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Abstract

High-density single nucleotide polymorphism (SNP) mapping arrays have identified chromosomal 

features whose importance to cancer predisposition and progression is not yet clearly defined. Of 

interest is that the genomes of normal somatic cells (reflecting the combined parental germ-line 

contributions) often contain long homozygous stretches. These chromosomal segments may be 

explained by the common ancestry of the individual’s parents and thus may also be called 

autozygous. Several studies link consanguinity to higher rates of cancer, suggesting that 

autozygosity (a genomic consequence of consanguinity) may be a factor in cancer predisposition. 

SNP array analysis has also identified chromosomal regions of somatic uniparental disomy (UPD) 

in cancer genomes. These are chromosomal segments characterized by loss of heterozygosity 

(LOH) and a normal copy number (two) but which are not autozygous in the germ-line or normal 

somatic cell genome. In this review, we will also discuss a model [cancer gene activity model 

(CGAM)] that may explain how autozygosity influences cancer predisposition. CGAM can also 

explain how the occurrence of certain chromosomal aberrations (copy number gain, LOH, and 

somatic UPDs) during carcinogenesis may be dependent on the germ-line genotypes of important 

cancer-related genes (oncogenes and tumor suppressors) found in those chromosomal regions.

Introduction

High-density single nucleotide polymorphism (SNP) mapping technologies (or SNP arrays), 

although commercially introduced only several years ago (1, 2), have already contributed 

immensely to our understanding of the patterns of variation in human genome (3, 4). These 

techniques have paved the way for numerous genome-wide association studies, which aimed 
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to further define the genetic basis of many common diseases, including cancer (5). The use 

of SNP arrays in studying chromosomal aberrations in cancer is also becoming routine (6). 

One advantage of SNP arrays over other techniques is the simultaneous measurement of 

DNA copy number and detection of genotype calls. This feature allows researchers to 

identify regions in the cancer genome characterized by both loss of heterozygosity (LOH) 

and neutral copy number. These are regions of somatic uniparental disomy (UPD; refs. 7, 8), 

although the term “gene conversion” may also be used when referring to smaller, gene 

locus–sized regions (9). It is believed that UPD/gene conversion regions arise through 

recombination of homologous chromosomes during carcinogenesis (10, 11; Fig. 1A).

Extended Homozygous Segments Can Also Be Detected in Germline 

Human DNA

SNP array analyses have also detected the presence of extended homozygous segments in 

normal human DNA (Fig. 1A). However, the size of these segments was dependent on the 

density of the arrays as well as the variables set by the investigators (4, 12–14). For instance, 

Gibson and colleagues (12), in their analysis of phase I HapMap genotype data (209 

unrelated individuals, 1 SNP per 5 kb), were able to identify 1,393 homozygous tracks with 

a minimum length of 1 Mb. The presence of these germ-line homozygous segments may be 

explained by consanguinity somewhere in the individual’s ancestry. After all, 1/16 and 1/64 

of a child’s genome is expected to be identical by descent if his/her parents are first and 

second cousins, respectively (15). By analyzing short tandem repeat polymorphism 

genotyping data, Broman and Weber (16) initially observed the presence of these long 

stretches of homozygosity among members of CEPH reference families. Their calculations 

showed that these segments are most likely homozygous by descent (or autozygous). Li and 

colleagues (14) showed that these long continuous homozygous segments were more 

pronounced among offspring of consanguineous marriages compared with children of 

unrelated individuals. Very recently, Clarimon and colleagues (also using SNP arrays) 

observed the prevalence of homozygous segments among early-onset Alzheimer’s disease–

inflicted children of parents who were first cousins (17).

Autozygous Segments: Are They Useful in Genetic Studies of Diseases 

Such As Cancer?

The idea that long homozygous by descent regions may harbor disease-causing genes 

(particularly recessive alleles) has been explored in several studies, including patients with 

autism (18), Alzheimer’s disease (17), Parkinson’s disease (19), schizophrenia (20), and 

bipolar affective disorder (21). When our group examined the germ-line SNP array data of 

74 colorectal cancer patients, we found that the percentage of those having autozygous 

segments greater or equal to 4 Mb is at least twice as high as control groups (22). Our 

analysis, as well as that by another laboratory (23), also discovered that these long 

homozygous segments are more common among individuals of Ashkenazi Jewish ancestry, 

a population group with one of the world’s highest incidence of colorectal cancer (24). A 

similar study by Assie and colleagues (25) found that 16 markers of homozygosity were 

common in the germline DNA of three cancer patient groups (147 breast, 116 prostate, and 
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122 head and neck carcinomas). However, due to the limitation of the technique they used in 

the genotyping experiment (345 autosomal markers), they may have missed the detection of 

extended homozygous tracks.

The Link between Consanguinity and Cancer

In certain parts of the world, the rate of consanguineous marriages (those between second 

cousins or closer) may exceed 50% (26). Accepted in certain cultures, consanguinity may 

also help proliferate the expression of disease-causing recessive alleles in the population. 

Evidence has also shown that level of consanguinity positively correlates to incidence of 

adult-onset complex diseases. In one example, Rudan and colleagues (27) showed that the 

genetic isolation of coastal island populations living in middle Dalmatia, Croatia is likely to 

be a factor in the high incidence of diseases such as cancer, heart disease, and stroke. Other 

investigators have linked the elevated levels of certain cancers among the Hutterites (28), 

Syrian Jewish community in Brooklyn, New York (29), Pakistanis (30), and Louisiana 

Acadians (31) to high incidence of consanguinity within these groups. Recent case studies 

have shown that two copies of highly penetrant colorectal cancer–causing alleles [PMS2 

deletion (32) and the MYH frameshift mutation (33)] may be passed down by 

consanguineous parents to their offspring. As illustrated in Fig. 1A, autozygous segments 

may harbor alleles (Ac and Bc), which when present in homozygous form can increase 

cancer risk for the individual. The simplest explanation is that these genes in the autozygous 

regions can either be (a) a pair of recessive mutant cancer genes (such as MYH and ATM; 

ref. 34), (b) highly penetrant dominant cancer genes (such as BRCA2, MSH2, and MSH6) 

whose biallelic mutations may lead to distinct cancer phenotypes (35), or (c) low-

penetrance, dose-dependent cancer predisposition SNPs such as the 8q24 SNPs recently 

linked to colorectal cancer (36, 37). In addition, a large autozygous segment may contain 

multiple genes satisfying any of the above characteristics, with all of them effectively 

contributing to increased cancer predisposition.

Cancer Gene Activity Model Explains How Autozygosity Increases Cancer 

Predisposition

The presence of autozygosity may not automatically lead to cancer. Our own analysis has 

shown that autozygous segments are also found in genomes of control (noncancer) 

individuals, although at lower frequency compared with those of colorectal cancer patients 

(22). An autozygous segment may not influence cancer predisposition if it does not include a 

gene (Onc or Tsp) that affects the probability of cancer. Even if a cancer-related gene locus 

is within an autozygous segment, the allele may not be the one that contributes to tumor 

promotion. The low frequency of cancer-promoting alleles in certain populations may also 

limit the influence of autozygosity on cancer predisposition. To explain this further, imagine 

that the cancer-related gene (Onc or Tsp) has a sizeable number of variants (polymorphisms 

at different positions in the gene, including regulatory regions) whose cancer-causing 

activities (OncA and TspA) are quantifiable. The OncA or TspA values may then depend on 

the structure of the protein or its expression level. In colon tumors, the expression level of 

many genes is related to DNA copy number, as shown in genome-wide analyses of cancer 

and matched normal samples (38).4 However, expression may also be influenced by 
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transcription factors from other chromosomal locations, as well as epigenetics, such as 

promoter methylation. Another assumption we can make is that in terms of OncA (or TspA), 

the distribution of Onc (or Tsp) among the population is Gaussian.5 Shown as the blue 

curves in Fig. 1B, OncA and TspA were arbitrarily assigned values ranging from 0 to 20 with 

mean (μH) of 10 and SD (σH) of 3. In cases when Onc or Tsp must be present as two (in the 

case of autozygosity or gene conversion) or three (triploid homozygous) identical copies, 

both the mean and SD of the activity distribution would be doubled and tripled, respectively. 

In the normal diploid state (i.e., a pair of alleles is not necessarily identical), μD would still 

be 20, but σD = 4.24 (which is ).6 In a triploid heterozygous state (i.e., a pair of genes 

is always identical alleles, but the third copy can be any of the possible variants), μThet = 30 

and σThet = 6.71 (which is ).6 Assume that an increase in activity of an oncogene by at 

least 50% (ΣOncA ≥ 30, region O3) would be tumor promoting. Assume also that a loss in 

activity of a tumor suppressor (ΣTspA ≤ 10, region T1) would similarly favor cancer 

formation. On the other hand, a decrease in activity of an oncogene (ΣOncA ≤ 10, region 

O1), or increase in activity of tumor suppressor (ΣTspA ≥ 30, region T3), would be tumor 

inhibiting. Given these assumptions, how does autozygosity provide an advantage over the 

diploid state when it comes to influencing cancer predisposition? If we carefully examine 

the regions O3 and T1 in the graphs (Fig. 1B), we can see that an Onc or Tsp always has a 

higher probability of being tumor promoting in the autozygous than in the normal diploid 

state. However, we can also see that only a small fraction of possible allele combinations 

(ΣTspA ≤ 10 or ΣOncA ≥ 30) would be tumor promoting for both states. This is consistent 

with our prior assumption that for every cancer-related gene, only a fraction of the possible 

variants in the autozygous state would add to cancer predisposition. At the other tail of the 

normal distribution (O1 and T3), an Onc or Tsp is more likely to be tumor inhibiting in the 

autozygous than in the normal diploid state. For the central areas in the graphs (O2 and T2), 

the difference in probabilities between autozygous and normal diploid states is unimportant 

because the activity values are neither tumor promoting nor tumor inhibiting. These last two 

scenarios may explain why certain studies did not see clear correlations between 

consanguinity and cancer or even concluded that consanguinity may decrease cancer 

incidence (39).

4A separate manuscript (Bacolod et al., in preparation) will describe in detail the genome-wide analysis that relates DNA copy 
number and gene expression level in colon cancer samples. The 20q (gain), 13q (gain), and 18p (loss) arms have the highest 
percentages of dysregulated genes (or genes exhibiting up-regulated/down-regulated expression and copy number gain/loss at the 
same time).

5For the haploid (H) case, the distribution of the gene activity (n) is defined as . The 
values of n range from 0 to 20 (μH = 10 and σH = 3) and are normally distributed. Although n can be a continuous variable within this 
range, the discussion is simplified by assigning only discrete values for n.

6  and , where E(X1 + X2) and 
E(2X1 + X2) are the expected values for the normal diploid (D) and heterozygous triploid (Thet) tumor activity models, respectively. 
These expressions make use of the general property Var(X) = E(X2) − [E(X)]2, where Var(X) is the variance of the random variable X. 
More specifically, 

. The 
random variables X1 and X2 have the same probability density function f(x) but are independent of each other. Simplification results 

into  and .
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The Germline Status of Cancer Genes and How They May Affect Ensuing 

Chromosomal Aberrations

Although generation of chromosomal aberrations is most likely a stochastic process, those 

aberrations providing either a survival or growth advantage are selected during the 

progression of a cancer cell from normal to neoplastic state. Based on our understanding of 

cancer gene activity (above), it would be possible to hypothesize the sequence of events (or 

“genetic pathways”) leading to certain types of chromosomal aberrations. Consider the 

chromosome 5 (which includes APC) profiles of three actual colon cancer samples (cases A, 

B, and C) shown in Fig. 1C.7 First, assume that the genetic pathways that occur in 

chromosome 5 are entirely dependent on the status of APC mutation, and the OncA and 

TspA values (see Fig. 1B) of each allele of the oncogene Onc1 in the p arm, as well as the 

oncogenes Onc2 and Onc3, and tumor suppressor Tsp1 in the q arm. As illustrated in Fig. 

1D, germ-line activity numbers are assigned to each copy (paternal and maternal) of Onc1, 

Onc2, Onc3, and Tsp1 such that the total activity (ΣOncA, ΣTspA) for each gene is not high 

enough to be tumor promoting. Each copy of APC gene, because of its known cancer-

inhibitory function (if not mutated), is given a TspA value of 15, so that a ΣTspA value of 30 

in the germ-line state of each sample would be good enough to be tumor inhibiting. A 

mutated APC is then assigned a TspA of 0, indicating the high-level penetrance of such 

mutation. As we follow the sequence of events for each case, we can see that the location of 

resulting aberrations largely depends on the assigned gene activity for each allele. For each 

case, the first event in cancer progression is the mutation of APC in the paternal 

chromosome (reducing its paternal TspA to 0). In case A, it is followed by mutation of the 

maternal APC copy leading to ΣTspA value of 0 for APC, rendering it a tumor-promoting 

state. The next step would have to be the duplication of either chromosome. Based on the 

germ-line activities of the non-APC genes, we can see that duplicating the maternal rather 

than the paternal chromosome would lead to higher ΣOncA values for all the oncogenes. For 

case B, the second event is the loss of maternal chromosome (whose APC is not mutated), 

which would also make both APC (ΣTspA = 0) and Tsp1 (ΣTspA = 6) both cancer 

promoting. The loss of the maternal chromosome 5 is then followed by amplification (two 

additional copies) of the paternal 5p arm, resulting in an additional cancer-promoting gene 

(Onc1). Case C is characterized by UPD in the 5q arm. Because the initial mutation occurred 

in the paternal arm, the next event would have to be the loss of the maternal 5q arm and the 

duplication of the paternal 5q arm (to totally inactivate APC). We can see that the paternal 

Onc2, Tsp1, and Onc3 were all assigned haploid activity values at the tail of normal 

distribution, closer to cancer-promoting activity values. Thus, after the conversion of 

maternal q arm to paternal q arm, all the four genes in the q arm would have cancer-

promoting activity values. For case C, other options to totally inactivate APC is a mutation 

in the maternal copy, or a loss of the maternal 5q. However, both of these possibilities would 

result in fewer genes with ΣTspA or ΣOncA values appropriate for tumor promotion. Case C 

is different from the first two cases: the somatic UPD event results in all oncogenes and 

tumor suppressors in the q arm having tumor-promoting activities. Thus, whereas copy 

7Some of the data will be included in H. Pincas, et al., Genetic alterations and genomic instability in colorectal cancers: APC and p53 
mutations both correlate with chromosomal instability, in preparation.
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number gain and LOH may increase the tumor-promoting activities of oncogenes and tumor 

suppressors, respectively, a somatic UPD enhances the tumor-promoting activities of both. 

Further, a somatic UPD event (as in case C) may contribute to onset of cancer by disrupting 

the imprint patterns of certain genes. Imagine that the germ-line maternal copy of Onc2 is 

normally imprinted (i.e., hypermethylated at its promoter region), resulting in a lower 

expression level and OncA value (equal to 3). In contrast, the paternal Onc2 is not imprinted 

and highly expressed (OncA equal to 18). The UPD that followed would have caused a loss 

of imprinting in maternal Onc2, resulting in two copies of unmethylated alleles and ΣOncA 

value that is tumor promoting. This is analogous to germinally acquired UPDs that result in 

genetic disorders such as Prader-Willi syndrome (40). Lastly, we must consider the 

possibility that a Tsp can be tumor promoting while haploinsufficient (e.g., the p27Kip1 gene; 

see ref. 41 for review).

Future Directions and Conclusion

We present a model to help understand how autozygosity and UPD may play a role in the 

general context of chromosomal instability and cancer progression. We acknowledge that 

chromosomal instability is complex, with many other factors influencing the type of 

chromosomal aberrations that occur during cancer progression. Our model explains how 

ensuing aberration (gain, LOH, and UPD) may depend on the cancer-promoting activities of 

the alleles within these chromosomal regions. Further, this model considers how autozygous 

regions may initiate cancer progression. Advances in acquiring SNP array data on an 

exponentially increasing number of tumors and matched normal samples not only 

distinguishes between autozygosity and somatic UPDs but will help further elucidate the 

role of autozygosity in cancers.
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Figure 1. 
A, the difference between autozygosity and gene conversion. Both are manifested as long 

stretches of homozygosity between the homologous chromosomes. Although autozygosity is 

acquired germinally, gene conversion occurs during carcinogenesis. B, a hypothetical 

Gaussian distribution of the activity of gene with oncogenic (Onc, upper chart) and tumor 

suppressor (Tsp) properties. There are 21 possible gene variants for the haploid (H) state 

(Onc0, Onc1, . . . Onc20 or Tsp0, Tsp1, . . . Tsp20) with oncogenic or tumor suppressor 

activity ranging from 0 to 20. There are also 212 possible genotypes for the autozygous (A; 
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e.g., Onc1Onc1 and Onc2Onc2) and homozygous triploid (Thom; e.g., Onc1Onc1Onc1 and 

Onc2Onc2Onc2) states. On the other hand, there are 212 possible genotypes for the normal 

diploid (D; e.g., Onc1Onc1 and Onc1Onc2) and heterozygous triploid (Thet; e.g., 

Onc1Onc1Onc1 and Onc1Onc1Onc2) states. This model assumes that for the Onc to be tumor 

promoting, the total oncogenic activity (Σ OncA) needs to be ≥3 μH (or 30), and for Tsp to 

be tumor promoting, the total tumor suppressor activity (ΣTspA) needs to be ≤μH (or 10). 

Although the haploid (H), triploid homozygous (Thom), and triploid heterozygous (Thet) 

states may refer to copy number variations of Onc and Tsp in germ-line genomes, they may 

also refer to aberrations in cancer genomes (with haploid similar to a copy loss state, and 

triploid states similar to gene amplifications). Each probability distribution (H, D, A, Thom, 

and Thet) is a function of μH and σH. μD = 2 μH, ; μA = 2 μH, σA = 2 σH; μThom = 

3 μH, σThom = 3 σH; μThet = 3 μH, . C, chromosome 5 (including APC) profiles 

of three colon cancer samples. These figures were generated from the SNP array 

(Affymetrix 50K Xba) data using the Affymetrix Copy Number Analysis Tool (42) and in-

house programs. The copy number chart indicates deviations from the normal copy number 

of 2 (baseline of the chart). High LOH values (for the charts, the LOH value is capped at 

20), indicated by tall blue bars, represent segments in the chromosome with contiguous 

homozygous SNPs. D, theoretical genetic pathways leading to chromosome 5 profiles of the 

actual colon cancer samples shown in C. Each case starts with a pair of chromosome 5 (P 

and M) with each Onc or Tsp allele having a defined gene activity (OncA and TspA) ranging 

from 0 to 20 (APC was assigned a value of 15 in the germ-line state and 0 in the mutated 

state).
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