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Abstract. Chromosomal instability is a hallmark of cancer. The results of this instability can be observed in the
karyotypes of many cancerous genomes, which often contain a variety of aberrations. In this study we introduce
a new approach for analyzing rearrangement events in carcinogenesis. This approach builds on a new effective
heuristic for computing a short sequence of rearrangement events that may have led to a given karyotype. We
applied this heuristic on over 40,000 karyotypes reported in the scientific literature. Our analysis implies that
these karyotypes have evolved predominantly via four principal event types: chromosomes gains and losses,
reciprocal translocations, and terminal deletions. We used the frequencies of the reconstructed rearrangement
events to measure similarity between karyotypes. Using clustering techniques, we demonstrate that in many cases,
rearrangement event frequencies are a meaningful criterion for distinguishing between karyotypes of distinct
tumor classes. Further investigations of this kind can provide insight on the scenarios by which particular cancer
types have evolved.

1 Introduction

It is well known that many cancerous genomes exhibit abnormal karyotypes. The abnormalities found in
these karyotypes include numerical aberrations, i.e. changes in chromosome copy number, and structural
aberrations, i.e. rearrangements within the genome (see Fig. 1). Some of the malignancies, mostly hemato-
logical ones, are associated with specific patterns of aberrations. A classical example of such association is
between the “Philadelphia chromosome” abberation (a specific translocation between chromosomes 22 and
9) and chronic myelogenous leukemia [17,19]. This translocation leads to the formation of the oncogene
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Fig. 1. A schematic view of an aberrant karyotype (produced by the SKYGRAM converter tool [1]). Chromosomes 1,14, and
18 show structural aberrations, and chromosome 18 shows a numerical aberration. (An ISCN description of this karyotype is
47,XY,der(1)t(1,18)(p36;q921),t(14,18)(q32;921),+der(18)t(12;18)(pl1;q21),+der(18)t(14;18).)

Over the last few decades, intensive research on chromosomal abberations in cancer has led to the
accumulation of large amount of data on cancerous karyotypes. The largest available public depository of



such data is the Mitelman database [15], which contains over 50,000 karyotypes collected from over 8,000
publications. In this study we analyze this database. Our goal is to understand the main abberation types
and their frequency in different cancers. Our hope is that such studies will provide insights and better
understanding of the evolution of karyotypes in specific cancer types.

Traditionally, karyotypes have been constructed using chromosome staining methods, mostly G-banding.
SKY [22] and M-FISH [25] are relatively new molecular cytogenetic techniques that permit the simulta-
neous visualization of all the chromosomes in different colors, considerably improving the detection of
material exchange between chromosomes. The Mitelman database contains primarily karyotypes based on
G-banding. The resolution and the detectable level of details in such karyotypes is lower than what can
be observed with SKY and M-FISH or with novel high throughput methods (e.g. array-based CGH [24]
and ESP [26]). Nevertheless, we chose to focus on the Mitelman database since it is the largest collection
of cancerous karyotypes.

Karyotypes are usually described using the ISCN nomenclature [14]. In this system, every aberrant
chromosome is described using specific rearrangement and numerical events, e.g., translocations, inversions,
deletions, and duplications. Although ISCN attempts to describe the correct set of events leading to the
observed karyotypes, it has almost no ability to do so when there are overlapping rearrangements, e.g. a
chromosome involved in two translocations, each at a different position. Moreover, while the inference of
the events is an easy task for many modestly rearranged karyotypes of hematological disorders, it can be
a computationally hard task when the karyotypes are complex, as often happens in solid tumors.

There are many computational studies analyzing large data sets of cancerous genomes. Most of these
analyses consider a cancerous genome as a collection of chromosomal abberations easily computed from
the data. For example, in a series of studies, reviewed in [12], Hogland et al. analyzed cytogenetic data
from individual tumor types, by inspecting various parameters, including the number of gains or losses of
genomic fragments, the number of aberrations, and the frequency at which bands are involved in breaks.
In another study [21], Sankoff et al. compared the distributions of cancer-related breakpoints, derived
from the Mitelman database, and evolutionary breakpoints, derived from a human-mouse comparative
map. Another important branch of computational studies searches for statistical dependencies between
chromosomal aberrations, usually in the form of tree or directed acyclic graph, such as [6,7,12,11].

Chromosomal aberrations observed in cancer are by and large somatic and thus non-inheritable. When
a rearrangement occurs in a genome of a germ-line cell, it can be inherited by offsprings. Indeed, the
comparison of genomes of related species reveals that genome rearrangements play a significant role during
the evolution of species. In a pioneering paper [20], Sankoff raised the problem of computing a shortest
sequence of rearrangement operations between two given genomes, when genomes are represented by linear
orders of oriented genes. Over the last fifteen years, this problem was intensively studied for many types
of rearrangement events and their combinations, including inversions, translocations, block exchanges,
deletions and insertions (see [4] for a review). All these studies ignored the ploidy in the genomes, i.e., the
number of copies of each chromosome. Since numerical aberrations are prevalent in cancer, every model of
cancer rearrangements must contain both numerical and structural events. This makes the reconstruction
task more complicated and prevents direct use of results from the rich algorithmic literature on germ-line
rearrangements.

The main purpose of this study was to estimate the prevalence of specific types of genome rearrange-
ment events in cancer karyotypes. For this purpose we developed a new efficient heuristic for reconstructing
a sequence of events that best explain the transformation from the normal karyotype into a given cancer
karyotype. We applied this algorithm to over 40,000 karyotypes published in scientific literature, and col-
lected statistics on event frequency across cancer types. The algorithm is deliberately simplistic, mimicking
the process of detecting obvious events and “undoing” them, going back from the given karyotype towards
the normal. As such, it does not guarantee finding the shortest solution or finding any solution. However,
we reasoned that most reported karyotypes are of limited complexity and thus may be amenable to such
approach. Reassuringly, over 98% of the karyotypes were solved by this method. Our study provides for the



first time a broad picture of event frequency in hematological and solid cancers. Our analysis shows that
chromosome gains and losses, reciprocal translocations, and terminal deletions, dominate the evolution of
cancer karyotypes. By using the event frequencies in each karyotype as its profile, we show that many dif-
ferent cancer types have clearly distinguishable profiles, which can be meaningful for further understanding
of the cancers.

This paper is organized as follows. In Section 2 we provide a short background on chromosome aberra-
tions in cancer. In Section 3 we present some basic statistics regarding the complexity of cancer karyotypes.
In Section 4 we describe our heuristic for reconstructing genome rearrangement events for a given kary-
otype. The analysis of the reconstructed events is reported in Section 5. For lack of space, some details are
deferred to an appendix.

2 Background

2.1 Mechanisms for chromosomal aberrations

Many molecular mechanisms are involved in the formation of chromosomal aberrations. The following
mechanisms are reviewed in [2,9, 16, 18].

A double strand break (DSB) is one of the frequent lesions in DNA. The repair of DSBs in eukaryotic cells
is carried out by two main pathways: non-homologous end joining (NHEJ) and homologous recombination
(HR). NHEJ repairs DSBs by directly re-ligating DNA ends, which may create a deletion if sequences
surrounding the lesion were lost. Another potential risk of NHEJ is the ligation of two non-matching
broken ends, leading to genome rearrangements. HR repairs breaks through interaction of a free DNA end
with an intact homologous sequence, which is used as a template to copy missing information prior to re-
ligation. Because of the ability to fill in gaps by copying information from a sister chromatid or homologous
chromosome, HR runs the risk of generating rearrangements through interaction of similar sequences on
non-homologous chromosomes or regions. In particular, HR may extend to the end of a chromosome,
resulting in a duplication of the whole “tail” of that chromosome.

Another possible lesion to the DNA is the loss of a telomere. The telomeres protect the ends of chromo-
somes from fusion with other ends. Thus a chromosome end that lacks a functioning telomere tends to be
adhesive and may initialize a breakage-fusion-bridge process [13]. Stabilization of the genome occurs only
through the net gain of a telomere, either through duplications of protected chromosome ends, or by direct
telomere addition. Indeed, telomerase activity has been detected in the majority of malignant epithelial
tumors [8].

A direct cleavage through a centromere generates two telocentric (i.e. single-arm) chromosomes, each
containing a portion of the kinetochore (the functional component of an active centromere). Non-disjunction
of sister chromatids of a telocentric chromosome results in the formation of an isochromosome or isoderiva-
tive, i.e. a chromosome with two identical, mirror-image arms.

As elaborated above, DSBs, telomeres dysfunction and centric fissions may lead to structural aberra-
tions. Numerical aberrations may occur when genes involved in chromosome segregation or cytokinesis are
deregulated. In particular, failure in cytokinesis (e.g. endomitosis) and multipolar mitoses may alter the
ploidy of the genome.

2.2 The Mitelman database

The “Mitelman database of chromosome aberrations in cancer” [15] (henceforth abbreviated MD) contains
the description of cancer karyotypes manually culled from the literature over the last twenty years. For our
analysis we used the version of March 27, 2007, which contained 53,573 cancerous karyotypes, collected
from 8748 published studies. The karyotypes in the database are represented in the ISCN format and can
be automatically parsed and analyzed by the software package CyDAS [10]. We shall use here a simplified



version of ISCN for representing karyotypes (see Appendix A). We refer to a karyotype as walid if it can
be parsed by CyDAS without any errors. According to our processing, 47,045 (87.8%) of the records were
valid karyotypes.

2.3 Complex karyotypes

When the cytogeneticist analyzes a sample, several cells are checked. Each abberation described in a
cancerous karyotype must be present in at least two cells in the described sample. In some cases the cell
population may be non-homogeneous, and contain cells with several distinct karyotypes, resulting from
evolution of the cell population during the development of the cancer. A homogeneous cell sample is
described by a simple karyotype, and a non-homogeneous one has a complex karyotype, which consists of
several karyotype species. In this study we derive simple karyotypes from complex karyotypes and analyze
each of them independently.

About 17% of all valid karyotypes in MD are complex. The total number of simple (valid) karyotypes
that we deduced from MD is 57941 (33% of which originate from complex karyotypes). For the rest of this
paper we assume that every analyzed karyotype is simple.

3 Basic statistics on karyotype complexity

In this section we present some simple statistics based on the MD regarding the complexities of cancerous
karyotypes. Human malignancies can be divided into two main categories: hematological disorders and
solid tumors. Our first step was to distinguish between hematological malignancies and solid tumors.
The type of neoplasia can be identified by its morphology, i.e. the cancer classification based on neoplasm
histology, and its topography, i.e. the tumor site (applicable only for solid tumors). Based on the morphology
and topography descriptors of each karyotype, we partitioned the karyotypes in the database into three
categories:

e HEMA: hematological neoplasms, e.g.: leukemia, myeloma, lymphoma.
e BENIGN: solid benign tumors, e.g.: meningioma, leiomyoma, lipoma.
e SOLID: solid malignant tumors, e.g.:adenocarcinoma, Wilms tumor, malignant melanoma.

The HEMA category covers 71.2% of the valid simple karyotypes derived from the MD, while SOLID
and BENIGN cover only 22.9% and 5.9% respectively. In the following, we compare the distributions of
simple variables defined on karyotypes between these categories. We define a chromosome as abnormal if
it does not match any chromosome in the standard normal karyotype. As expected, the distribution of
the number of abnormal chromosomes per karyotype had the longest tail for solid tumors, while benign
and hematological karyotypes seldom have more than five abnormal chromosomes (Fig. 5-a). The number
of fragments (maximal contiguous interval in the normal) per an abnormal chromosome (Fig. 5-b) had a
similar distribution across categories, with less than 1% of the abnormal chromosomes having four or more
fragments. We defined karyotype ploidy level as ”;r:,)nj, where n is the total number of chromosomes. As
expected, solid tumors tended to have higher ploidy, reflecting their higher complexity (Fig. 5-¢). Multicen-
tric chromosomes (i.e. chromosomes with more than one centromere) are considered non-stable, as each of
the centromeres in these chromosomes may be passed to opposite poles in the mitotic anaphase. Interest-
ingly, all three categories had some 2-4% of karyotypes with multicentric chromosomes (Fig. 5-d). Overall,
the difference between the categories are quite subtle. Karyotypes of solid tumors, in particular malignant
solid tumors, tend to have more complex abnormal chromosomes and ploidy changes, in comparison to
hematological malignancies.

Do the statistics above - as well as those we shall report later - reflect the distributions of properties
in cancer karyotypes “in the real world”? The answer is probably no. For example, although up to 80%
of all human malignancies are solid, most of the karyotypes in MD belong to hematological malignancies.




One major reason for this bias is the difficulty in cytogenetically analyzing solid tumors. Solid tumor
genomes often demonstrate poor visual quality during metaphase. Moreover, the karyotypes of solid tumors
are often much more complex and thus more difficult to interpret. In addition, the database contains
reported karyotypes from the literature, and there is a bias in this reporting. For example, the hematological
karyotypes in MD are probably of higher complexity than those simple cases seen regularly in the clinic,
which are not deemed publish-worthy as they are too simple or fully understood. While this means that
the statistics we are collecting should be interpreted with caution, we believe they can still be useful
in understanding how to model cancer evolution on the karyotype level and how different classes and
subclasses differ.

4 A sorting algorithm

In this section we describe an algorithm, which we call SKS (Simple Karyotype Sorter), for reconstructing
the sequence of rearrangement events (structural and numerical) that have led from the normal karyotype
to a given cancer karyotype. We call this process sorting the karyotype. The SKS algorithm aims to mimic
the intuitive way a cytogeneticist would perform this task, i.e., starting with the cancer karyotype and
going backwards towards the normal karyotype one event at a time, taking the simplest and most evident
step whenever possible. The SKS algorithm is a heuristic and does not guarantee finding an optimal or
even finding any solution sequence when one exists. In Section 5 we shall report on the performance of this
heuristic on the MD karyotypes.

4.1 An abstract data structure of a karyotype

A chromosome is indefinite if its description includes unknown items. For example, 7—7? and 1pter—1p? are
indefinite chromosomes. Note that a definite chromosome may contain uncertain items, e.g. 1pter—1p?12.
Similarly, a karyotype is definite if it contains only definite chromosomes. In what follows we analyze only
definite karyotypes, and ignore any uncertainties, e.g. 1p?12 will be considered as 1p12. As can be expected,
the percentage of indefinite karyotypes in malignant solid tumors (39.6%) is higher than in hematological
neoplasms (28%), and is the lowest for benign tumors (24.2%). Hence, the overall number of karyotypes
we analyze here is 40,298.
We represent a karyotype K by the following abstract data structure:

o Abnormal_Chrs(K): A set of distinct, orientation-less, abnormal chromosomes. For each abnormal chro-
mosome in Abnormal_Chrs(K) we maintain its multiplicity and list of fragments.

e multiplicity: a mapping assigning to each normal chromosome id (i.e. 1, ... ,22, X, Y) its multiplicity
in K.

4.2 Orphan fragments

Denote by Frags(K) the multiset of fragments found in Abnormal_Chrs(K). A fragment in Frags(K) is
orphan if there is no other fragment in Frags(K) from the same normal chromosome. For example, suppose
Abnormal_Chrs(K) = {9pter — 9q32::1p36 — 1pter, 14qter — 14p21::9q32 — 9qter, 14p21 — ldqter}
then Frags(K) = { 9pter — 9q32, 9932 — 9qter, l4dqter — 14p21 x 2, 1p36 — lpter} and K contains
exactly one orphan fragment: 1p36—1pter.

The easiest way to explain an occurrence of an orphan fragment is by a translocation event followed
by a loss of one of the two resulting abnormal chromosomes. For an acentric orphan fragment there is
an alternative, less conservative explanation: The orphan fragment resulted from a duplication during a
process of HR DSB-repair (recall Section 2.1). In Section 5.2 we describe some statistics regarding acentric
orphan fragments that suggest the latter explanation is more likely for many cases.



4.3 Algorithm SKS

The SKS algorithm computes a sequence of events S = pi,...,p; that transforms a normal karyotype
into a given (cancerous) karyotype K. Starting from K and applying the corresponding inverse operations
St =p; L ,,0;1 generates a normal karyotype. The SKS algorithm works in two phases. First, all the
abnormal chromosomes are sorted. Then, simple numerical operations “correct” the multiplicities of the
normal chromosomes.

We need a few definitions first. A fragment is centric if it contains a centromere, and acentric otherwise.
Let f and g be two fragments from the same normal chromosome. The concatenation f::g is an adjacency
if f and g have exactly one shared band - which is their fused ends. For example, 1pter—1p11::1p11—1q22
is an adjacency. In this case, f and g are said to be complementing. Fragments f, g € Frags(K) are uniquely
complementing if no other fragment h € Frags(K) is complementing to f or g. The types of rearrangement
events that we consider will be introduced in the description of algorithm.

Initialization. We first detect simple changes in the karyotype ploidy as follows. Let u and g be the the
median and greatest common divisor of all distinct chromosome multiplicities (both normal and abnormal)
respectively. Clearly, . > g. Suppose g > 1. In this case we divide all chromosome multiplicities by d = g.
A single exception is when p = g and g is even - in this case we divide by d = ¢g/2 (instead of by g). If the
chromosome multiplicities were changed (i.e. d > 1) - we set S = {p}, where p is a corresponding PLOIDY
CHANGE event.

Phase I: Sorting the abnormal chromosomes. The abnormal chromosomes are sorted by repeatedly
detecting and undoing one of the following events. The phase ends successfully if there are no more abnormal
chromosomes, and ends with failure if there are still abnormal chromosomes but no additional event is
detected.

e CHR GAIN: A chromosome gain is a duplication of a complete chromosome. To detect such event, seek
an abnormal chromosome, chr, whose multiplicity, m, is greater than 1. Perform the inverse operation,
i.e., the removal of one copy of chr, decreasing its multiplicity to m — 1.

e ISOCHROMOSOME CREATION: Detect any iso-chromosome or iso-derivative (see Sec. 2). Perform
the inverse operation, by removing one of the identical arms.

e TRANSLOCATION and FISSION: A translocation is the exchange of tails between two chromosomes;
a fission is the split of one chromosome into two contiguous segments. Let f and g be two uniquely
complementing fragments found on different chromosomes. Then there are two possible cases. In the
first case, the complementing ends of both f and g correspond to chromosome ends. In this case, a
FISSION event is detected and the inverse operation is a simple fusion of f and ¢ in their complementing
ends (i.e. chromosome fusion). The latter case is when at least one of the complementing ends of f
and g is fused to another fragment. In this case, a TRANSLOCATION event is detected and the inverse
translocation that fuses the complementing ends of f and ¢ is applied to K.

e INVERSION: An inversion is the reversal of a DNA segment within a chromosome. This event is
detected for a pair of uniquely complementing fragments, f and g, on the same chromosome, that have
different orientation. The inverse operation is an inversion that fuses the complementing ends of f and
g. For example, suppose the chromosome containing f and g is of the form f::hi::—g::hs, where —g
is the inverse of g and f :: g is an adjacency. In this case, the detected INVERSION event inverts the
segment hj:i—g.

e TANDEM DUP: A tandem duplication creates two identical consecutive fragments on the same chro-
mosome creating h = f1 1 fo i1 fo it f3. For example, 1pter—1q44::1q31—1qter is a tandem duplica-
tion since 1pter—1q44 = 1pter—1q31::1q31—1q44 and 1q31—1qter = 1q31—1q44::1q44—1qter. When
identifying such a repetition, simply remove it, forming h = f; :: fo :: f3.



e INTERNAL DELETION: An internal deletion of a fragment within a chromosome is discovered as
follows. Detect a non-adjacency pair of concatenated fragments, f::g, for which there exists a fragment
h such that (i) f::h and h::g are adjacencies, and (ii) h does not contain in its span any fragment in
Frags(K). Replace f::g by fragment [’ = f::h:g.

e TAIL DELETION: A deletion of a chromosome tail (acentric end fragment) is detected by identifying an
abnormal chromosome end lacking a pter or a qter, and whose complementing fragment, f,is (i) acentric
and (7i) does not contain in its span any fragment in Frags(K). To undo the operation, concatenate f
to the chromosome’s end such that a new adjacency is formed.

e ACENTRIC ORPHAN TAIL: Detect an acentric orphan fragment f that is found on one end of an
abnormal chromosome. Eliminate this aberration by a removal of f.

e CENTRIC ORPHAN FUSION: Detect a multicentric chromosome chr containing a centric orphan f.
To undo the operation, perform a fission of chr near f such that each of the resulting two chromosomes
contains a centromere.

Phase II: Gain/loss events and ploidy changes. If this phase is reached the current karyotype K
satisfies Abnormal_Chrs(K) = (). Define u(K) as the median multiplicity of all chromosomes in K (for
gain/loss computations we consider the sex chromosomes as homologs). For any chromosome chr whose
multiplicity differs from p(K), adjust its ploidy to u(K) by CHR LOSS or CHR GAIN events. Then, when
the ploidy of all chromosomes is u(K), adjust the ploidy globally to 2 by prepending a corresponding
PLOIDY CHANGE event to S.

5 Experimental results

We ran algorithm SKS on each of the 40,298 definite simple karyotypes derived from MD. We say that
a karyotype is sortable if SKS transforms it successfully to the normal karyotype. Table 1 shows that the
vast majority (>98%) of the karyotypes are sortable. Hence, our rather naive heuristic, which makes only
straightforward moves, performs very well on the MD karyotypes.

Table 1. Sortability of MD karyotypes. Numbers are percent out of the karyotypes in each category.

HEMA |BENIGN|SOLID| ALL
Sortable - numerical aberration only | 21.8% 41.1% | 43.8% |27.4%
Sortable - with structural aberrations| 76.7% 56.7% 54.3% [71.0%
Not sortable 1.5% 2.2% 1.9% |1.7%

5.1 Event rates

Figure 2-a presents the average number of each type of event per karyotype in our reconstruction. The
most prevalent reconstructed events in all categories are chromosome gains and losses, tail deletions and
translocations. In contrast, most other events are relatively rare, occurring in a tenth of the karyotypes or
even less. For example, the translocation rate is 0.54 per karyotype, while inversion rate is only 0.06'. Note
that while the events of chromosome gain and loss and tail deletion are dominant in the arrangement of
malignant solid tumor karyotypes, translocations are relatively more frequent in hematological karyotypes.

Translocations are called reciprocal of both of the exchanged fragments are non-empty. Our analysis
shows that most (>96%) reconstructed translocations are reciprocal (Fig. 2-b). Additional support to this
observation is obtained by analyzing the breakpoint graphs of karyotypes (Appendix B). Interestingly, non-
reciprocal translocations are more than twice as common in solid tumors than in hematological karyotypes.

! The surprisingly low inversion rate should be taken with caution: clearly, only relatively long inversions covering several
bands are detectable in G-banded karyotypes in MD.
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Fig. 2. Frequencies of each rearrangement event. Numbers are based on applying the sorting algorithm to all valid simple karyotypes
in the database. (a) The average number of events per karyotype. (b) Average number of reciprocal and non-reciprocal translocations.

5.2 The origin of ACENTRIC ORPHAN TAILS

For a fragment f € Frags(K), let chr(f) be the normal chromosome of f. Figure 3 presents the distributions
multiplicity(chr(f)), for centric orphan fragments and for acentric orphan tail fragments. For comparison,
we include the distribution of chr(i), i € {1,...,22}, after all abnormal chromosomes have been sorted
(i.e. at the completion of Phase I of SKS algorithm). As can be expected, the ploidy of normal autosomal
chromosomes is mostly 2. The ploidy of the normal chromosome of centric orphan fragments is usually
1. Thus the most reasonable explanation is that centric fragments evolved from normal chromosomes by
translocations or tail deletions. Surprisingly, the ploidy of the normal chromosomes of acentric tail orphans
is mostly 2. Since most (98%) of these acentric orphan fragments have one complete end (i.e. pter or gter),
this suggests that many of these acentric orphan fragments are the result of a tail duplication event, caused
by the HR DSB repair mechanism (see Section 2.1). The alternative scenario is a translocation event, and
an additional event of chromosome gain. The latter explanation is more complex and hence less likely.

HEMA BENIGN SOLID
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Fig. 3. Orphans and their parent chromosomes. The plots show the distributions of the multiplicity of normal chromosomes corre-
sponding to acentric orphan tail fragments, and to centric orphan fragments. For comparison, each plot also includes the multiplicity
of normal (autosomal) chromosomes, after all abnormal chromosomes have been sorted. The distributions are computed separately
for categories HEMA, BENIGN and SOLID.



5.3 Rearrangement events as characteristics of cancer classes

Are the events that constitute the history of karyotypes, as reconstructed by the SKS algorithm, meaningful
to understanding and distinguishing the different cancer types? To answer this question, we defined several
similarity measures between distinct karyotypes, using the event rates reconstructed by the algorithm, and
used them to compare cancer classes. Our analysis focused on karyotypes from 14 cancer classes, containing
60-885 karyotypes each (See Tables 2 and 3 for the class descriptions and detailed results). In our tests
below we called a test significant if it attained p-value < .0001, after Bonferroni correction for multiple
testing.

Clustering cancer classes by their event profiles. For a karyotype K we define its event profile,
v(K), as a vector whose entries are the frequencies of each event in K (event order is as in Fig. 2a, bottom
to top). For example, v(K) = (2,0,2,1,0,1,0,0,0,0,0,0) for the karyotype K in Fig. 6. Given a set of
karyotypes we define the average event profile as the coordinate-wise average of the event profiles of the
karyotypes. Using Pearson correlation as a similarity measure, we applied an average linkage hierarchical
clustering algorithm [23] on the average profiles of the 14 classes. As can be seen in Fig. 7, related cancers
tend to cluster close to each other, implying they have similar average event profiles.

Partitioning karyotypes by event profiles. Let C'| and Cs be two distinct cancer classes, and let
{2 = C7 U (5. Can the karyotypes in {2 be distinguished, as to which belongs to 'y and which belongs to
(3, by their event profiles? We partitioned (2 into two clusters, D; and Ds (2 = Dy U Ds), by applying k-
means clustering [23], with & = 2, on the event profiles in {2, and using Pearson correlation as the similarity
measure. We measured the p-value of the correspondence between the new partition, {D1, D2}, and the
original one, {C1, Ca}, using the hypergeometric distribution (see Appendix C for details). We performed
this test for all (124) = 91 pairs of classes. 26 (28.6%) of the tested pairs were significant.

Partitioning karyotypes by total event frequency. We define NEvents as the total number of re-
constructed events for the karyotype (i.e., the sum of the entries in v(K)). Given 2 = Cy U Cy as before
and an integer t, let Dit) = {K € 2 : NEvents(K) < t} and Dét) = {K : NEvents(K) > t}. We com-
puted the p-value of the match between {Dgt), Dét)} and the original partition, for ¢ = 0,...,9. 45 of the
91 pairs (49.5%) had a significant NEvents-based partition. We repeated the same test with the NAPT
score [12], which is the number of aberrations in the karyotype’s ISCN description?. NEvents and NAPT
are different indicators of a karyotype’s complexity. Interestingly, although NAPT is much less exact than
NEvents, 53.8% of the tested pairs had a significant NAPT-based partition. A possible explanation is that
the relatively large differences between the classes are captured better by a cruder measure. On the other
hand, there is meaningful additional information in individual events. For example, 76.9% of the significant
partitions based on event profiles had p-values lower than the corresponding partitions based on NEvents
and NAPT, and 6 (14.3%) of the non-significant NAPT-based partitions had corresponding significant
partitions based on event profiles.

Partitioning karyotypes using a single type of event. For each type of event, e, let SEvent(e) be the
number of reconstructed events from type e. For example, SEvent(CHR GAIN) is the number of CHR GAINs
(i.e. the first entry in the event profile). Our last test was to partition {2 using SEvent(e), for each type
of event e, in the same fashion as above. Due to the relatively low values, we checked only five thresholds
(t =0...4) for each type of event. Surprisingly, 81.3% of the tested pairs had a significant SEvent-based
partition. The lowest p-values were achieved for partitions based on TRANSLOCATIONs (35.6%), CHR
LOSSes (27.4%), and CHR GAINs (16.9%).

2 The NAPT score is calculated by simply counting the number of comma-separated tokens in the ISCN description, disre-
garding the first two tokens that correspond to the total number of chromosomes and the sex chromosomes description. For
example, the NAPT score for the karyotype in Fig. 1 is 5.
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6 Conclusion

In this paper we presented novel methods for analyzing and comparing aberrant karyotypes observed in
hematological malignancies and in solid tumors cells. We presented a simple yet effective heuristic (the
SKS algorithm) for sorting aberrant karyotypes. On over 40,000 karyotypes of the Mitleman database, the
algorithm attained a very high success rate (98%) in sorting the karyotypes. We believe that this shows
that on such karyotypes of moderate complexity, the set of rearrangement events reconstructed by our
algorithm (though not necessarily their order) is a close approximation of the actual gross chromosomal
rearrangements that occurred in their evolution. Our analysis implies that the evolution of aberrant kary-
otypes in somatic cells is dominated by four events: chromosome gains and losses, reciprocal translocations
and terminal deletions. The prevalence of chromosome gains and losses is expected, since these events
are more easily detected than other more local events, e.g. inversions. Nevertheless, these results empha-
size that duplication and deletion events must play a key role in any computational modeling of genome
rearrangements in cancer.

By using clustering techniques, we demonstrated that karyotypes belonging to the same cancer class
have characteristic event rates, since they often have more similar event frequencies than karyotypes belong-
ing to different classes. Moreover, this suggests that carcinogenesis involves different pathways of gaining
chromosomal aberrations for different cancer classes, and further analysis may shed light on the events
characterizing different pathways.

One of the goals of this study was to lay the factual foundations for proposing a mathematical model of
somatic genome rearrangements that will allow an accurate, non-heuristic systematic analysis of aberrant
karyotypes. The simplest model that can generate the spectrum of the aberrations observed in cancerous
karyotypes includes four types of events: chromosome gain and loss, breakage, and fusion. For example,
a reciprocal translocation can be mimicked by two breaks followed by two fusions. While this simplistic
model favors non-reciprocal translocations over reciprocal ones, our study observed the opposite preference
in the MD karyotypes. Thus, a more realistic model should consider reciprocal translocations as atomic
operations, to reflect the increased probability of their occurrence. Another operation that is worth con-
sidering is the duplication of a segment in an existing chromosome (see Section 5.2). Our hope is that a
computational investigation of many reconstructed rearrangement sequences will help in pointing out the
dominant scenarios through which chromosomal aberrations evolve in specific types of cancer.
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Appendices
A Formal representation of karyotypes

A chromosome is divided by its centromere into two arms: a short arm, denoted p, and a long arm,
denoted ¢. Every chromosome arm is partitioned into bands. The bands in each arm are numbered, starting
from the centromere, whose assigned to the number 10. The symbol ter indicates the (normal) end of a
chromosome arm. A position in the chromosome is identified by three fields: (i) chromosome, (i) arm, and
(i4i) band designation (either a number or ter). For example, 1p11 corresponds to band 11 in the long arm
of chromosome 1; 2p10 and 2q10 both refer to the centromere of chromosome 2; 3pter is the (normal) end
of the short arm of chromosome 3.

We refer to a chromosome as abnormal if its structure is abnormal. Abnormal chromosomes are defined
by their band composition. In the following, we describe abnormal chromosomes in a similar (but not
identical) manner to the detailed system of ISCN [14]. The term fragment refers to a continuous interval of
a normal chromosome, identified by the positions of its two ends. When a fragment appears in a chromosome
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it has an orientation, denoted by an arrow symbol — between its two ends. For example, 2p12—2qter is a
fragment of chromosome 2 that starts in band 2p12 and ends in band 2qter. Two fragments are identical
if the corresponding chromosome intervals are identical (disregarding orientation). A double colon (::)
indicates a concatenation of two fragments. For example, a concatenation of 1p36—1pter to the end of
9pter—9q32 is denoted as 9pter—9q32::1p36—1Ipter. An abnormal chromosome is presented as a list a
concatenation of fragments?.

The description of a karyotype may contain question marks (7) to indicate uncertainties or unknown
items. A question mark may be placed either before an uncertain item, or it may replace an unknown
chromosome, arm, or band designation. For example, 1p?12 indicates a questionable identification of band
number; 5p? represents an unknown band designation.

B Using cycles and paths for analyzing translocation types

For a cancerous karyotype K we define its breakpoint graph, G(K), similarly to [3], as follows. The vertices
of G(K) are the ends of the fragments in Frags(K). The edges in G(K) are colored either black or gray.
Black edges correspond to fused ends in K. Grey edges correspond to complementing ends. For an example,
see Fig. 6-c-1.

Let S be a sequence of events reconstructed for K by SKS. Each of the inverse operations for INVER-
SION, TRANSLOCATION, and FISSION events, forms one or two new adjacencies by fusing complementing
ends. Let G(K, S) be the subgraph of G(K) induced by (i) the set of black edges, and (i) the grey edges
corresponding to pairs of fused complementing ends during the reconstruction of INVERSION, TRANSLO-
CATION, and FISSION events in S. See Fig. 6-c-2 for an example. It follows that G(K,S) is composed of
simple cycles and paths. The length of a cycle or path in G(K,.S) is the number of grey edges in it. Note
that while a path of size [ corresponds to [ reconstructed events, a cycle of the same length corresponds
only to I — 1 events. We define the caliber of a path or cycle to be the number of corresponding events.
A path or a cycle with caliber greater than 1 imply a breakpoint reuse, i.e. a break of a formerly created
fusion. Figure 4 depicts the average numbers of cycles and paths in a karyotype, for each caliber. It is quite
clear that cycles are much more prevalent than paths, even in solid tumors, which indicates that reciprocal
translocations are indeed more favored than non-reciprocal ones. Moreover, both structures, cycles and
paths, usually have a small caliber.

C Measuring the significance of a partition

In this section we describe the standard hypergeometric score that was used for evaluating the match of
two partitions. Let {C1,Ca} and {D;, D2} be two partitions of 2. Let n = [2|, n; = |Ci|, m = |D],
and k = |Cy N Dy|. Hence k < min{n;, m}. The significance of the correspondence between {D1, Do} and
{C1,C3} can be evaluated by the probability of having |C' N Dy| > k where C’ C 2 is randomly chosen
and |C’| = ny. This probability is given by:

min{ni,m} (m) (n,m)

plnymong k)= Yy ~Homid
= G

ni

The smaller p(n, m,n1, k), the more significant the correspondence between D; and C;. To compare D
with Cy, we compute p(n,m,n — ny,m — k). The final p-value for the partition {D;, Dy} is thus

p-value({ D1, D2}, {C1,C2}) = 2min{p(n, m,n1, k), p(n,m,n —ny,m — k)}.
(The multiplier 2 is due to Bonferroni correction for multiple testing.)

3 The exception for this are homogenously staining regions (HSRs), which are regions that contain multiple copies of small
DNA fragments. Thus a stained HSR is uniform in appearance (no bands) and its content cannot be identified by cytogenetic
methods.
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Fig. 4. The distributions of the average numbers of cycles and paths in a karyotype.

Table 2. Cancer classes.

class ID|class name #karyotypes
27 |HEMA-Acute monoblastic leukemia without differentiation (FAB type Mb5a) 332
28 |HEMA-Refractory anemia with excess of blasts 885
31 |HEMA-Refractory anemia 875
34 |HEMA-Refractory anemia with ringed sideroblasts 230
36 |HEMA-Acute myeloblastic leukemia with minimal differentiation (FAB type MO) 286
43 |SOLID-Adenocarcinoma-Breast 590
52 |HEMA-Acute monoblastic leukemia with differentiation (FAB type M5b) 196
58 |HEMA-Refractory anemia with excess of blasts in transformation 424
70  |SOLID-Adenocarcinoma-Kidney 859
111 |BENIGN-Benign epithelial tumor special type-Breast 97
112 |SOLID-Adenocarcinoma-Large intestine 208
118 |BENIGN-Adenoma-Large intestine 149
143 |SOLID-Adenocarcinoma-Ovary 119
577 |BENIGN-Benign epithelial tumor NOS-Breast 60

13
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Table 3. Partition p-values for pairs of cancer classes in Table 2. The p-values presented are after the Bonferroni correction for
multiple testing.

Class 1|Class 2|event profile]| NEvents | NAPT | SEvent Class 1|Class 2|event profile]| NEvents | NAPT | SEvent
27 28 | 1.00E+00 |3.11E-03 | 7.11E-03 | 3.32E-69 27 31 | 1.00E400 |2.63E-09 | 1.78E-10 | 1.45E-98
27 34 1.13E-04 | 7.99E-03 | 5.15E-03 | 1.85E-46 27 36 2.69E-09 |1.00E-+00{1.00E+400| 4.50E-17
27 43 4.50E-13 | 4.52E-03 | 2.05E-05 | 8.04E-37 27 52 | 1.00E400 | 7.68E-02 | 1.10E-02 [1.00E400
27 58 1.18E-06 [1.00E+4-00{1.00E-+00| 3.49E-30 27 70 | 1.00E400 | 1.18E-25|2.95E-27 | 3.21E-83
27 111 2.82E-01 |3.38E-01|5.89E-02 | 1.01E-10 27 112 3.42E-17 | 1.12E-07 | 4.47E-07 | 3.93E-51
27 118 1.48E-31 |5.12E-05 | 8.54E-05 | 4.73E-43 27 143 6.47E-31 |6.05E-10 | 1.42E-09 | 7.13E-26
27 577 8.92E-23 |1.02E-14 | 5.15E-18 | 1.02E-24 28 31 1.00E+00 |1.47E-02|1.78E-06 | 1.60E-10
28 34 | 1.00E400 |1.00E+00{1.00E+00|1.00E+4-00 28 36 | 1.00E+00 |1.00E+00{1.00E+00| 2.68E-07
28 43 | 1.00E400 |3.33E-06 | 1.07E-02 | 3.41E-16 28 52 | 1.00E400 |4.78E-02 | 5.89E-02 | 6.32E-32
28 58 | 1.00E+00 |4.17E-01 | 7.66E-01 | 1.97E-03 28 70 | 1.00E+00 | 1.36E-55 | 1.33E-55 | 2.83E-45
28 111 | 1.00E+4-00 |1.00E+4-00| 3.35E-02 | 6.97E-03 28 112 | 1.00E+00 | 2.06E-12 | 2.36E-11 | 8.86E-11
28 118 1.36E-01 |3.33E-07 | 9.73E-08 | 1.58E-23 28 143 9.20E-01 |1.97E-13 | 3.61E-13 | 4.90E-11
28 577 | 1.00E4+00 |4.47E-18|8.04E-25 | 5.11E-19 31 34 | 1.00E4-00 |7.67E-01 | 1.67E-01 | 1.90E-01
31 36 2.57E-02 |1.49E-04 | 2.84E-06 | 8.75E-21 31 43 9.10E-03 |1.55E-14 | 1.17E-12 | 2.06E-38
31 52 1.00E+00 |2.48E-01 |1.00E4-00| 1.72E-50 31 58 4.16E-01 |4.92E-07 | 5.52E-08 | 6.22E-15
31 70 1.56E-15 | 7.16E-74 | 1.05E-92 | 1.96E-92 31 111 | 1.00E4-00 |1.23E-03 | 6.85E-07 | 2.26E-09
31 112 1.06E-08 |2.49E-22 | 5.80E-22 | 8.68E-22 31 118 1.88E-22 |5.32E-14 | 3.94E-17 | 1.31E-33
31 143 1.00E-13 |6.67E-22 | 7.74E-27 | 1.92E-20 31 577 | 1.00E400 |1.52E-26 | 7.82E-34 | 6.39E-30
34 36 2.59E-01 |6.59E-01 [1.00E+4-00| 7.52E-08 34 43 | 1.00E400 |9.69E-03 | 3.03E-01 | 6.82E-09
34 52 1.00E+00 | 3.78E-01 |1.00E+-00| 2.48E-26 34 58 1.00E4-00 |1.00E+4-00{1.00E4-00| 1.17E-04
34 70 1.90E-01 |1.21E-25|2.68E-25 | 1.76E-29 34 111 | 1.00E+00 |1.00E+00]| 9.73E-02 | 2.77E-03
34 112 8.69E-04 | 8.19E-07 | 8.94E-07 | 1.31E-08 34 118 2.80E-15 | 3.86E-05 | 5.25E-05 | 1.23E-18
34 143 1.93E-03 |1.13E-09 | 2.63E-10 | 6.71E-09 34 577 | 1.00E+00 |2.19E-14 | 3.24E-17 | 8.09E-13
36 43 | 1.00E4-00 |3.29E-02 | 5.67E-01 | 5.60E-01 36 52 2.22E-06 |9.93E-02 | 6.79E-03 | 6.37E-06
36 58 | 1.00E+00 |1.00E+00(1.00E+4-00| 2.54E-02 36 70 | 1.00E400 |8.34E-23|3.47E-24 | 3.47E-39
36 111 3.60E-01 |1.00E+400]| 3.15E-01 |1.00E+00 36 112 4.51E-01 |8.74E-07 | 2.73E-06 | 2.37E-11
36 118 6.02E-09 |1.24E-04|1.69E-04 | 2.70E-10 36 143 3.13E-05 |2.72E-09 | 5.01E-09 | 1.26E-08
36 577 | 1.00E4+00 |4.91E-14 | 6.17E-17 | 4.32E-17 43 52 1.61E-03 |5.65E-06 | 6.87E-03 | 6.59E-15
43 58 1.17E-01 |7.66E-01 | 1.26E-01 | 3.42E-10 43 70 1.00E+00 |1.13E-33 | 1.36E-39 | 4.04E-66
43 111 | 1.00E+4-00 |1.00E+-00|1.00E+00{1.00E+00 43 112 1.41E-03 |1.05E-02 | 3.59E-04 | 5.87E-12
43 118 | 1.00E400 | 2.17E-02 | 1.32E-04 | 4.09E-14 43 143 | 1.00E+00 | 1.08E-04 | 1.69E-07 | 7.25E-06
43 577 3.10E-10 |2.27E-10|5.85E-16 | 1.36E-15 52 58 1.30E-13 |9.73E-04 | 3.28E-02 | 2.68E-12
52 70 2.39E-63 | 9.88E-31 | 1.96E-31 | 1.46E-53 52 111 | 1.00E4-00 |3.56E-02 | 1.08E-02 | 1.40E-04
52 112 7.15E-40 |8.01E-10|1.61E-08 | 1.10E-30 52 118 4.17E-33 | 4.07E-08 | 2.86E-07 | 5.38E-27
52 143 1.01E-19 |1.02E-13 | 7.03E-13 | 7.22E-15 52 577 5.81E-20 |2.43E-17|3.39E-18 | 2.11E-23
58 70 1.00E+4-00 | 1.82E-28 | 2.61E-30 | 1.15E-31 58 111 | 1.00E+00 |1.00E+00| 6.47E-01 | 2.08E-02
58 112 | 1.00E+00 | 6.64E-05 | 1.45E-04 | 6.24E-08 58 118 | 2.52E-03 |9.20E-03 | 4.91E-03 | 3.66E-15
58 143 | 1.00E4-00 | 3.72E-07 | 2.73E-08 | 5.12E-09 58 577 | 1.00E4+00 |6.84E-12|2.43E-15 | 4.37E-15
70 111 | 1.00E4-00 |9.84E-10 | 1.01E-10| 5.51E-14 70 112 5.15E-01 |5.92E-12 | 3.21E-07 | 3.82E-16
70 118 6.20E-11 |4.41E-09 | 2.25E-05 | 2.97TE-21 70 143 2.90E-01 |3.03E-01|2.42E-01 | 1.62E-13
70 577 2.46E-02 |5.29E-02 | 3.37E-06 | 2.78E-08 111 112 5.61E-01 |4.46E-01|6.85E-01 | 8.46E-05
111 118 1.00E-06 |2.51E-01|2.38E-02 | 1.09E-12 111 143 | 1.00E4-00 | 4.56E-03 | 2.72E-02 | 1.33E-04
111 | 577 | 1.00E+400 |7.50E-08 | 1.02E-10 | 9.46E-09 112 118 | 2.77E-03 |1.00E-+00(1.00E4-00| 6.93E-05
112 143 | 1.00E400 | 1.59E-01 | 8.58E-01 [1.00E+00 112 577 5.07E-05 |4.23E-07|2.92E-07 | 4.15E-05
118 143 3.01E-01 |2.80E-01 |1.00E4-00| 8.93E-02 118 577 4.25E-12 | 8.22E-04 | 7.80E-05 | 1.43E-10
143 | 577 | 1.85E-04 |1.79E-02|5.83E-04 | 7.26E-04
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Fig. 5. Basic statistics on karyotype complexity in the Mitelman database. (a) The distribution of the number of abnormal chro-
mosomes per karyotype. (b) The number of fragments per abnormal chromosome. (c) The distribution of karyotype ploidy. (d)
The distribution of number of multicentric chromosomes per karyotype. More than 97% of all the karyotypes have no multicentric
chromosomes.
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(a) An abstract data structure for a karyotype K:

18pter — 18q21::12p11 — 12pter,
lqter — 1p36::18q21 — 18qter,

l4pter — 149q32::18q21 — 18qter,
18pter — 18q21::14932 — 1l4qter x2

multiplicity[1] = multiplicity[14] = multiplicity[18] = 1, multiplicity[i]| = 2 for i ¢ {1,14, 18}

Abnormal_Chrs =

(b) A sequence of reconstructed events S:

1. ACENTRIC ORPHAN TAIL: 12p11—12pter,

2. CHR GAIN: 18pter—18q21::14q32—14qter,
3. TRANSLOCATION(reciprocal): 14pter—14q32, 14q32—14qter,
4. TRANSLOCATION (non-reciprocal): 18pter—18q21, 18q21—18qter,
5. TAIL DELETION: 1p36— Ipter

6. CHR GAIN: 18

(C) The breakpoint graph G(K) (1) and its induced subgraph G(K, S)

(M G (2) GKS)

18.pter 1521 12p11 12.pter 1gter 18921 12p11 12.pter

1gter  1p36 18921 18qgter || 1qter  1p36 1821  18qter
AR, .—

14.pter 1332 1&21 18.qter 14.pter 14932 1%21 18.qter

18pter 18qg21 1432 14qgter | | 18pter 18q21 1’q$2 14qter

Fig. 6. An analysis of the karyotype in Fig. 1.

HEMA-Acute maonoblastic leukermia with differentiation FAE twpe Msin
HEMA-Azute manablastic leukemia without differentiation FAB type hsa)
BEMIGH-Benign epithelial tumar MOS-Breast
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[—
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BEMIGH-Benign epithelial tumor special type-Breast
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SOLID-Adenocarcinoma-Large intestine
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SOLID-Adenocarcinoma-kidney

HEMA-Refractony anemmia with ringed sideroblasts

HEMA-Refractory anemia
HEmMA-Fefractony anemia with excess of blasts in transformation

HEMA-Refractony anemia with excess of bhlasts

Fig. 7. An hierarchical clustering of different cancer classes based on their average event profiles, using Pearson correlation as
similarity function. Each cancer is identified by its category, morphology, and topography (if it is a solid tumor).



