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Abstract

Array Comparative Genomic Hybridization (aCGH) is a rapid screening technique to detect gene deletions and
duplications, providing an overview of chromosomal aberrations throughout the entire genome of a tumor,
without the need for cell culturing. However, the heterogeneity of aCGH data obfuscates existing methods of
data analysis. Analysis of aCGH data from a systems biology perspective or in the context of total aberrations is
largely absent in the published literature. We present here a novel alternative to the functional analysis of aCGH
data using the phylogenetic paradigm that is well-suited to high dimensional datasets of heterogeneous nature,
but has not been widely adapted to aCGH data. Maximum parsimony phylogenetic analysis sorts out genetic
data through the simplest presentation of the data on a cladogram, a graphical evolutionary tree, thus providing
a powerful and efficient method for aCGH data analysis. For example, the cladogram models the multiphasic
changes in the cancer genome and identifies shared early mutations in the disease progression, providing a
simple yet powerful means of aCGH data interpretation. As such, applying maximum parsimony phylogenetic
analysis to aCGH results allows for the differentiation between drivers and passenger genes aberrations in
cancer specimens. In addition to offering a novel methodology to analyze aCGH results, we present here a
crucial software suite that we wrote to carry out the analysis. In a broader context, we wish to underscore that
phylogenetic analysis of aCGH data is a non-parametric method that circumvents the pitfalls and frustrations of
standard analytical techniques that rely on parametric statistics. Organizing the data in a cladogram as explained
in this research article provides insights into the disease common aberrations, as well as the disease subtypes
and their shared aberrations (the synapomorphies) of each subtype. Hence, we report the method and make the
software suite publicly and freely available at http://software.phylomcs.com so that researchers can test al-
ternative and innovative approaches to the analysis of aCGH data.

Introduction

Array Comparative Genomic Hybridization (aCGH)
is a rapid screening technique to detect gene deletions

and duplications and to provide an overview of chromosomal
aberrations throughout the entire genome of a tumor without
the need for cell culturing (Oostlander et al., 2004; Weiss
et al., 1999). Although data acquisition software and imaging
technology have improved chip logistics, sample measure-
ment, and data collection, the heterogeneity of aCGH data
obfuscates attempts to identify meaningful conclusions—
even in instances of small sample number (Brim et al., 2012;
2014).

There are different methods to analyze aCGH data (Lai
et al., 2005). One common method employs statistical anal-
ysis or algorithms to determine duplications and deletions of
aberrant genes from copy number variations (CNVs), pro-
ducing a text-based aCGH data (Picard et al., 2005; van de
Wiel et al., 2011; Van Wieringen et al., 2008). Dimension
reduction analysis may be applied for the detection of smaller
copy aberrations that might otherwise be missed. Statistical
methods can be applied to organize the identified aberrant
genes into weighted clusters, which is useful for subtype
discovery (Van Wieringen et al., 2008). Furthermore, some
software packages such as Asterias offer statistical tools for
aCGH data analysis (Diaz-Uriarte et al., 2007).

1Virginia Tech Carilion School of Medicine and Research Institute, Roanoke, Virginia.
2The Electrical Engineering and Computer Science Department, Massachusetts Institute of Technology, Cambridge, Massachusetts.
3The College, The University of Chicago, Chicago, Illinois.
4National Eye Institute, National Institutes of Health, Bethesda, Maryland.

OMICS A Journal of Integrative Biology
Volume 20, Number 3, 2016
ª Mary Ann Liebert, Inc.
DOI: 10.1089/omi.2015.0184

169

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by DSpace@MIT

https://core.ac.uk/display/83234299?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Software packages that parse aCGH data produce results in
a variety of formats, ultimately generating a list of aberrant
chromosomal regions, information on whether the region was
amplified or deleted, and a list of the genes affected. A com-
mon next step is to conduct a functional analysis on the af-
fected genes in an attempt to determine relevant pathways and
employ biological context to identify significant genes or
biomarkers for further study. The nature of aCGH results as
predominantly non-numerical and highly dimensional fea-
turing large numbers of affected genes presents obstacles to
applying traditional interpretations such as functional analy-
sis and visualizations. Phylogenetic analyses, by applying
Neighbor-Joining (NJ), parsimony, and Bayesian algorithms,
have been carried out previously for systematics’ studies
(Edwards-Ingram et al., 2004; Gilbert et al., 2011a; 2011b;
Renn et al., 2010). However, our data preparation (namely the
polarity assessment step in our method) differs drastically from
theirs and none of these were applied to cancer specimens.

Confronted with these limitations, we utilized a novel al-
ternative to statistical analysis of aCGH results using the
systems biology paradigm of phylogenetics (Wiley and
Lieberman, 2011). Phylogenetics aims to classify objects
(taxa, specimens, etc.) according to their shared derived
variables (synapomorphies) into a hierarchical scheme re-
presented by a graphical dichotomous tree (cladogram). Ex-
cept for our two previous publications (Brim et al., 2012;
2014), analysis of aCGH cancer data from a systems biology
perspective or in the context of total aberrations is largely
absent from published literature.

Phylogenetic algorithms are well-suited to big sets of het-
erogeneous biological data (Albert, 2005), but have not been
widely adapted to aCGH cancer data. Maximum parsimony
phylogenetic analysis attempts to sort genetic information
through the simplest presentation of the data on a cladogram, a
graphical evolutionary tree, thus providing a powerful and
efficient method for aCGH data analysis (Brim et al., 2012;
Salazar et al., 2015). The cladogram is a dichotomous tree
diagram that models the multiphasic spectrum of changes in
the cancer genome and helps identify shared early mutations in
the disease progression. Maximum parsimony phylogenetic
analysis eschews the aforementioned limitations of other
analysis techniques and presents a simple, robust, and rapid
technique for analyzing highly dimensional and heterogeneous
data and producing easily interpretable results (Abu-Asab
et al., 2012; Salazar et al., 2015).

This article provides a step by step explanation of applying
maximum parsimony phylogenetic analysis to aCGH data,
including instructions on using the software programs that we
wrote for this purpose. We are publishing this technique that
we have already successfully utilized in the analysis of aCGH
data of colorectal cancer patients (Brim et al., 2012; 2014)
because it holds promise for improving the interpretation of
aCGH data.

Materials and Methods

The aCGH data was collected from 27 colorectal cancer
patients (for details on patients’ specimens, see Brim et al.,
2014) and first analyzed through Agilent Technologies
Standard Software Packages (Agilent Feature Extraction
software 9) and Agilent Genomic Workbench 5.0 software,
followed by extraction of gained or lost genes in each tumor

specimens (for details, see Brim et al., 2014). The output of
the last step was a spreadsheet file as shown in Table 1 (see
the full spreadsheet data in Supplementary Data 1; supple-
mentary material is available online at www.liebertpub.com/
omi). While the specific formatting of the initial aCGH data
may differ between software packages used in the initial
analysis, the basic features required for the maximum parsi-
mony phylogenetic method are the specimens’ identification
and the aberrant genes names. These two components are all
that is necessary to generate the binary matrix format by
using our program CGHExtractor that was written specifi-
cally for this purpose (see below). CGHExtractor produces
the necessary files for the processing of the data in the par-
simony programs MIX and TNT to produce a phylogenetic
cladogram.

Computer programs used in the analysis

An analysis that produces 1) a phylogenetic cladogram,
2) lists of synapomorphies for the cladogram’s nodes (points
of bifurcations) and specimens, and 3) lists of chromosomes
carrying the mutations, requires the tandem application of
the following programs: a) CGHExtractor, b) MIX or TNT,
c) SynapExtractor, and d) ChromExtractor.

CGHExtractor and ChromExtractor are two new programs
that we created and have not been published before; therefore,
we are describing below their user and program procedures.
CGHExtractor and ChromExtractor were tested separately by
each of the authors, and their results were compared with that
of spreadsheet calculations and verified that the results were
accurate. SynapExtractor has been described by Salazar et al.
(2015), MIX by Felsenstein (1989), and TNT by Goboloff
(1999). The last two are off-the-shelf parsimony programs that
are widely used to generate cladograms.

Downloading the programs

CGHExtractor, SynapExtractor, and ChromExtractor are
freely available to the public for academic research and
teaching only, and not for commercial use or resale. To
download the programs, visit: http:// software.phylomics.com/.

Preparing aCGH data for parsimony phylogenetic
analysis using CGHExtractor

To achieve our goal of carrying out maximum parsimony
phylogenetic analysis on the aCGH data, we wrote a software
program, CGHExtractor (Fig. 1 shows the interface window),
that used the spreadsheet data (Table 1, complete dataset at
Supplementary Data 1) to create a new data matrix which
transformed the aCGH data into qualitative values of zeros
(0s), ones (1s), and twos (2s) if the user will use TNT to create
the cladogram, or into 0s and 1s only when using MIX, which
handles only binary values.

CGHExtractor performs the following tasks:

1. builds a complete list of all the genes that appear as
aberrations in the last column of Table 1 of all spec-
imens;

2. lists aberrant genes per specimen;
3. scores each gene in the complete list as either 1 or 2

when the gene is present in the aberration list of the
specimen (1 for deletion or 2 for duplication). When
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the gene is not present in the aberration list of the
specimen, 0 is recorded;

4. generates a new matrix containing only 0s, 1s, and 2s
(Table 2 shows a partial view of the new matrix. Full
matrix in Supplementary Data 2).

To verify the accuracy of CGHExtractor, we carried out
the calculations manually using the MATCH function
of Microsoft Excel, which returned the same results as
CGHExtractor.

This conversion to binary or ternary values, also termed
polarity assessment in phylogenetic terminology, character-
izes each gene mutation as present or absent for each speci-
men. Based on this new matrix, two additional files were also
generated by CGHExtractor and used by the parsimony
program MIX of the PHYLIP package or TNT to produce a
maximum-parsimony phylogenetic cladogram (Fig. 2).

MIX is a parsimony program that allows the selection
between Wagner parsimony (allows reversals), Camin-Sokal
parsimony (does not allow reversals), or a mix of the two
methods. The methods consider changes from an ancestral
state (0) to a derived (1 for deletion or duplication) state,
conducting a heuristic search to find cladogram(s) that re-
quire the fewest of such changes—the simplest. MIX outputs
all the equally most parsimonious cladograms. Several op-
tions within the program allow the user to modify the clad-
ogram search. Once the cladograms are saved in an output
file, the parsimony analysis is complete and the results are
available for interpretation. For further information on the
methodology and instructions for using MIX of the PHYLIP
package, see the documentation available at the PHYLIP
website (http://evolution.genetics.washington.edu/phylip/doc/
main.html).

The TNT program is similar to MIX but with a graphical
user interface. It handles multistate input, in this case it is
ternary (0, 1, 2), and runs faster than MIX.

CGHExtractor: User Procedure

CGHExtractor utilizes the data table from aCGH datasets;
header and footer information is unneeded and must be re-
moved from the file prior to using CGHExtractor.

Upon running CGHExtractor and pressing the Select File
button, the user is prompted to browse for a CSV file to open;
after that, the user names the output CSV file. If the CSV file is
in the format of aCGH data table with header and footer in-
formation removed, CGHExtractor will then process and out-
put the extracted table of polarized values as the specified file.

CGHExtractor: Program procedure

Building a master list of all the genes of the dataset.
CGHExtractor iterates over the dataset, checking every row
that begins with an aberration number. In these rows, the
tenth column contains a list of aberrant genes; CGHExtractor
parses these gene names to build a complete list of the genes,
the master list, that appear as aberrations in the dataset. Du-
plicate names are not added.

Polarity assessment of genes. The second pass through
the dataset generates the polarized data values (0,1,2) and
saves them in a matrix where one dimension is indexed by
specimens’ identifiers and the other dimension is indexed by
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genes. To fill this table, CGHExtractor iterates through the
dataset, passing over each specimen’s data in succession.
Each specimen’s data corresponds to a column in the matrix,
so CGHExtractor fills an entire column before concatenating
it to the matrix. For each deletion under a specimen, 1 is
written to the column for every gene listed as a deletion
aberration. Likewise, 2 is written for every gene listed under
an amplification aberration. In the case of a gene appearing in
multiple aberrations for the same specimen, the final polarity
value is the one from the latest aberration in the dataset.

Finally, CGHExtractor writes the data from the polarity-
value matrix to a CSV table (Supplementary Data 2). This

cannot be done at the same time as the previous pass because
here the gene names are in a set order; since the table has gene
rows and specimen columns, the polarity value of a gene must
be known for every specimen before that row may be written
to a file. After this table is written to the CSV file, CGHEx-
tractor uses it to generate MIX and TNT input files (Fig. 2).
Once the three files have been generated, CGHExtractor is
finished.

CGHExtractor: Program abstraction

Let P(G, S) be the polarity value for a given gene G and
specimen S. CGHExtractor uses aberration data to define P
over the domain of the specimens and genes present in the
dataset.

The dataset defines a list of involved genes La for each
aberration a.

P(G, S) = 1 if there exists for S some aberration d such that
d is a deletion aberration and Ld contains G.

P(G, S) = 2 if there exists for S some aberration a such that
a is an amplification aberration and La contains G.

Otherwise, P(G, S) = 0.
If there exist both amplification and deletion aberrations

for S and G, P(G, S) takes its value based on the last aber-
ration involving S and G (i.e., the aberration with the highest
ID number).

Generating parsimony cladograms

Two input files generated by CGHExtractor were used to
generate the parsimony cladograms by processing the files
with MIX and TNT. This process has been described previ-
ously (Salazar et al., 2015).

Extracting Synapomorphies of Clades Using
SynapExtractor

Synapomorphies are the chromosomal aberrations whose
character states can be used to define a set of specimens as a

Table 2. Partial View of Polarized Values

of aCGH Data as Produced by CGHExtractor*

Gene name
Shiraz-

9T
Shiraz-

12T
Shiraz-

18T
Shiraz-

22T

GNB1 2 0 1 2
CALML6 2 0 1 2
TMEM52 2 0 1 2
C1orf222 2 0 1 2
KIAA1751 2 0 1 2
GABRD 2 0 1 2
PRKCZ 2 0 1 2
LOC100128003 2 0 1 2
C1orf86 2 0 1 2
SKI 2 0 1 2
MORN1 2 0 1 2
LOC100129534 2 0 1 2
RER1 2 0 1 2

*See Supplementary Data 2 for whole dataset.
Gene names are row headers in the first column, whereas

specimens’ names are column headers. A value of 1 and 2 indicates
that the aCGH results from the specimen named at the top of the
column contain an aberration in the gene named in the correspond-
ing row. A value of 0 indicates that there is no such aberration in the
specimen. The table is an abbreviated example of the matrix used to
generate the input files of MIX and TNT to produce the maximum
parsimony phylogenetic cladogram of Figure 3.

FIG. 1. CGHExtractor interface.
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clade (i.e., a set of specimens that share aberrations). MIX
and TNT produce lists of synapomorphies of the cladogram
nodes in their output files. However, we use the SynapEx-
tractor to organize the synapomorphies in a comma-delimited
text file (CSV) that is easier to view with a text editor or
spreadsheet program (such as Microsoft Excel). Supple-
mentary Data 3 lists all the node of the cladogram (Fig. 3) and
their synapomorphies as produced by SynapExtractor from

the output files of MIX and TNT. The synapomorphies of
each node can be further analyzed with ChromExtractor
to reveal which chromosomes contributed the mutations.
A description of SynapExtractor is detailed in Salazar et al.
(2015). SynapExtractor requires the master list of mutated
genes (from the output of CGHExtractor) in a CSV file and
the output file of MIX or TNT to generate a CSV file con-
taining the synapomorphies of each node of the cladogram.

FIG. 2. Partial view of MIX and TNT input files that were produced by CGHExtractor.
These filese were processed with MIX and TNT to produce the cladogram of Figure 3. (A)
Partial view of the MIX input file. (B) Partial view of the TNT input file. The view shows
the embedded commands before and after the data matrix that control TNT settings; these
can be modified as needed.
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Generating Table of Aberrant Chromosomes
Using ChromExtractor

The cladogram’s clades and their synapomorphies will
also be used to find out which of the chromosomes have the
clonal aberrations and thus contributed to carcinogenesis. For
this purpose, we have written a second program, ChromEx-
tractor (Fig. 4 shows the interface window), that extracts the
synapomorphies from MIX’s output file (usually called
outfile), or TNT’s output file, and match them with their
chromosomes, thus producing a file containing this data
(Table 3).

General description of ChromExtractor

This program processes lists of gene names such as the lists
of synapomorphies generated by SynapExtractor. Chro-
mExtractor uses these lists to uncover the mutated chromo-
somes for each node of the cladogram (i.e., for each clade of
specimens). Thus, it makes possible the discovery of the
chromosomes contributing the shared aberrations for each
clade. This chromosome information is mined from the
original CGH dataset used in CGHExtractor (Supplementary
Data 1) based on the synapomorphies list generated by
SynapExtractor (Supplementary Data 3).

FIG. 3. A most parsimonious cladogram based on aCGH dataset of the 27 colorectal
cancer specimens produced by MIX’s Camin-Sokal parsimony. Nodes are numbered for
easy references, and each node is defined by a number of synapomorphies that were
identified by MIX (see Supplementary Data 3 for listing of the nodes’ synapomorphies).
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ChromExtractor: User procedure

Upon running ChromExtractor and pressing the Select
Files button, the user selects a dataset CSV file (the orig-
inal dataset as in Supplementary Data 1) as well as any
number of CSV gene lists (the nodes’ synapomorphies:
lists of columns generated by SynapExtractor, each col-
umn should be separated into its own CSV file). The gene
list in the CSV file has one column containing, after the
header (usually an identifier for a cladogram node), a list

of gene names. ChromExtractor searches the dataset file
and creates a CSV output file for each gene list, where each
gene name is now a header for aberration data relevant to
that gene, followed by the following columns: Chromo-
some, Specimen, Aberration #, Amplification, and Dele-
tion. The aberration number can be used for reference back
to the original dataset.

The user will find the ChromExtractor output CSV files in
the same directory as their respective input files, with the
same name plus the suffix of ‘‘_output’’.

FIG. 4. ChromExtractor interface.

Table 3. Partial Output of ChromExtractor Program Showing Results for Gene AAA1
at Node 14 (1 to 14) from Cladogram (Fig. 3)*

Gene name Chromosome Specimen Aberration # Amplification Deletion

AAA1 chr7 Shiraz-3T 87 0.198593 0
Shiraz-4T 252 0.192083 0
Shiraz-36T 376 0.159952 0
Shiraz-44T 631 0 -0.18031
Shiraz-46T 942 0.069143 0
Shiraz-18T 1433 0.250973 0
Shiraz-22T 1544 0 -0.19358
Shiraz-25T 1697 0.21945 0
Shiraz-28T 1734 0.362882 0
Shiraz-29T 1777 0.156747 0
Shiraz-38T 1950 0.265916 0
Shiraz-71T 2236 0.320072 0
Shiraz-3T 87 0.198593 0
Shiraz-4T 252 0.192083 0
Shiraz-36T 376 0.159952 0
Shiraz-44T 631 0 -0.18031
Shiraz-46T 942 0.069143 0
Shiraz-18T 1433 0.250973 0
Shiraz-22T 1544 0 -0.19358
Shiraz-25T 1697 0.21945 0
Shiraz-28T 1734 0.362882 0
Shiraz-29T 1777 0.156747 0

*See Supplementary Data 4 for full table.
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ChromExtractor: Program procedure

After checking file names to determine which input files
are the gene lists and which is the dataset, ChromExtractor
creates a dictionary mapping genes to tables of text; Chrom-
Extractor iterates through each gene list file in order to define
the keys for the dictionary.

At first, each key maps to an empty table. ChromExtractor
iterates through the dataset to populate the tables. Each ab-
erration lists affected genes in the tenth column, so that a row
of data can be written to the tables for those genes. The
specific data values copied over are the chromosome identi-
fier in the second column; the aberration number in the first
column; and the amplification and deletion values in the
seventh and eighth columns. The specimen identifier is also
written, but from memory: ChromExtractor keeps track of the
last specimen identifier it passes, since these labels occur
between sections of data rather than on each aberration entry.

Once the iteration is complete, every gene present in the
input gene lists maps to aberration data for every aberration in
the dataset that lists that gene. ChromExtractor then writes an
output CSV file for each input gene list; this output list is in
the same format as the input list, but after each gene name are
the rows of data extracted from the chromosome aberration
file. After every output file is saved (with the same name as

the corresponding input with the suffix ‘‘_output’’), Chro-
mExtractor is finished.

ChromExtractor: Program abstraction

The dataset can be characterized as a function D(x) that
gives aberration data (chromosome and specimen identifiers,
amplification/deletion values, etc.) for every aberration num-
ber x, ChromExtractor provides the information in an inverse
format. For every gene G in an input gene list, ChromExtractor
writes x as well as part of D(x) for all x where D(x) contains G.

Results

Files produced by CGHExtractor

CGHExtractor produced three files. The first is a CSV file
of the polarized data matrix (Table 2; partial listing of the
polarized data as 0s, 1s, and 2s; full results in Supplementary
Data 2), and the second and the third are text files based on the
first and used as input files for either MIX or TNT (Fig. 2A
and B show partial view). In the MIX input file, the first line
specifies the dimensions of the matrix, and then subsequent
lines provide data values for each specimen. In the TNT input
file, in addition to specifying the data matrix, the embedded
commands before and after the data matrix control TNT

FIG. 5. Schematic relational diagram showing our various programs used in the analytical
process of aCGH and other omics data (metabolomics, proteomics, and microarrays).
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settings; these can be modified to control the execution set-
tings of TNT.

The cladogram

The input files generated by CGHExtractor (Fig. 2) were
processed with MIX and TNT and both produced only one
most parsimonious cladogram (Fig. 3). The cladogram had
six major clades on the following nodes numbered 14, 20, 13,
3, 23, and 6. The cladogram arrangement is hierarchical, and
the upper clades (6 and 23) share some synapomorphies with
the lower clades at nodes 5, 11, and 2. In the context of aCGH
data, specimens are grouped into clades according to the
shared chromosomal aberrations, the synapomorphies (i.e.,
each node separated sister clades according to the synapo-
morphies of the clades).

Each of the nodes in Figure 3 had a list of synapomorphies.
The bifurcation of the cladogram allows for subtyping of
specimens according to their shared genetic aberrations. The
cladogram and its synapomorphies are the end product of
the parsimony phylogenetic analysis of MIX or TNT, and the
cladogram is open for interpretation and application de-
pending on the desired outcome.

Extracting clades’ synapomorphies using
SynapExtractor

The synapomorphies of each node were extracted with
SynapExtractor (Salazar et al., 2015). SynapExtractor pro-

duced a CSV file listing all the nodes of the cladogram and
their synapomorphies (see Supplementary Data 3).

Extracting the list of aberrant chromosomes
for each node/clade using ChromExtractor

ChromExtractor used the original data file (Table 1, Sup-
plementary Data 1) and the CSV file of SynapExtractor (Sup-
plementary Data 3) and produced a CSV file that listed the gene
name, chromosome, specimen, aberration identification num-
ber, amplification, and deletion for the selected node of the
cladogram. Table 3 shows partial view for node 14 (for full file,
see Supplementary Data 4). For example, the analysis showed
that the synapomorphies of node 14 were generated by muta-
tions on chromosomes 1, 4, 5, 7, 22, X, and Y, with bulk of
mutations on 7, X, and 5 respectively; the other chromosomes
each contributed only one synapomorphy.

Discussion

Data produced by aCGH is particularly challenging to
analyze due to its volume and text format. Maximum parsi-
mony phylogenetics is a powerful and efficient analytical
technique capable of mining complex datasets that are het-
erogeneous and highly dimensional. The method produces a
parsimonious cladogram, which is the cladogram with the
minimal number of steps to construct. Maximum parsimony
has been applied to a variety of biomedical omics data such as
gene-expression microarray (Abu-Asab et al., 2013a; Salazar

Table 4. Summary of Analytical Process of aCGH Dataset and Programs Used

Task Program Output file Files’ content

1. List and polarize aberrations
of each specimen compared
to total aberrations
of all specimens

CGHExtractor CSV file listing the aberrations
of each specimens in a matrix
format as:
1 = deletion
2 = duplication
0 = not present

Ternary coding of aberrations
in relation to complete list
of aberrations in all specimens.

2. Generation of input files
for parsimony programs
MIX and TNT

CGHExtractor Text files in input format
of MIX and TNT.

The polarized values of aberrations.
Binary for MIX, and ternary
for TNT

3. Generation parsimonious
cladograms

MIX and TNT � MIX produces two files
named ‘‘output’’ and ‘‘treefile.’’

� TNT saves its analysis in
file that has .tnt extension
(saving should be done
by the user)

Cladograms, and steps used to
generate them

4. Extraction list of
synapomorphies of each
node of cladogram

SynapExtractor � CSV file with lists of
synapomorphies of each
node.

� The program processes together
the gene list in a CSV file and
output file from MIX or TNT.

Lists the headers of nodes from
cladogram, and below each node’
s number a list of its
synapomorphies

5. Extraction of a list of
chromosomes that have
aberrations for each node

ChromExtractor � CSV file with four headers
per nodes.

� The program processes together
the CSV file from SynapExtractor
and the original aCGH data file.

Lists the following attributes:
� gene name
� chromosome
� specimen(s)
� aberration id
� amplification
� deletion

Our programs, CGHExtractor, SynapExtractor, and ChromExtractor, are publicly available online for downloading at http://
software.phylomics.com.
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et al., 2015), mass spectrometry proteomics (Abu-Asab et al.,
2006), and aCGH data (Brim et al., 2012; 2014).

The construction of a parsimonious cladogram of aCGH
data allows for the easy stratification of specimens (e.g.,
subtyping of a cancer type) and the identification of shared
chromosomal aberrations among a group of patients, thus
producing a better understanding of the disease initiation,
progression, and subtypes (see Fig. 5 and Table 4 for a
summary of the analytical process).

One possible use for the maximum parsimony phyloge-
netic analysis and its cladogram is the further narrowing of
candidate driver genes for a particular disease or condition.
Stratifying patients into clades of a cladogram opens new
opportunities of study in functional analysis for the impact of
chromosomal aberrations in driving disease progression in its
various subtypes (Abu-Asab et al., 2011). The directionality
of the cladogram offers insight into colorectal cancer pro-
gression with accumulating shared chromosomal aberrations
(Abu-Asab et al., 2008a).

Additionally, when the cladogram topology (shape as
defined by the bifurcations) and segmentation of specimens
is viewed in the context of disease progression for each
specimen, it is possible to separate driver genes from pas-
senger genes in the different cancers. This is especially
valuable due to the heterogeneous nature of variation in
cancer specimens and saves valuable time by focusing
functional studies and pathway studies on the driver genes
(clonal) rather than the passenger genes (nonexpanding) (Fox
et al., 2013).

Parsimony phylogenetic analysis of aCGH data may pro-
duce one best parsimonious cladogram as in our example
(Fig. 3), or possibly multiple equally parsimonious clado-
grams. The number of equally parsimonious cladograms is
dependent on the heterogeneity of the data, which could af-
fect the robustness of the analysis since MIX and TNT may
not be able to resolve some of the character states distribution
among the specimens. A smaller number of equally parsi-
monious cladograms suggests that the genetic variants and
chromosomal aberrations from the aCGH results can be or-
ganized easily amongst the different specimens. In other
words, a smaller number of equally parsimonious cladograms
is indicative of clearer segmentation of specimens by syna-
pomorphies (Abu-Asab et al., 2013b).

The otherwise daunting task of organizing aCGH data into
a usable format for phylogenetic analysis is simplified
through the use of our novel program CGHExtractor, which
converts raw chromosomal aberration data into a series of
polarized values (0/1 or 0/1/2) that can be easily processed by
phylogenetic programs such as MIX and TNT.

Phylogenetic analysis of aCGH data is a non-parametric
method that circumvents the pitfalls and frustrations of stan-
dard analytical techniques that rely on parametric statistics. As
can be seen from our data analysis, attempting to analyze such a
large body of non-numerical text data statistically would have
been exceptionally challenging, whereas organizing the data in
a cladogram provided insights into the disease common aber-
rations, as well as the disease subtypes and their shared aber-
rations (the synapomorphies) of each subtype.

We are publishing the method and making the software
suite publicly and freely available in order to make it possible
for researchers to test alternative approaches to the analysis
of aCGH data.
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