from
both parents. It is more difficult, however, to dem-
onstrate uniparental disomy by conventional strat-
egies in adult cancer types, such as breast cancer,
where parental DNA samples are usually not avail-
able. Fortunately, many of these cases will have
normal tissue within the specimen that can be dis-
sected free of tumor and can serve as a source of
normal patient DNA. From such specimens, indi-
rect evidence for uniparental disomy may be gath-

ered by comparing normal and neoplastic alleles of
polymorphic markers surrounding or within a gene,
with a quantitative evaluation of neoplastic cell
gene copy number (Fig. 1). Although deletion of a
gene may lead to a loss of heterozygosity pattern
(Fig. 1: Options 2b, 2c, 3d), the presence of a normal
gene copy number in the context of loss of het-
erozygosity is evidence for a different mechanism of
allelic loss (Fig. 1: Options 2d, 3a, 3b, 3c, 3d). Sur-
prisingly few of these evaluations have been per-
formed. One study of breast cancer by fluorescence
in situ hybridization (FISH) with an RB1 genomic
probe identified a discordance between FISH-
observed RB1 copy number and that expected from
loss of heterozygosity analysis (17). These investi-
gators suggested that somatic recombination or du-
plication of chromosome 13 containing mutant RB1
could explain their findings. The authors also com-
mented, however, that their evaluation of p53 did
not yield similar findings, and these observations
were subsequently published (18). Another study of
breast cancer examined loci within chromosome 3p
(19). This investigation found that the dominant
alteration within 3p in breast cancer was a physical
deletion, demonstrated by concordance between
loss of heterozygosity, as assessed by restriction
fragment length polymorphisms, and FISH copy
number. The other cases, however, showed discor-
dance between FISH or loss of heterozygosity da-

FIGURE 1. Mechanisms leading to loss of heterozygosity due to uniparental disomy. Strategies for possible recombination events leading to loss of
heterozygosity and their detectable sequelae. Informative microsatellite alleles are A and B and are in the region of the tumor suppressor gene. White
and grey markers distinguish specific alleles of the tumor suppressor gene. Solid black signals indicate the FISH interphase appearance with a
specific tumor suppressor gene probe that cannot distinguish alleles. The asterisk (*) is a distal FISH chromosomal marker (or a centromeric probe).
Note that several mechanisms can give rise to an loss of heterozygosity, but only 2b, 2c, and 3di and 3dii are associated with a copy number
deletion. Cells with any of these events may be selected during clonal outgrowth.
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ta—either with normal copy number in the pres-
ence of loss of heterozygosity or allelic gain. The
authors suggest that different mechanisms of tumor
suppressor gene inactivation may be specific for
certain chromosomal locations. Another study also
identified discordance between FISH and loss of
heterozygosity in specimens of Wilms’ tumor
(20)—a pediatric tumor that has been shown to
illustrate uniparental disomy for the WT1 locus. In
this study, 4/18 cases showed loss of heterozygosity
with a normal copy number at DS16S422 by FISH. A
recent, extensive study of colon carcinoma cell lines
passaged in nude mice identified a variety of struc-
tural alterations over five chromosomes and also
suggested a chromosome specific mode of muta-
tional event (9). In those cases in which somatic
recombination was the likely alteration, karyotypic
analysis demonstrated gross structural lesions of
varying complexity. Thus, studies of the mecha-
nism of tumor suppressor gene inactivation, usually
characterized by identification of mutations or de-
letions, have demonstrated that several mecha-
nisms may occur and may be chromosome and/or
tumor specific. Definition of the different mecha-
nisms of tumor suppressor gene inactivation may
identify different pathways of genomic instability
among different tumors.

In our study, we have evaluated 50 breast carci-
noma specimens using FISH and microsatellite
analysis of two different tumor suppressor genes to
identify potential mechanisms resulting in loss of
heterozygosity around the two loci. The quantita-
tive detection of loss of heterozygosity in tumor
specimens was assisted by the preparation of pure
populations of tumor cells either by touch prepa-
rations of tumor-rich specimens for FISH or by
nuclear purification by laser capture microdissec-
tion (21) for FISH and microsatellite analysis.

MATERIALS AND METHODS

Fresh-Frozen and Archival Tumor Specimens
Fresh frozen or paraffin-embedded material from

50 primary breast carcinomas (1995–2000) were re-
trieved from the Research Tissue Repository of Cal-
gary Laboratory Services. Serial 5-�m sections were
cut from the archival formalin-fixed, paraffin-
embedded tissues. All slides were stained with he-
matoxylin and eosin. The stained slides were used
for morphologic characterization and for microdis-
section of both tumor and normal tissue.

Microdissection and DNA extraction
Pure specimens consisting of either tumor or

normal tissue from archival paraffin-embedded tis-
sues with �80% tumor cellularity were prepared by

laser capture microdissection (Pix Cell II, Arcturus
Engineering Inc.). Cases with �80% tumor cellular-
ity were used without laser capture microdissection
for tumor specimens, and their corresponding nor-
mal tissue margin blocks were used for normal
tissue specimens. For the cases in which laser cap-
ture microdissection was performed, approximately
2000–5000 cells were collected on the laser capture
microdissection cap. Normal cells were collected
from the same slide on another cap or from a sep-
arate normal tissue section. DNA was extracted
from cap samples by incubating the cells in 50 �L of
laser capture microdissection DNA digestion buffer
(0.04% proteinase K; 10 Mm Tris-HCl, pH 8.0; 1 mM

EDTA; and 1% Tween-20–www.arctur.com) over-
night at 37° C. 2 �L of this was directly used for the
polymerase chain reaction (PCR).

Polymorphic DNA Markers and Loss of
Heterozygosity Analysis

To evaluate loss of heterozygosity, the following
10 polymorphic markers distributed on chromo-
somes 13 and 17 were used: D13S260, D13S270,
RBi2, D13S172, D13S274, D17S938, D17S796, p53
15.1, D17S786, and D17D795 (22) (Fig. 2A). The five
markers on each chromosome were chosen such
that at least one marker was within the tumor sup-
pressor gene itself (RBi2 and p53–15.1) to confirm
the presence or loss of the tumor suppressor gene;
one marker at the distal end of the chromosome
arm to identify deletion of the entire chromosome
or chromosome arm (D13S274 and D17S795), and
the other 3 markers spanning the tumor suppressor
gene. For PCR amplification and detection, the for-
ward primer of each primer set was labeled with
Licor IRD700 fluorescent dye. The PCR reaction was
set up as described (22) for the respective primer
sets, and the amplified samples were run on a 6%
sequencing gel and analyzed using GeneProfiler/
RFLPScan software (Scanalytics, Billerica MA). Sig-
nal intensities of polymorphic markers were quan-
titated and compared with those of normal tissue
DNAs. A reduction in signal intensity of �50% was
considered as showing loss of heterozygosity (23).
Microsatellite instability is defined as change of
allelic length due to either insertion or deletion of
repeat units in a microsatellite within a tumor sam-
ple, when compared with normal tissue (24).

Gene Copy Number Analysis by Fluorescence In
Situ Hybridization

Copy number analysis of the tumor suppressor
genes p53 and RB1 were evaluated by fluorescence
in situ hybridization. A genomic probe for RB1 was
obtained from RZPD, Germany (ICRFc108F0473)
and p53 was obtained from the UK Human
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Genomic Resource, England (http://www.hgmp.
mrc.ac.uk) after high-stringency hybridization
screening of a human PAC library. The RB1 probe
was a 37 Kb cosmid that contained microsatellite
markers RBi2, RBi4, RBi17, and RBi21 by PCR anal-
ysis. The p53 probe was a PAC (89K1) confirmed by
PCR and sequencing to contain a known 330-bp
p53 genomic sequence (14438–14768 from

HSU94788). An alphoid centromeric probe for
chromosome 17 was obtained from Resources for
Molecular Genetics, Italy (http://www.biologia.uni-
ba.it) and confirmed by FISH localization in lym-
phocyte metaphase spreads.

Nuclei for FISH were either prepared by touches
from fresh-frozen tumor samples when available
(25), or by laser capture microdissection of pure

FIGURE 2. A, ideogram of chromosomes 13 and 17 showing the localization of 10 polymorphic markers used for microsatellite analysis. The
chromosome ideograms were courtesy of the University of Bari, Italy (www.biologia.uniba.it/rmc/0-internal-images/z-ideograms/ideograms.html).
Distance between markers is indicated in Centimorgans (22). B, genetic alterations seen in microsatellite analysis. The left panel (normal) shows two
peaks representing the two alleles of an informative locus, N from normal tissue and T from cancer tissue of the same individual; the middle panel
shows an example of loss of heterozygosity where it shows the presence of two alleles in normal tissue (N) and loss of one allele in tumor tissue (T);
and the right panel shows an example of microsatellite instability (MIN) with two alleles in normal tissue (N), but in cancer tissue (T) the alleles have
altered molecular weight, smaller in this example as compared with the alleles of its corresponding normal tissue.
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cancer nuclei from paraffin sections (26). FISH was
performed according to our established methods
(27). Briefly, column-purified (Qiagen) cosmid or
BAC probes were labeled by nick translation with
digoxigenin or FITC-dUTP. After denaturation in
70% formamide at 80° C, they were hybridized to
the samples overnight in a solution containing hu-
man Cot DNA, 50% formamide, 10% dextran sul-
fate, and 2� SSC followed by initial washes in 50%
formamide/2� SSC at 42° C and additional washes
in 1� SSC. Signals were detected by incubating the
slides with primary antibody solution (1:100 donkey
anti digoxigenin or rabbit anti-FITC), followed by
incubation with secondary antibody containing
1:50 Cy3 sheep-anti donkey (Jackson Immunore-
search) or FITC goat anti-rabbit. The slides were
counterstained with 4,6-diamidino-2-phenylindole
(DAPI, 40 pg/mL) for 5 min to highlight nuclei. A
total of 25–30 nuclei were analyzed for each sample
using a fluorescence microscope, where 2–4 signals
were expected. If a significant number of 1–2 signal
nuclei were observed (�10%), possibly indicating a
gene deletion, more nuclei were evaluated. If �10%
nuclei showed only 1 signal (presumably because of
less than perfect staining efficiency), the sample
was judged to have a normal copy number.

RESULTS

Table 1 shows the frequency of loss of heterozy-
gosity observed in 50 breast cancer–normal tissue
pairs examined for 10 dinucleotide polymorphic
markers within and around the two tumor suppres-
sor genes, p53 and RB1 (Fig. 2A). Twenty-five of 50
(50%) breast cancer cases showed loss of heterozy-
gosity for �1 of the 10 polymorphic markers at the
two locations analyzed. Figure 2B shows examples
of genetic alteration observed by microsatellite
analysis of our breast cancer specimens. These ab-
normalities include loss of heterozygosity, where
one of the alleles is lost in the tumor sample as
compared with its heterozygous control, and mic-

rosatellite instability, where the tumor shows alleles
of different size, as compared with its correspond-
ing control. Although allelic gain cannot be ruled
out, it is thought to be unlikely in the context of a
tumor suppressor gene locus. Out of the total of 425
informative loci examined, 36 (8.5%) showed loss of
heterozygosity. Figure 3 shows the distribution of
different genetic alterations seen for 10 informative
polymorphic markers (yellow and red) on chromo-
some 13 and 17 in the 50 breast cancer samples.
Markers D13S172 (5 cM apart from RBi2) and RBi2
(intron 2 in RB1 gene) on chromosome 13 showed
occurrence of loss of heterozygosity with a fre-
quency of 15.5% and 8.3% respectively. Case 30 was
at least tetraploid for chromosome 17 (four to six
centromeric signals), though with deletion of p53
(only two signals instead of four, Fig. 4D). Micro-
satellite analysis of the same case showed loss of
heterozygosity of the p53 marker but was normal
for other markers on chromosome 17. Case 40 was

TABLE 1. Frequency of Loss of Heterozygosity Analyzed

for 10 Polymorphic Markers on Chromosomes 13 and 17

in 50 Breast Tumor Specimens

Marker
Tumors with Loss of

Heterozygosity
Informative

Tumors
Tumors

Analyzed

% Loss of
Heterozygosity of

Informative Alleles

D13S260 3 38 47 7.8
D13S270 3 38 50 7.8
Rbi2 4 48 50 8.3
D13S172 7 45 49 15.5
D13S274 1 39 50 2.5
D17S938 6 39 45 15.3
D17S796 4 46 48 8.6
P53 15.1 7 43 48 16
D17S786 1 40 48 2.5
D17S795 0 49 50 0
Total 36 425 485 8.5

FIGURE 3. Results of microsatellite analysis of 10 polymorphic
markers on chromosome 13 and 17 from 50 tumor samples. Legend
indicates result of analysis. Case 9 (solid arrow) shows loss of
heterozygosity for three markers within and spanning RB1. Cases 11,
24, and 46 (open arrows) show loss of heterozygosity within the tumor
suppressor gene as well as for at least one marker spanning the tumor
suppressor gene (informative or un-informative). The last two columns
show data of FISH copy analysis for the tumor suppressor genes RB1
and p53. N � normal copy number with 2–4 signals. Case 30 is
tetraploid for chromosome 17 with 4 signals (4N) and deletion (del) of
p53 with only 2 signals. Case 40 is tetraploid with 4 centromeric signals
and 4 signals for p53 (4N).
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FIGURE 4. FISH analysis showing chromosomal localization of p53 using a genomic p53 PAC probe and chromosome 17 centromere using a 17
centromeric �-satellite probe. Normal gene copy numbers are shown in a control metaphase (A), an interphase from normal lymphocytes (B), and
an interphase from a breast tumor sample (C). Staining for the p53 probe shows two red signals and the 17 centromeric �-satellite probe shows two
green signals. Case 30 (D) showing at least tetraploidy for chromosome 17 (4� centromeric signals) and deletion of p53 (only two signals) and Case
40 (E) showing tetraploidy for chromosome 17 as well as for p53 (4 signals).

FIGURE 5. Microsatellite and FISH analysis of Case 9. Polymorphic markers RBi2 and D13S172 located 5 cM apart both showing loss of
heterozygosity including the RB1 locus in Case 9 (A). FISH analysis of the same tumor sample with probes for RB1 (red) and p53 (green) showing
normal gene copy number for the two genes (B).
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tetraploid for chromosome 17 as well as for the p53
gene (Fig. 4E), and no loss of heterozygosity for any
marker on chromosome 17 was found. As observed
in Case 9, the three polymorphic markers, D13S270,
RBi2, and D13S172 (within 6 cM) demonstrated loss
of heterozygosity (Fig. 5A), whereas FISH analysis of
the same case showed normal copy number signals
for the RB1 gene (Fig. 5B). Of the 5 polymorphic
markers analyzed on chromosome 17, markers
p53.1 (within the p53 gene) and D17S938 (1.5 cM
apart from p53.1) showed loss of heterozygosity
most frequently (16.0% and 15.3% respectively).
Cases 11, 24, and 46 show loss of heterozygosity of
tumor suppressor gene-spanning markers or are
noninformative. FISH analysis of these cases
showed the presence of two normal signals for p53
and RB1. At least three of four cases (11, 24, and 46)
are candidates for uniparental disomy, likely due to
somatic recombination versus mitotic nondisjunc-
tion, as distal markers retained heterozygosity (Fig.
3). Chromosomal isodisomy cannot be ruled out for
case 9. As well, 7 of 50 cases showed MIN, as char-
acterized by microsatellite instability at more than
one locus, and two of these showed multiallele loss
of heterozygosity (Cases 21 and 22).

In summary, our data shows 4 cases of 50 in
which there is a discordance between loss of het-
erozygosity of markers spanning or within a tumor
suppressor gene, and copy number of the tumor
suppressor gene. These 4 cases were from breast
carcinomas that demonstrated a low or intermedi-
ate grade versus a high grade. Microsatellite insta-
bility was also observed, sometimes in the context
of loss of heterozygosity, but did not appear to
correlate with tumor grade.

DISCUSSION

Our study finds that specific cases of breast car-
cinoma, showing loss of heterozygosity for poly-
morphic markers in and around two known tumor
suppressor genes, may still retain two copies of the
tumor suppressor gene, which suggests a recombi-
nation event yielding two isoparental alleles rather
than a simple deletion–uniparental disomy. Mi-
crodeletion of the specific marker, which may still
result in normal FISH signal with the genomic
probe, could not be ruled out in our study or other
comparable studies. Only genomic sequencing of
the specimens could completely rule out this pos-
sibility. The relatively small size of our genomic
FISH probes suggests that this explanation is un-
likely, as well as the occurrence of multiple or gene-
spanning loss of heterozygosity in Cases 9, 11, and
24. We find a prevalence of approximately 8% of
uniparental disomy in our breast cancer cases
around either RB1 and p53 loci. Examination of the

four cases suggesting a nondeletional mechanism
for loss of heterozygosity suggested an association
with low-grade cancers more than with high grade
cancer, though this would be better evaluated with
a larger sample size. Although our RB1 results are
compatible with other studies, our p53 results are in
contrast to one previous report (18). The difference
between our study and the other may lie in the case
selection. In our study we deliberately included
many low-grade cases. It is possible that the previ-
ous study used higher grade cases, as this was not
clearly documented. Higher grade has been shown
to correlate with greater degrees of aneuploidy and
likely deletions (28–30). Less likely, the p53 BAC
probe that we used could have covered up microde-
letions that would have been detected with the
multiple smaller probes used in the previous study
(18). A previous study using a PCR-based microde-
letion assay did not find physical deletions of p53 in
any of 19 breast carcinomas (31); however, another
study of 23 formalin-fixed paraffin-embedded
breast carcinomas did report frequent physical de-
letions of p53 (32), suggesting that tumor sample
selection is likely important. Interestingly, p53 is
one of the rare tumor suppressor genes that dis-
plays a dominant-negative phenotype (33), suggest-
ing that a nondeletional mechanism of inactivation
would be more likely selected.

In any given malignancy, frequent loss of het-
erozygosity (loss of heterozygosity) involving a dis-
crete chromosomal region is generally considered
an indication of the presence of a tumor suppressor
gene, whose loss/inactivation contributes to the de-
velopment or progression of that tumor. Detailed
loss-of-heterozygosity analysis of polymorphic loci
distributed along a chromosome can reveal a com-
mon minimal region of “deletion” in which a puta-
tive tumor suppressor gene may reside. This has
usually been demonstrated in tumor tissues or cell
lines by loss of heterozygosity studies using poly-
morphic markers around the tumor suppressor
gene (10, 34–36). By interpretation of Knudson’s
hypothesis, inactivation of a tumor suppressor gene
follows either inheritance or occurrence of a spon-
taneous tumor suppressor gene mutation, with
subsequent loss of the other wild type allele. It has
been suggested that this second hit for tumor sup-
pressor gene inactivation can occur by several ways
(see Fig. 1): non-disjunction (2a), deletion (2c), re-
combination (2d), and/or chromosome loss (2b)
with or without duplication (3b, 3c, 3d; 3, 10, 12, 37,
38). Some of these can lead to uniparental disomy,
with two copies of a tumor suppressor gene, rather
than deletion which leaves one copy. Uniparental
disomy can occur as heterodisomy, whereby se-
quences from both homologues of the transmitting
parent are present (2d, 3c, 3d), or as isodisomy (3a,
3b), in which two identical segments from one par-
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ent homologue are present (12). A consequence of
either mechanism is that it may allow two copies of
a recessive mutation to be transmitted from a het-
erozygous carrier parent (39). Mitotic nondisjunc-
tion events resulting in chromosome replacement,
that is, loss of one chromosome followed by dupli-
cation of the other chromosome with retention of
gene number, may contribute to some cases of loss
of heterozygosity and usually are associated with
pediatric inherited cancers such as retinoblastoma
and Wilms’ tumor (5, 14–16, 39–42). Somatic re-
combination leading to uniparental disomy, how-
ever, is also an important mechanism leading to
loss of heterozygosity or loss of imprinting, also
associated with inherited cancers like retinoblas-
toma (10) or Wilms’ tumor (14, 20, 43), and skin
cancers (44). Loss of constitutional heterozygosity
resulting in homozygosity or hemizygosity for re-
gion 11p15 has also been observed in tumors of
some types in Beckwith-Wiedemann syndrome
(14). Investigation of uveal melanomas (45) have
revealed loss of heterozygosity in pigmented tu-
mors with monosomy of chromosome 3, as well as
in nonpigmented tumors with two copies of chro-
mosome 3, indicating the occurrence of chromo-
some loss and/or duplication during the clonal evo-
lution of the tumor. Non–cancer-associated
uniparental disomy has also been identified
through homozygosity of recessive mutation as
shown in cases of cystic fibrosis, hemophilia A and
other genetic conditions (46).

The results of FISH and microsatellite analysis in
the present study show loss of heterozygosity of at
least one sampled locus in 50% of the tumor spec-
imens. The presence of two copies of tumor sup-
pressor gene by FISH, particularly in Case 9 and
potentially Cases 11, 24 and 46, with loss of het-
erozygosity within and spanning tumor suppressor
gene markers involving large molecular distances,
indicate that loss of heterozygosity in some of our
specimens is not due to deletion only but may be
due to loss followed by duplication of the remain-
ing allele or due to a recombinational event.

Our study shows evidence for uniparental disomy
as a potential mechanism for some cases of ob-
served loss of heterozygosity found at two different
tumor suppressor loci in adult spontaneous breast
cancers. In a rapidly growing tumor, uniparental
disomy may result in two copies of an abnormal
allele in a subclone, which may be selected as the
dominant clone in tumor outgrowth. Further evi-
dence for this model would be provided by a de-
tailed sequence analysis of the candidate tumor
suppressor gene within the genomic region, which
would be expected to identify a homozygous inac-
tivating mutation, but such efforts are well beyond
the limits of this study. Although RB1 and p53
genomic regions are often noted to be involved in

loss of heterozygosity regions in breast cancer, the
prevalence is not as high as in other tumors, and
the potential for selection of a dominant-negative
mutant of p53 in the context of a normal allele is a
complicating factor. Consequently, other tumor
systems and tumor suppressor genes would be
helpful to establish whether uniparental disomy is a
pervasive mechanism for tumor suppressor gene
inactivation. Other work has identified uniparental
disomy in breast cancer (17, 19) and astrocytomas
(13) associated with loss of heterozygosity, in addi-
tion to the inherited pediatric cancers discussed
previously. A recent publication has discussed the
mechanism of tumor suppressor gene inactivation
after a very thorough analysis of colon cancer (9).
This group studied 5 chromosomes in which tumor
suppressor genes were known to localize. The study
showed a high frequency of loss of heterozygosity
for all of the chromosomes, but chromosome-
specific mechanisms to account for the loss of het-
erozygosity. Some examples of the loss of heterozy-
gosity were mediated by either complete or partial
chromosome loss, whereas other examples were
mediated by mitotic nondisjunction with chromo-
some duplication. Interestingly, somatic recombi-
nation resulting in uniparental disomy was not ob-
served by these investigators in their colon cancer
specimens, in contrast to studies by us and others,
evaluating breast or other cancers. The investiga-
tors suggest that their observations in colon carci-
noma likely apply to other tumors and that mi-
crodeletions may explain observations of somatic
recombination (9). An alternate explanation could
be that tumor and/or tumor suppressor gene–spe-
cific mechanisms select for either deletion or so-
matic recombination modes of loss of heterozygos-
ity, due to either tumor-specific genomic
dysregulation or chromosomal geography. For ex-
ample, the physical proximity of two tumor sup-
pressor genes may select for deletions, resulting in
the loss of both. This situation is illustrated by the
tumor suppressor gene, p16INK4a, which is known to
demonstrate a very high incidence of homozygous
deletion in diverse tumors (47–49). This unusually
high prevalence of homozygous deletion may be
explained by the partial encoding of another tumor
suppressor gene, p14ARF, and its physical proximity
to the related tumor suppressor gene, p15INK4b (50).
The converse is illustrated by the case in which a
tumor suppressor gene is in proximity to a proto-
oncogene. In this scenario, although a microdele-
tion resulting in specific loss of the tumor suppres-
sor gene may be potentially selected, several such
events may need to occur before the generation of
an appropriate clone with loss of the tumor sup-
pressor gene locus but retention of the proto-
oncogene locus. By contrast, any example of so-
matic recombination resulting in exchange of an

1248 Modern Pathology



inactive for an active tumor suppressor gene allele
would result in an appropriate genotype for clonal
selection. Such a hypothesis may explain why dif-
ferent modes of loss of heterozygosity can be ob-
served by the same investigators in different chro-
mosomal loci of the same specimen pool (19). Of
course, this model is speculative but testable.

Further studies of the mechanism of loss of het-
erozygosity are important because dysfunctional
cellular processes that could yield either a struc-
tural deletion or a somatic recombination event
could define distinct cellular pathways. Dysfunc-
tion of such specific pathways could identify either
a novel therapeutic target or a predictive marker for
the response of a cancer to an existing therapy such
as DNA active agents or radiotherapy.
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