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KNUDSON FIRST INTRODUCED

the concept of both a germ-
line predisposition and a so-
matic event for the inactiva-

tion of tumor suppressors in cancer
with the “2 hit hypothesis.”1 This theory
applies to heritable cancer syndromes
caused by mutations in tumor suppres-
sors with high penetrance. The first hit
is an inherited mutation (mutant al-
lele) in the germline while the most
simple second hit is somatic loss of the
wild-type (normal) allele, leaving a
single copy of the mutant allele
(FIGURE 1). More commonly, the sec-
ond hit is a combination of multiple and
complex somatic events.2 In contrast,
most sporadic cancers are complex
traits wherein the germline predispo-
sition is likely related to several low-
penetrance genomic variants, present
in either oncogenes or tumor suppres-
sor genes.

While studying loss of heterozygos-
ity/allelic imbalance (LOH/AI) in can-
cer tissues using microsatellite mark-
ers in germline and in corresponding
tumors,3-7 we anecdotally observed a
low frequency of germline heterozy-
gosity in cancer patients compared with
controls (C. E., unpublished data, 1993-
2006), raising the question whether ho-
mozygosity could play a role in cancer
predisposition. Further evidence sug-
gesting a role of homozygosity in can-
cer is brought by studies that showed
an increased risk of cancer in inbred
populations,8-12 by several reports iden-

tifying homozygous loci associated with
cancer,12,13 and from experimental ani-
mal inbreeding (eg, backcrossing mice)
increasing tumor incidence. Specific
situations of homozygosity have also
been directly associated with cancer,
such as uniparental isodisomy through
altered imprinting.14

Homozygosity is common in hu-
mans and extended homozygote tracts
have been described in several stud-
ies.15-18 Cancer susceptibility genes are
also numerous in the genome. These

facts together increase the likelihood
that homozygosity might occur in the
loci of cancer susceptibility genes. One
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Context Cancer is a multigenic disease resulting from both germline susceptibility
and somatic events. While studying loss of heterozygosity (LOH) in cancer tissues, we
anecdotally observed a low frequency of heterozygosity in cancer patients compared
with controls, raising the question whether homozygosity could play a role in cancer
predisposition.

Objectives To determine the frequency of germline homozygosity in a large series
of patients with 3 different types of solid tumors compared with population-based con-
trols.

Design, Setting, and Patients Germline and corresponding tumor DNA isolated
from 385 patients with carcinomas (147 breast, 116 prostate, and 122 head and
neck carcinomas) were subjected to whole genome (345-microsatellite marker) LOH
analysis.

Main Outcome Measures Frequency of homozygosity at microsatellite markers
in cancer cases vs controls and frequency of somatic LOH in cancers at loci with the
highest homozygosity.

Results We identified 16 loci in common among the 3 cancer types, with signifi-
cantly increased germline homozygosity frequencies in the cancer patients compared
with controls (P� .001). In the cases who happened to be germline heterozygous at
these 16 loci, we found a mean (SD) LOH frequency of 58% (4.2%) compared with
50% (7.5%) at 197 markers without increased germline homozygosity (P�.001). Across
the genome, this relationship holds as well (r=0.46; 95% confidence interval, 0.37-
0.53; P� .001). We validated the association of specific loci with high germline ho-
mozygosity frequencies in an independent, single-nucleotide polymorphism–based,
public data set of 205 lung carcinomas from white individuals (P� .05 to P� .001) as
well as the correlation between genome-wide germline homozygosity and LOH fre-
quencies (r=0.21; 95% confidence interval, 0.18-0.24; P� .001).

Conclusions In our study of 4 different types of solid tumors (our data for 3 types
validated in a fourth type), increased germline homozygosity occurred at specific loci.
When the germline was heterozygous at these loci, high frequencies of LOH/allelic
imbalance occurred at these loci in the corresponding carcinomas.
JAMA. 2008;299(12):1437-1445 www.jama.com

©2008 American Medical Association. All rights reserved. (Reprinted) JAMA, March 26, 2008—Vol 299, No. 12 1437

Downloaded From: https://jamanetwork.com/ on 05/22/2023



can then hypothesize that germline ho-
mozygosity at these loci may some-
how contribute to cancer predisposi-
tion. Indeed, in the case of homozygous
tumor suppressor genes, recessive mu-
tant alleles would result in an altered
tumor suppressor function with no
need of any additional somatic event.
In the case of dominant alleles in an on-
cogene, homozygosity could result in
a superoncogenic effect.

Therefore, we hypothesized that
germline homozygosity lends low-
penetrance susceptibility to cancer by
the potential mechanism of affecting the
function of numerous genes through-
out the genome. We systematically ad-
dressed this hypothesis by looking at
series of patients with 3 different types
of solid tumors for genomic regions
with increased germline homozygos-
ity compared with controls and by ex-

ploring somatic LOH in the cancers of
patients who happened to be hetero-
zygous at these loci.

METHODS
Samples and Genomic DNA
Preparation

Germline and tumor (somatic) ge-
nomic DNA was isolated using stan-
dard protocols from 385 patients with 3
types of invasive carcinomas: 147 breast,
116 prostate, and 122 head and neck
squamous cell carcinomas. Patients with
widely metastatic disease (TXNXM1)
were excluded from the study. Tumor
DNA was extracted specifically from the
carcinomatous epithelium using laser
capture microdissection, as previously
described.3,4 In addition, the correspond-
ing germline DNA for each patient was
procured either from peripheral blood
(n=32) or from normal tissue using a dif-

ferent tissue block containing only nor-
mal tissue (n=353). The use of normal
tissue as a reliable source of germline
DNA was validated previously.3,4,6,19

The patients were of northern and
predominantly western European an-
cestry by self-report. Hence, controls
were chosen for matched ancestry,
which is important for polymorphic
marker frequency analysis. The head
and neck squamous cell carcinoma and
breast cancer series have been previ-
ously described in detail.3,4,6,19 The
study, which used anonymized un-
linked samples, was approved under ex-
empt status by the Cleveland Clinic in-
stitutional review board for human
subjects protection.

Genome-wide Microsatellite
Analysis

Polymerase chain reaction was per-
formed as previously described.3,4

Briefly, DNA from germline and tumor
was amplified using 1 of 72 multiplex
primer panels of fluorescent-labeled
microsatellite markers (MapPairs
genome-wide Human Markers set ver-
sions 9 and 10; Invitrogen, Carlsbad,
California). A total of 345 autosomal
markers were common to all samples
and were used for the analysis. Geno-
typing was performed with the
ABI3700 or 3730 xl semiautomated
sequencer (Applied Biosystems,
Perkin-Elmer Corp, Norwalk, Con-
necticut). The results were analyzed
by automated fluorescence detection
using GeneScan collection and analy-
sis software (Applied Biosystems).

Each marker was analyzed in ge-
nomic DNA from the germline and tu-
mor from each patient. The germline
could be scored as homozygous (single
peak in the normal tissue) (FIGURE 2),
heterozygous (2 peaks) (Figure 2), or
failure (failed polymerase chain reac-
tion). For each heterozygous marker in
the germline, somatic LOH/AI in the
corresponding tumor (Figure 2) was
scored as present when the ratio of peak
heights of alleles between germline and
tumor DNA was more than 1.5 or less
than 0.66, and retention of heterozy-
gosity (Figure 2) was noted when the

Figure 1. Schematic Representation of the Knudson 2-Hit Hypothesis
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A germline mutation in a tumor suppressor gene is inherited (first hit) on the right chromosome (A). The paired
chromosome is wild-type (normal). A marker near the mutation spot that is heterozygous in the germline is
shown at the top (B). When there is a partial loss of the wild-type chromosome during tumorigenesis, the
loss-of-heterozygosity (LOH) scan shows only 1 remaining peak.
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ratio of peak heights was less than 1.5.
A reaction failure was noted when the
amplification reaction had failed. In
most cases, the ratio of ratios was 1.8
to 2.2 or 0.5 for LOH/AI.

Statistical Analysis of
Microsatellite Genotyping

All statistical analyses were per-
formed using R version 2.4.20 A total of
345 autosomal microsatellite markers
were analyzed in germline and in tu-
mor DNA samples from 385 patients.
For each marker, the frequency of
germline homozygosity was deter-

mined as the number of homozygous
markers divided by the sum of hetero-
zygous plus homozygous markers. In
addition, for each marker, the fre-
quency of LOH/AI was determined as
the number of LOH/AI events divided
by the sum of the LOH/AI and reten-
tion-of-heterozygosity events. For each
marker, a median of 105 samples failed
either in germline or in tumor be-
cause of polymerase chain reaction
failures.

We observed that missing informa-
tion was more abundant for markers
with decreased frequency of germline

homozygosity and with increased fre-
quency of LOH in tumor. In statistical
terminology, this is known as nonignor-
able missingness and therefore must be
addressed. Toward this end, we de-
signed a statistical procedure to esti-
mate the heterozygosity and LOH fre-
quenc ies in the observed and
unobserved (due to genotype failure)
data combined. That is, we estimated
the true frequencies for all microsatel-
lites as follows. First, we made initial
rough estimates of genotype failure rates
separately for homozygote, heterozy-
gote, lost (LOH), and retained loci. Such

Figure 2. Loss-of-Heterozygosity Analysis in Tumors
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Four examples from genotyping output from 2 patient samples. Each of the top or bottom panel shows the genotyping readout from germline DNA (top) and somatic
tumor DNA (bottom). The bottom vertical pairs are enlargements of the top panel genotyping readout, which show microsatellite markers that have retained hetero-
zygosity (ATA5A09, bottom left) and that have undergone loss of heterozygosity (D5S1462 and D3S1763, bottom-right 2 panels). Marker D8S1179 is homozygous
in the germline. Note that because the tumor cells were procured by laser capture microdissection, virtually all scoring of loss of heterozygesity and retention of het-
erozygosity is very clear.
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estimates automatically imply, via stan-
dard conditional probability, hetero-
zygosity and LOH frequencies for each
microsatellite. These individual mic-
rosatellite estimates in turn can be used
to provide more accurate estimates of
the genotype failure rates. This proce-
dure is iterated repeatedly until all es-
timates converge to optimal solutions
(mathematical details available at http:
//www.lerner.ccf.org/gmi/igac). In can-
cer type–specific investigations such as
this, and to minimize ascertainment
bias, germline homozygosity frequen-
cies were not determined for markers
with fewer than 5 informative patients
(2 markers in patients with prostate
cancer). Similarly, we did not calcu-
late LOH/AI frequencies for any mark-
ers with fewer than 5 informative tu-
mors (1 marker in head and neck
squamous cell carcinomas and 4 mark-
ers in the prostate cancers, including
the 2 germline failures). We chose 5 as
a reasonable cutoff under which com-
puting a frequency is not reliable from
our experience.

For each marker, the frequency of
germline homozygosity was com-
pared with the binomial distribution
using a reference germline homozygos-
ity frequency as the null homozygos-
ity probability. The number of homo-
zygotes for a marker was determined as
the product of the corrected germline
homozygosity frequency for this marker
and the number of informative pa-
tients. The reference frequencies for a
western European–ancestry popula-
tion were provided for each marker by
the Cooperative Human Linkage Cen-
ter (Marshfield, Wisconsin). These are
ancestry-matched controls because our
cases are white individuals of western
European ancestry. Similarly, LOH/AI
frequencies were compared for each
marker with the binomial distribution
using the average LOH/AI frequencies
of the markers on the same chromo-
some as the null LOH/AI probability.
The number of LOH/AI events for a
marker was determined as detailed ear-
lier. For testing for both germline ho-
mozygosity frequencies and LOH/AI
frequencies, a 1-sided exact binomial

test was used (R function pbinom,
lower.tail=FALSE), and P values were
adjusted for multiple-testing false dis-
covery rate over the 345 markers (R
function p.adjust, method=“FDR”).
Adjusted P values less than .05 were
considered significant. The overall re-
lationship between germline homozy-
gosity frequency and somatic LOH/AI
frequency across all markers was mea-
sured by the Pearson correlation test (R
function cor.test).

Validation With Single-Nucleotide
Polymorphism Microarray Data

A publicly available data set of paired
germline and somatic DNA from 205
non–small cell lung carcinomas, which
had been subjected to genome-wide
single-nucleotide polymorphism (SNP)
genotyping with the 250K SNP Chip
(Affymetrix, Santa Clara, California),21

was used to validate our microsatellite
data. All 205 samples came from indi-
viduals of European ancestry, con-
firmed with their SNP genotypes in com-
parison with the HapMap 3 populations
using the program Structure (http:
//pritch.bsd.uchicago.edu/software
.html). Both cases and controls were of
similar SNP-based ancestry. For each pa-
tient, both a tumor sample (fresh/flash
frozen) and a normal tissue sample (pe-
ripheral blood leukocytes and fresh/
flash frozen normal lung tissue) were
available. This data set did not have
nonignorable missingness. Loss of het-
erozygosity was identified using
dChipSNP.22 dChipSNP was applied to
the tumor and germline genotypes using
the paired analysis setting. All other para-
meters were set to default values.

For each SNP, the frequency of ho-
mozygosity in the germline was ob-
tained by dividing the number of ho-
mozygous genotypes, AA and BB, by the
total number of genotypes, AA, AB, and
BB (ie, homozygous and heterozygous
genotypes), in the germline. The fre-
quency of homozygosity was consid-
ered for the SNPs within 100 kilobase
(kb) of the 12 microsatellite markers
shown to have increased homozygos-
ity in cancer patients (the remaining 4
regions could not be assessed because

the relationship of SNPs to these mark-
ers remain imprecisely mapped). The
frequency of homozygosity in the germ-
line of patients with lung cancer was
compared with that of HapMap con-
trols of European ancestry using the dis-
tribution function of the binomial dis-
tribution, considering 1-sided P values
(R function pbinom). These exact
binomial test P values were adjusted
by false discovery rate (R function
FDR).

For each SNP, the frequency of LOH
in the lung cancer samples was deter-
mined as the proportion of SNPs with
somatic LOH. Correlations between the
frequency of homozygosity in the germ-
line and the frequency of LOH in tu-
mors at each SNP were performed using
the Pearson correlation test (cor.test in
R). For that correlation, frequency of
germline homozygosity was deter-
mined among SNPs that did not show
LOH in tumors, and the frequency of
LOH in tumors was determined among
SNPs that were germline heterozy-
gous. To take into consideration the low
frequency of LOH when using SNPs
(mean, 1.7%/SNP), frequencies were
computed only for SNPs with at least
100 informative samples.

RESULTS
We explored germline homozygosity by
using 345 autosomal microsatellite
markers in 385 patients with 3 differ-
ent types of invasive carcinomas. These
markers were selected for their high het-
erozygosity index and their regular
spacing throughout the genome.23,24 In
the first instance, a frequency of germ-
line homozygosity was determined at
each marker (or locus) in the overall
(merged) set comprising all 3 groups
of patients who had breast, prostate, or
head and neck squamous cell carcino-
mas. This yielded 114 loci with in-
creased frequencies of germline homo-
zygosity compared with those of
ancestry-matched controls (adjusted P
values �.05 to �.001).

We then looked at each group of pa-
tients with each cancer type (FIGURE 3).
We identified 83 loci in head and neck
squamous cell carcinoma, 56 loci in
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prostate cancer cases, and 26 loci in
breast cancer cases with statistically sig-
nificantly higher frequencies of germ-
line homozygosity compared with those
of ancestry-matched controls in each
group of patients (adjusted P values
�.05 to �.001) (Figure 3).

Among the 345 loci studied, 120
loci had higher-than-predicted fre-
quencies of homozygosity in patients
with head and neck squamous cell

carcinoma, 69 loci in patients with
prostate cancer, and 27 loci in
patients with breast cancer (Figure 3).
Sixteen of these loci were in common
among the 3 groups of patients with
the 3 cancer types (TABLE 1). Copy
number variations are numerous
throughout the genome25 and can
potentially generate chromosomal
regions with a single copy of DNA
(hemizygous). To explore whether

these 16 loci could be hemizygous
due to copy number variations, we
screened the Database for Genomic
Variants (http://projects.tcag.ca/variation
/project.html) to identify whether any
of these 16 loci identified to have high
germline homozygosity frequencies lie
within known regions with copy num-
ber variations. Only 1 of the 16 loci,
D11S1993, is included in such a copy
number variation region. As a compari-

Figure 3. Mapping Germline Homozygosity Frequencies in Cancer Patients
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For each microsatellite marker, the germline homozygosity frequency in 3 cancer types (head and neck squamous cell carcinoma, prostate carcinoma, and breast car-
cinoma) was compared with the reference homozygosity frequency. A binomial test was used and P values were adjusted by false discovery rate. The −log10 P value of
the comparison is plotted vs the physical position, with the 22 autosomes represented. The dashed line represents the .05 significance limit. In red are loci with in-
creased homozygosity common to all 3 cancer types.
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son, among the entire genome-wide set
of 345 markers used in this study, 20 are
in copy number variation regions, which
is proportionally similar (binomial test;
P=.70). In summary, these data show
that germline homozygosity at specific
markers is more frequent in cancer pa-
tients.

We then analyzed the frequency of
somatic events occurring at these 16 loci
by looking at the frequency of somatic
LOH/AI in heterozygote patients. The
mean (SD) LOH/AI frequency at the 16
loci in the 3 cancer types was 58%
(4.2%) (range, 48%-65%). As a com-
parison, we selected 197 microsatel-

lite markers that were not found to have
an increased frequency of germline ho-
mozygosity in patients with any of the
3 cancer types compared with that of
controls. The mean (SD) LOH/AI fre-
quencies at these 197 loci was 50%
(7.5%) (range, 34%-70%), which is sta-
tistically significantly lower than the
mean 58% LOH/AI frequency at the 16
loci (P� .001).

Thus far, we have shown that if can-
cer patients are heterozygous at these
16 loci that have an increased germ-
line homozygosity, then their corre-
sponding tumors have a higher fre-
quency of somatic LOH/AI at these
same 16 loci. In light of this observa-
tion, we wanted to explore whether this
phenomenon could be generalizable.
The frequencies of homozygosity or
heterozygosity among all markers is lin-
ear (and not binary). We hypoth-
esized that if our first observation with
the 16 loci was generalizable, then we
would also observe that as loci have in-
creasing frequencies of germline ho-
mozygosity, those same loci would also
have increasing somatic LOH/AI fre-
quencies in the tumors of cancer pa-
tients who happened to be heterozy-
gous at these loci. Indeed, we found that
this observation could be extended to
all 345 microsatellite markers, where
we identified a correlation between the
frequencies of germline homozygosity
and the frequencies of somatic LOH/AI
in patients who happened to be het-
erozygous at the same loci (r=0.46, 95%
confidence interval, 0.37-0.53, P�.001)
(FIGURE 4).

Thus far, we have shown that for loci
with increased germline homozygos-
ity among all cancer patients, these
same loci that happened to be germ-
line heterozygous in some cancer pa-
tients also have an increased LOH/AI
frequency in their corresponding tu-
mors (Figure 4). Furthermore, we have
shown that this observation can be gen-
eralizable; ie, the more frequent the ho-
mozygosity at any given locus, the more
LOH/AI can be found at those loci in
the tumors of cancer patients that hap-
pened to be heterozygous in the germ-
line (Figure 4).

Table 1. Sixteen Microsatellite Markers With Elevated Frequencies of Germline
Homozygosity Common to 3 Cancer Typesa

Marker Locus

P Value

Genes Within 250 kbHNSCC
Prostate
Cancer

Breast
Cancer

D2S1790 2p11.2 �.01 �.05 �.001 TMSB10, KCMF1, TCF7L1

D3S2427 3q26.31 �.001 �.01 �.01

D4S2394 4q28.2 �.001 �.001 �.05

D5S2505 5p15.32 �.001 �.05 �.01

D6S1959 6p22.3 �.01 �.001 �.001

D7S3046 7q11.22 �.001 �.01 �.05 DFNB39

D9S1871 9p24.2 �.01 �.01 �.05 GLIS3

D10S1222 10q26.2 �.01 �.01 �.05 DOCK1, FGFR2

D11S1993 11p11.2 �.01 �.05 �.01 API5, TTC17, HSD17B12,

D11S1986 11q23.2 �.001 �.001 �.001 POU2AF1, BTG4, LAYN

D11S4463 11q24.3 �.05 �.01 �.01 BARX2

D13S793 13q31 �.001 �.05 �.05

D15S822 15q12 �.001 �.001 �.01 GABRA5

GATA178F11 18p11.31 �.001 �.01 �.05

D18S1376 18p11.31 �.001 �.001 �.001 ZFP161, EPB41L3

D20S477 20p11.21 �.001 �.01 �.05 FOXA2
Abbreviations: HNSCC, head and neck squamous cell carcinoma; kb, kilobase.
aAdjusted P values for all 3 solid tumor sets combined at these 16 markers �.001. All comparisons were with controls.

Figure 4. Frequency of Germline Homozygosity of Microsatellite Markers in All Cancer
Patients
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Frequency of germline homozygosity of microsatellite markers among all cancer patients as a function of the
frequency of loss of heterozygosity/allelic imbalance (LOH/AI) in tumors whose corresponding germline is het-
erozygous at the same loci, showing a correlation coefficient of 0.46 (Pearson r; P� .001).
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To further corroborate this general-
ized association, we first determined the
loci with the highest frequency of so-
matic LOH/AI events across all the 3
types of cancers. After identifying these
“hot-spot” LOH/AI loci, we then de-
termined whether these loci also ex-
hibited (relatively) high frequencies of
homozygosity across the germlines of
cancer patients. First, loci with high
LOH/AI frequencies were identified for
each chromosome. Then a list of mark-
ers was tabulated that represented those
with a significant elevation of both
germline homozygosity and LOH/AI
frequencies for the entire cohort and for
each specific cancer type (TABLE 2). A
total of 22 hot spots were identified, in-
cluding 21 common to the entire se-

ries, 1 in the head and neck squamous
cell carcinoma group, 4 in the pros-
tate cancer group, and 0 in the breast
cancer group. All 22 of the “overall”
hot-spot loci (Table 2) are also found
among the regions initially identified
as having increased homozygosity fre-
quencies. Again, only 1 of these 22 hot
spots (D16S2621) is included in a copy
number variation region.

To independently validate our
observations, we used an existing pub-
lished data set comprising SNP geno-
types of paired germline and tumor
DNA from 205 white patients with
lung carcinoma. This publicly avail-
able data set provided us with a differ-
ent solid tumor, which happens to be
the most common solid tumor in men,

assessed with a different genotyping
technique. The frequencies of homo-
zygosity were compared with HapMap
data, and at least 1 SNP (range, 1-16)
in each of the 11 of the 12 previously
noted evaluable “highly homozygous”
regions was found to be significantly
more homozygous in lung cancer
cases compared with controls (P� .05
to P� .001) (eTable, available online
at http://www.jama.com). Thus, we were
able to independently replicate our ob-
servations of increased germline homo-
zygosity at specific markers in the origi-
nal 3 solid tumor types. We then used
the lung cancer SNP data set to validate
our previously noted association be-
tween frequency of germline homozy-
gosity and that of somatic LOH. Con-

Table 2. Germline Homozygosity and Somatic LOH/AI Hot Spotsa

Marker Locus

P Value

Genes at or Within 250 kb

All HNSCC Prostate Cancer Breast Cancer

Homozygousb LOHb Homozygousb LOHb Homozygousb LOHb Homozygousb LOHb

D1S2134 1p33 �.001 �.01 �.05 .61 .14 �.05 .31 .30

D1S1589 1q25.1 �.01 �.05 .40 .60 �.01 .44 �.99 .38 RABGAP1L, GPR52

D1S3462 1q42.2 �.001 �.05 �.01 .85 �.05 .22 �.99 .33 DISC1, DISC2, TSNAX

D2S1334 2q21.3 �.001 �.05 �.001 .46 �.001 �.01 .28 .68 R3HDM1, MCM6, LCT,
ZRANB3, DARS, UBXD2

D2S1776 2q24.3 �.001 �.05 �.001 .61 �.05 .11 �.99 .37 LASS6, ABCB11, G6PC2,
SPBC25, NOSTRIN

D3S2409 3p21.31 �.001 �.05 .63 .05 �.001 .30 .06 .75 RHOA, GPX1, USP4, AMT,
CCDC71, LAMB2, USP19,
NICN1, DAG1, CCDC36

D3S1746 3q25.1 �.001 .14 �.001 .90 �.05 �.05 .09 .56 SUCNR1, AADAC, MBNL1

D3S1763 3q26.1 �.001 �.05 �.05 .81 .12 �.05 �.99 .44 WDR49, PDCD10, SERPIN1

D3S2427 3q26.3 �.001 �.05 �.001 .61 �.01 �.01 �.01 .87

D4S2623 4q25 �.001 �.01 �.01 .46 �.01 .38 �.99 .06 EGF, ELOVL6, CFI, NOLA1,
PLA2G12A, RRH

D8S1128 8q24.21 �.05 �.01 �.05 .32 �.05 .37 �.99 .27 MYC, PVT1

D9S1121 9p21.3 �.01 �.05 �.01 .67 �.05 .27 �.99 �.05 TUSC1

D10S1423 10p12.33 �.05 �.05 �.01 .32 .22 .27 �.99 .38 C10orf112

D11S1986 11q23.2 �.001 �.05 �.001 .52 �.001 .34 �.001 .30 POU2AF1, BTG4, LAYN

D11S4464 11q24.1 �.05 �.05 �.05 .46 .21 .19 �.99 .38 OR6X1, ZNF202, SCN3B,
OR6M1, PMP22, OR8D4

D12S2078 12q24.32 �.01 �.001 .55 .05 .35 �.05 .96 .61

D14S1280 14q12 �.05 �.05 �.05 .42 .09 .64 �.99 .30 NOVA1

D15S655 15q25.3 �.05 �.05 �.05 .26 �.01 .81 �.99 .30 TMEM83

D16S422 16q23.3 �.05 �.01 �.01 .05 �.99 .22 .96 .46 CDH13

D16S2621 16q24.2 �.01 �.05 �.01 .96 .14 �.05 �.99 .30 JPH3, KLHDC4, SLC7A5,
CA5A, BANP

D21S2055 21q22.2 �.001 �.05 �.001 �.05 �.001 .28 .14 .75 PCP4, DSCAM, B3GALT5

D22S683 22q12.3 �.001 �.001 �.001 .05 �.001 �.01 �.99 .39 APOL1 through APOL4, MYH9
Abbreviations: HNSCC, head and neck squamous cell carcinoma; kb, kilobase; LOH/AI, loss of heterozygosity/allelic imbalance.
aNote adjusted P values �.05 are considered significantly elevated homozygosity frequencies or somatic LOH/AI frequencies. Comparisons of germline homozygosity were against

controls. Comparisons of LOH frequencies were against an internal mean for each tumor type.
bAdjusted P values of significantly elevated germline homozygosity frequency and somatic LOH/AI frequency are provided across the whole data set (All) and for individual cancer types.
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firming our data in breast, prostate, and
head and neck carcinomas, we found a
direct correlation between LOH frequen-
cies and those of germline homozygos-
ity at the corresponding SNPs in the
germline that happens to be heterozy-
gous (r=0.21, 95% confidence interval,
0.18-0.24, P� .001).

COMMENT
Our data suggest that there are spe-
cific common loci that are prone to
homozygosity in the germline of indi-
viduals with breast, prostate, and
head and neck squamous cell carcino-
mas. Importantly, we were able to
independently validate our observa-
tions in a different type of solid
tumor, lung carcinoma, by showing
an increased frequency of germline
homozygosity in cancer cases com-
pared with ancestry-matched con-
trols. It is of interest to note that the
most frequently homozygous SNPs
were, for the most part, in proximity
to the original microsatellites found to
be “most homozygous” in the other 3
solid tumors (eTable). We were also
able to confirm the correlation
between germline homozygosity and
increased somatic LOH at the same
marker when the latter’s germline
happens to be heterozygous.

There are at least 2 hypotheses to ex-
plain the increased germline homozy-
gosity in cancer cases compared with
controls. First, random mating would
generate random homozygosity, and
when this homozygosity occurs at
enough loci harboring genes relevant
to cancer with pathogenic alleles, can-
cer risk is increased. This could ex-
plain the increased homozygosity at
specific loci we observed in cancer pa-
tients compared to controls. If this were
true, then we would expect that homo-
zygosity would favor the frequent
alleles. However, this cannot explain the
high somatic LOH/AI frequencies ob-
served at these same loci when the
germline happens to be heterozygous.
Therefore, an alternative hypothesis has
to be considered.

Increased germline homozygosity
may be postulated to occur at com-

mon fragile sites, which are specific loci
with increased sensitivity to DNA dam-
age.26 Common fragile sites, which are
scattered across the genome, should be
distinguished from “rare” fragile sites,
which are also sensitive to DNA dam-
age, because the latter harbor ex-
panded tandem nucleotide repeats that
common sites do not have. Hence, the
common fragile sites would be good
candidate loci to have high frequen-
cies of germline homozygosity in cancer
patients and high LOH/AI frequencies
in tumors, because they are prone to
both homologous recombination as a
mechanism of DNA repair after double-
strand breaks27 and to rearrangements
in tumors, including LOH/AI.26

Remarkably, 1 hot-spot marker we
identified (D8S1128) is approxi-
mately 250 kb from a common fragile
site (MYC). Two additional hot spots
(D16S2621 and GATA178F11) are 250
kb from 2 rare fragile sites (HDL2 and
TYMS) related to triplet nucleotide re-
peats. However, for these rare fragile
sites, the link with somatic LOH/AI is
not well established. Nonetheless, our
current data may contribute to this link
given that our data derive from micro-
satellite markers, which comprise
nucleotide repeats of various repeat
lengths. It would, therefore, be rather
interesting to distinguish the precise
mechanisms of the association of germ-
line homozygosity and cancer suscep-
tibility as well as its link to increased
LOH when the germline happens to be
heterozygous.

Some may be surprised that the
markers associated with traditional
high-penetrance susceptibility genes are
not prominent among our highly ho-
mozygous list. Currently, there are no
high-penetrance susceptibility genes for
prostate, lung, or head and neck car-
cinomas. If we focused on the group of
patients with breast cancers, we did not
see the regions associated with high-
penetrance inherited breast cancer syn-
dromes, namely, BRCA1 (17q12),
BRCA2 (13q14), PTEN (10q23.3), or
TP53 (17p13-p15) (Table 1). This non-
association may contribute to our over-
all hypothesis that regions of germline

homozygosity could represent low-
penetrance factors predisposing to car-
cinoma, at least to these 3 cancer types.
In contrast, there are at least 3 SNPs
identified and replicated as associated
with breast cancer cases28,29 that are also
found in our regions of high germline
homozygosity in our patients with
breast cancer, namely, 10q26 (SNP in
proximity to FGFR2), 5q1-3 (MAP3K1),
and 11p15.5 (LSP1).

Similarly, SNPs representing sev-
eral different loci in the 8q24 region
have been shown and validated to be
associated with prostate cancer
cases,30,31 and this 8q24 region is also
well represented among our loci with
high frequencies of germline homozy-
gosity in our prostate cancer cases. In-
terestingly, and consistent with our
present observations, this 8q24 region
also harbors SNPs associated with co-
lorectal and other cancers,32,33 per-
haps suggesting a more general cancer
susceptibility allele or alleles in this re-
gion. Our current data reveal several
distinct markers in 8q24 with high fre-
quencies of germline homozygosity and
LOH for each tumor group as well as
in the overall merged series of all pa-
tients with these breast, prostate, and
head and neck cancers (Table 2).

Cancer susceptibility loci are cur-
rently sought by association studies,
whereas somatic alterations are most of-
ten identified separately. The recent
availability of high-density arrays con-
siderably increased the resolution of
these studies.28,29,31-34 However, cur-
rently, somatic and germline cancer ge-
netics are 2 separate fields. In fact, from
germline inheritance of a predispos-
ing allele to cancer development is still
somewhat of a mechanistic “black box.”
Our observations link the somatic and
germline cancer genetic fields. Our ob-
servations are also consistent with can-
cer as a complex genetic trait if we con-
sider that carcinogenesis occurs when
a minimal number of somatic events are
required for a cell to become malig-
nant. Continuing this concept, there-
fore, germline homozygosity at spe-
cific loci represents a low penetrance
but common etiology for cancer and
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serves as a parallel but equivalent path-
way to accumulation of somatic LOH.

CONCLUSIONS
Our data derived from 3 different solid
tumors, validated in a fourth, demon-
strate that high frequencies of germ-
line homozygosity at specific markers
are associated with these cancers com-
pared with controls and that at the ge-
nome-wide level, there is a direct rela-
tionship between frequencies of
germline homozygosity and somatic
LOH if the germline is heterozygous.
This represents, to our knowledge, the
first such observation, and although the
total number of cancer cases nears 600,
the sample size per solid tumor type is
still relatively small (116-205). There-
fore, our observations here should be
validated in these solid tumors and ex-

plored in other malignancies. If our data
can be robustly replicated indepen-
dently, then germline homozygosity at
specific loci as low-penetrance alleles
predisposing to carcinomas could be
taken into account in future cancer risk
assessments and management beyond
high-penetrance cancer susceptibility
genes. Additionally, with further stud-
ies and fine structure analyses, it may
be possible to use such data to predict
the likelihood of LOH in a tumor at spe-
cific genomic loci if we knew the rela-
tive frequencies of germline homozy-
gosity/heterozygosity at those same loci.
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