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Summary

Large RNA-Seq and DNA microarray data sets have enabled the study of relationships
between genes through co-expression analyses. Changes in gene co-expression patterns
are often related to changes in biological function, and differential co-expression network
analyses have become an important step in the comparison of co-expression profiles of
different conditions. The CSD method for differential co-expression analysis is used to
identify conserved, differentiated and specific correlation patterns between gene pairs over
multiple conditions, analyzing pair-wise correlations in gene expression and the variability
of these correlations within each data set. The variability in correlation is found from the
analysis of independent sub-samples from the full data set. The minimum sub-sample size
and required number of sub-samples in total gives a lower bound for the data set size.
An alternative sub-sampling approach allowing dependence between the sub-samples was
investigated in this study. The aim was to find out how the estimated variability was
affected by sub-sample dependence compared to a low number of sub-samples, and to
investigate whether or not sub-sample overlap could be justified as a means to allow for
smaller data sets in a CSD analysis. The results of the study were clear: Sub-sample
dependence had a much smaller negative impact on the estimated variability than having
too few sub-samples. Fewer than 150 sub-samples should therefore be avoided, and for
data sets smaller than 60 data points per gene, sub-sample dependence was suggested as a
valid alternative to the original sub-sampling approach.

Rheumatoid Arthritis (RA) is an autoimmune disease affecting about 1% of the world-
wide population. The disease involves a chronic inflammation of the joints, followed by
progressive articular remodelling and damage, as well as many common comorbidities.
The CSD method was applied on gene expression data from the synovial fluid of RA pa-
tients and healthy controls, with the aim of identifying novel genes that could be central in
RA development. The alternative sub-sampling algorithm was implemented on the small
control data set. The CSD analysis resulted in a differential co-expression network clearly
enriched in genes with functions related to the disease. Eleven network hubs were identi-
fied: Three genes, PDCD1, CTLA4 and PRDM1, had previously been associated with RA,
while eight genes, ZNF205-AS1, GPR18, LINC00426, SEPT1, ASAP2, ENPP1, IL2RG
and GBP5 were new in this context. Like a high number of genes in the network, most of
them were related to immune function or growth and tissue/organ development, and due
to their high network connectivity, all of them were considered to be possible candidates
for further research of RA. The three most highly connected genes, PDCD1, ZNF205-AS1
and GPR18, contributed to a highly disassortative sub-network and were hypothesized to
have a coordinating role in RA. PDCD1 also was a strong connector between parts of the
network with different correlation relationships. This is consistent with previous reports
of RA association for this gene. The eight other genes were found in a sub-network dom-
inated by differentiated co-expression and particularly enriched with genes related to cell
differentiation and tissue and organ development and morphology. These were hypothe-
sized to be involved in later stages of rheumatoid arthritis.
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Samandrag
Store datasett frå RNA-Seq- og DNA mikromatrisestudier har gjort det muleg å stud-
ere samanhengane mellom gen via samuttrykksanalysar. Endringar i samuttrykksmønster
mellom gen er ofte relaterte til endringar i biologisk funksjon, og analysar av differensielle
samuttrykksnettverk har blitt viktige når ein skal samanlikne samuttrykksprofilar mellom
ulike biologiske vilkår. CSD-metoden for analyse av differensielt samuttrykk vert brukt til
å identifisere konserverte, differensierte og spesifikke korrelasjonsmønster mellom ulike
biologiske vilkår, ved å analysere parvise korrelasjonar i genuttrykk, samt intern variasjon
i desse korrelasjonane i kvart datasett. Variasjonen i korrelasjon vert rekna ut frå korre-
lasjonar i uavhengige utval av heile datasettet. Det naudsynte talet på utval, kombinert med
den minste storleiken dei kan ha, resulterer i ei nedre grense for storleiken på datasetta.
Ein alternativ framgongsmåte for å finne utval, der avhengigheit mellom utvala er tillate,
vart utforska i denne studien. Målet var å finne ut korleis den estimerte variasjonen i
korrelasjon vart påverka av avhengigheit mellom utvala samanlikna med det å ha for få ut-
val. Motivasjonen for dette var å undersøke om overlapp mellom utvala kunne forsvarast
slik at mindre datasett kunne bli brukt i ei CSD-analyse. Resultata av studien var tydelege:
Avhengigheit mellom utvala hadde mykje mindre negativ påverknad på den estimerte vari-
asjonen i korrelasjon enn det å bruke for få utval hadde. Færre enn 150 utval vart difor
fråråda, og for datasett mindre enn 60 datapunkt per gen vart avhengigheit mellom utvala
føreslått som eit gyldig alternativ til den originale tilnærminga for å finne utval.

Leddgikt er ein autoimmun sjukdom som rammar omlag 1% av befolkninga i verda.
Sjukdomen fører med seg kronisk leddbetennelse, etterfulgt av gradvis omforming og
skade på ledda, samt ei rekke vanlege følgesjukdomar. CSD-metoden vart nytta på genut-
trykksdata frå leddvæske hos leddgiktpasientar og friske kontrollpersonar. Den alternative
metoden for å finne utval til utrekning av variasjon i korrelasjon vart brukt på eit lite
kontrolldatasett. Målet med analysa var å identifisere nye gen som kunne vere sentrale
i utviklinga av leddgikt. CSD-analysa resulterte i eit differensielt samuttrykksnettverk
der gen med funksjonar relaterte til sjukdomen var tydeleg overrepresenterte. Elleve
nettverks-nav vart identifiserte: Tre gen, PDCD1, CTLA4 og PRDM1, hadde tidlegare
blitt assosiert med leddgikt, medan åtte gen, ZNF205-AS1, GPR18, LINC00426, SEPT1,
ASAP2, ENPP1, IL2RG og GBP5, var nye i denne samanhengen. Dei fleste var relaterte
til immunforsvaret eller til vekst, vevs- og organutvikling, og på grunn av knutepunktpo-
sisjonane dei hadde i nettverket vart alle elleve vurdert som mulege kandidatar for vidare
forskning på leddgikt. Dei tre gena som var kopla til flest andre gen i nettverket, PDCD1,
ZNF205-AS1 og GPR18, bidrog sterkt til disassortativitet i ein del av nettverket, og ei hy-
potese var at desse hadde ei koordinerande rolle i leddgikt. PDCD1 knytta også saman
to delar av nettverket som var dominerte av ulike typar korrelasjonssamanhengar. Dette
gir godt samsvar med tidlegare funn av leddgiktassosiasjon for dette genet. Dei resterande
åtte gena var plassert i ein del av nettverket som var dominert av differensierte samut-
trykksrelasjonar, og der gen relatert til vekst, samt vevs- og organutvikling og morfologi
var særleg overrepresenterte. Ei muleg hypotese var difor at desse kunne vere involverte i
seinare stadier av leddgikt.
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Chapter 1
Introduction

”I think the next century will be the century of complexity”
- Stephen Hawking (San Jose Mercury News, January 2000)

1.1 Complex Biological Systems
A system is a set of interconnected components and the interactions between them. Our
surroundings are always changing because they are composed of all sorts of interactions
going back and forth between different actors. These interactions often act in messy pat-
terns that are difficult to predict intuitively: We live in a world of complex systems. Coun-
tries, cities, airports and train stations interact by transport of people or cargo between
them, building up networks with roads, flights and railroads. The people in these coun-
tries and cities interact with each other through a variety of channels; they talk to each
other, work together, become friends with each other and interact on social media. They
exchange money and products, e-mails and text messages, physical and sexual contact,
and diseases. For e-mails to be transferred, the electronic components in our computers
also interact with each other by sending electrical signals between them, in order to enable
the computers to communicate over the Internet. These are just some examples; almost
anywhere you look, a complex system can be found.

The desire to understand complex systems and to make sense of their seemingly unpre-
dictable behaviour has lead to the field of network science. Network science is a relatively
new field of science, and has experienced a rapid development during the last two decades.
It builds upon the mathematical field of graph theory, which dates back to 1735, when the
Swiss mathematician Leonard Euler gave a mathematical solution to the famous puzzle
of the seven bridges in Königsberg. Network science uses both mathematical descrip-
tions and computational modeling of networks in order to gain a deeper understanding of
complex systems and their properties and behaviours. The objective is ultimately to try
to predict and control their future behaviour. All systems can be represented as networks
of components and interactions, and understanding the overall behaviour of different net-
works can lead to improvements in anything from logistics and infrastructure to medicine
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and disease control.
Just like the world around you is complex, so is your body. A human body is its very

own world of big and small complex systems, and we are highly dependent on the rela-
tionships between these systems on both a macroscopic and microscopic level. Analysis of
biological networks on the molecular level is the objective of systems biology, a sub-field
of network science. Molecular biological networks are found in humans, but also in other
animals, plants and microorganisms. Two types of cellular networks commonly studied
in systems biology are protein interaction networks and gene co-expression networks. In
protein interaction networks, the nodes represent proteins and the links represent physical
interactions between them, while in gene co-expression networks, the nodes represent in-
dividual genes, and the link between two nodes reflects a coordination in the timing and/or
extent to which the two genes are transcribed into their corresponding messenger RNA,
the primary function of which is to direct the synthesis of a given protein. It is also possi-
ble to study for instance the networks of biochemical reaction pathways or the interactions
between metabolites. All of these systems can be studied together in order to understand
the human body (or any other organism) as an integrated whole, or as a huge, complex
machinery built up of numerous smaller components and systems. In the pursuit of inte-
grating genomic, biochemical, physiological, behavioural and environmental information
about the human body, we enter the field of systems medicine.

Like in any machinery, there are many things that can go wrong in the cellular systems
in our bodies. Most of the time the consequences are small, but sometimes changes in our
biological systems can have a very negative impact on our health and life. In order to find
medical solutions to counter a given disease, it is essential to have knowledge about the
underlying mechanisms behind its occurrence and sustainment: where in the machinery do
things start to go wrong? Are there any loose bolts somewhere? Or maybe all components
are working well on their own, while some biological cogwheels have teeth that cannot
reach its counterpart anymore?

In a normal cellular machinery there are of course no metal bolts or cogwheels, so a
more reasonable place to start the investigations is with genes or proteins. Living systems
might be as different as a giant sequoia tree and a tiny sea slug, but they all have one
thing in common: their cells contain DNA, on which there are genes; sometimes tens of
thousands in number. All cells in a human being contain identical DNA molecules with
the same genes in them, yet there is a huge variety of human cells with very different
functions and properties. The genes act as templates for messenger RNAs, which in turn
function as recipes for proteins to be produced. The regulation of what genes are used
for RNA synthesis or not will determine what proteins can be produced in the given cell
at that moment, and thereby possibly decide its fate. A mistake in the regulation of gene
expression, the extent to which RNA is produced from the individual genes, may therefore
have severe consequences for a cell. By using techniques such as RNA microarrays or
RNA-Seq it is possible to monitor the gene expression of all the genes in our genome at a
given time.

Any cell’s environment is constantly monitored and used as input for gene regulation,
so that the cell will be able to handle any situation as well as possible. The environmental
input that a cell receives will guide its production of specific proteins. These proteins will
bind to the DNA and thereby regulate the RNA producing machinery’s access to different
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genes. Gene expression can in this way be activated or repressed according to the situation
that the cell faces [3].

As previously mentioned, there might still occur mistakes and disturbances in these
highly regulated systems of genes, RNAs and proteins. Mutations in even one single gene
can lead to severe diseases [4]. However, most of the time there is not just one or even a few
genes that cause a disease. An alternative cause of disease is when the interactions between
multiple genes cause trouble for the entire system. Instead of looking for one culprit among
the genes, the researchers now have to look for the central network of criminals.

One disease with which a high number of genes are associated, and where the un-
derlying mechanisms are by no means identified yet, is rheumatoid arthritis (RA), an au-
toimmune inflammatory disease that affects around 1% of the worldwide population [5].
The disease starts as a chronic inflammation of the synovial fluid of the small joints in the
hands and feet, leading to highly painful, stiff and swollen joints. The disease can further
result in tissue remodelling and damage, as well as spreading throughout the body, caus-
ing inflammation and malfunction in other organs. Patients with RA might also experience
more general symptoms of disease, such as fever, fatigue, appetite loss and depression, and
the disease is itself a risk factor for other potentially fatal conditions, such as liver failure
and heart attack. Although there exists medical treatment for patients suffering from RA,
there is no final cure. The heritability of the disease is estimated to be between 40% and
60% [6], so it is important to get as much knowledge as possible about the underlying
genetics of the disease. One method to study the genetics of RA and other genetic diseases
is through the above mentioned gene co-expression analysis.

Gene co-expression analysis methods are used to investigate the relationships between
genes by studying their co-expression: the extent to which their expression is correlated.
In a differential gene co-expression analysis the gene co-expression patterns from two or
more conditions are compared to each other. Such an analysis is widely applicable, and can
be used to compare for instance tissue types, related species, treatment effects to placebo
effects, or healthy tissue to diseased tissue. Gene co-expression patterns often correlate
well with biological functions [7, 8, 9, 10], and are therefore an essential step in trying
to identify the molecular processes behind for instance evolution, cell differentiation, dis-
ease development or cell responses to new drugs. Today there are several online databases
where big data sets of gene expression measurements on diseased and healthy tissue from
many organisms are freely available [11, 12]. Mapping and analyzing co-expression pat-
terns can potentially lead to the discovery of important genes or gene clusters associated
with a given phenotype, leading us one step closer to understanding the mechanisms be-
hind cell function and dysfunction [7, 8].

One method for differential co-expression analysis is the CSD (Conserved - Specific -
Differentiated) method [2]. This method identifies change, loss or conservation of strong
gene pair correlations across two conditions. The method strictly requires that the data
sets from both conditions have a minimum number of data points per gene. Researchers
are sometimes dependent on data they did not collect themselves, and it can therefore be
difficult to control the size of the data sets. As the size requirement of the CSD method
is equally strict on both data sets, it can be especially challenging to find large enough
control data sets to use as a reference for disease data, for example. The existing data
bases with general gene expression data from healthy individuals, for instance the GTEx
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project database [12], are not exhaustive, and some tissue types are more difficult to find
enough data on than others. The size requirements thus puts a restriction on what data sets
can be used for a CSD analysis.

The aim of this study was two-fold. The first part focused on the development of
the CSD method for differential gene co-expression analysis. The objective of this work
was to study the possibility of developing the method to accommodate for smaller data
sets than it was originally designed to handle. This would allow more data sets to be an-
alyzed by the method, making it more broadly applicable. I wrote a Python script where
the method modifications were implemented, and they were tested on a gene expression
data set of healthy whole blood samples. The results were compared to the results from
using the original method on the same data set. In the second part of the study, the CSD
method was used to compare a data set with gene expression measurements obtained from
the joint synovial fluid of patients diagnosed with rheumatoid arthritis, to a data set of
measurements obtained from the joint synovial fluid of healthy individuals. The modifica-
tions in the method was applied to the reference data set, which was too small to be used
otherwise. The objective of this analysis was to identify novel genes that could be essential
in the development and/or sustainment of rheumatoid arthritis.

The thesis is organized to reflect the structure of the project. Chapter 2 provides back-
ground information and theory meant to help readers unfamiliar with the topics presented
in the remaining chapters. This includes information about RA, RNA sequencing and dif-
ferential gene co-expression analysis, including a description of the original CSD method,
as well as topics from network theory and statistics that are relevant for the project. Be-
cause of the two-fold objective in this study I could have structured the remaining chapters
in different ways. For easy navigation, the reader should be aware that I have chosen to
structure all chapters so that the materials related to the method development are given in
the first main section, and the materials related to the CSD analysis of rheumatoid arthritis
are given in the second main section of each respective chapter: Chapter 3 first introduces
the modifications of the CSD method and the steps for analyzing the results, as well as
an overview of the structure of the script where the modifications were implemented. The
second part goes through the different parts of the CSD analysis of RA. Chapter 4 first
presents the results of the method study and development, and then the results of the CSD
analysis. The results are also briefly analyzed in this chapter. Chapter 5 is likewise divided
into a discussion of the method study results and a discussion of the results from the RA
study. Chapter 6 finally gives a conclusion and outlook for both parts of the project.
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Chapter 2
Background

This chapter will introduce the main topics underlying the method, discussion and results
presented in this thesis. Most of the theory and background information presented will
therefore be of direct relevance for the remaining chapters, while some parts are also in-
cluded to give a more complete overview of the topics that are discussed. The main parts
of the network theory are obtained from Network Science by Albert-László Barabási [1].
The reader is referred to this book for more extensive information about this topic. The
section about the CSD method for differential gene co-expression analysis is based on the
article by Voigt, Nowick and Almaas where the method was first described [2]. Additional
sources are cited in the text. Some parts of this chapter are taken from the final report
that I wrote for the course TBT4500 Specialization Project at NTNU in the fall 2017 as a
preparation for this thesis.

2.1 Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory disease affecting about
1% of the worldwide population. The disease can occur at any age, and has a strong
female predominance [5, 6]. The disease begins with immune cells attacking the syn-
ovial membrane of the joints, causing a chronic inflammation and swelling (hyperplasia)
that is most prominent in the small joints of the hands and feet. RA is characterized by
progressive articular remodelling and damage. The disease can further develop to cause
inflammation in other organs, and is thus associated with a long list of comorbidities, for
instance pulmonary, cardiovascular, liver, skeletal and psychological disorders, as well as
early death [13].

The results from familial studies have shown that RA arises from a combination of
genetic and environmental factors [14]. Twin studies have suggested the heritability of
RA to be between 40 and 60 %. Most of these results are from European populations,
but a study of Japanese twins also gave comparable results [6]. The blood of most RA
patients contains the auto-antibodies rheumatoid factor (RF) or anti-citrullinated protein
antibodies (ACPA). RF is also present in other autoimmune diseases, while ACPA seems to
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be more specific to RA. Nevertheless there are RA patients without any of these antibodies,
showing that RA can be heterogeneously expressed in different patients [14]. This is
also evident by the fact that not all RA patients responds to the same treatment methods,
and patients who do not respond to one type of biologic therapy may respond well to
another [14].

Human leukocyte antigens (HLAs), and polymorphisms in the corresponding genes,
have been at the center of the RA research for many decades. The gene most highly as-
sociated with RA pathogenesis in previous research is the HLA-DRB1 gene found in the
major histocompability complex (MHC) region on Chromosome 6, a gene dense region
that has been consistently shown to be associated with RA. Proteins from multiple of these
genes build up the MHC protein complex that is involved in presenting proteins to devel-
oping T cells, making them able to recognize foreign molecules [15]. Many of the about
220 genes in the MHC region of Chromosome 6 have immunoregulatory functions [16].
HLA genes have been estimated to contribute between 11 and 37% to the RA heritabil-
ity; more in ACPA-positive than in ACPA-negative patients. The moderate association
between the HLA genes and RA heritability illustrates the combined effects of multiple
genetic and non-genetic factors that are in play during RA pathogenesis. Some of the most
relevant non-HLA genes associated with RA include PADI4, PTPN22, TNFAIP3, STAT4
and CCR6 [14, 17]. A list of 54 genes associated with RA is given in Appendix A1.

Environmental factors associated with RA include lung exposure to smoking, noxious
solvents and silica dust, as well as alterations of the gastrointestinal microbiome, and
bacterial infections, in particular periodontitis [5, 18]. These non-genetic factors have in
common that they involve foreign particles that come in contact with one of the mucous
layers of the body, either at respiratory, oral and/or intestinal sites. The mucosal sites
normally function as barriers towards external environmental insults, such as pollutants,
toxins and pathogens, and are tightly connected with the immune system [18]. Obesity
and vitamin D deficiency have also been linked to RA [5].

2.2 RNA Sequencing
Active genes in a given cell are transcribed into their corresponding mRNAs. These are
further processed and translated into protein, the final gene product. The transcriptome
of a cell at a given physiological condition or developmental stage etc., is the full set of
mRNA (and other RNA) transcripts present in the cell in that condition, as well as the
quantity of these transcripts [19].

RNA sequencing (RNA-Seq) is a commonly used method for transcriptome profiling;
the identification and quantification of RNA transcripts present in a biological sample
at a given time. The RNA transcripts are converted to complementary pieces of DNA
(cDNAs), before high-throughput DNA sequencing methods are used to determine the
nucleotide sequence and relative abundance of each transcript [19].

Today the whole human genome is sequenced, and the genes are mapped, giving the
sequence of more or less every human gene. The sequenced RNA transcripts from human
tissue samples can therefore reveal the activity of each individual gene in each sample.
The relative amount of RNA from each gene is known as the expression profile of the
given tissue sample. Gene expression profiles from a high number of subjects can be
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monitored over time, throughout a developmental process or in response to changes in the
cell environment, for example a disease. RNA-Seq is therefore a useful tool in the study
and analysis of differential gene expression. A wide range of data sets with RNA-Seq data
from different experiments have been made publicly available online in databases such
as GEO (Gene Expression Omnibus, [11]) and GTEx (The Genotype-Tissue Expression
Project, [12]).

2.3 Differential Gene Expression
Although the same genetic material is found inside the nucleus of all the cells in your body,
a blood cell differs greatly from a skin cell or a neuron. During development, cells differ-
entiate into different cell types under control of various developmental signal molecules
(growth factors) that control the expression of the different genes [20]. The differential
expression of genes in response to various signals continues after the cells have settled
into their specific cell types. The signals can now be any information from the cell en-
vironment, such as available nutrients, signal molecules released from neighboring cells,
molecules released from infectious bacteria or damage to the cell. These signals lead to
up- or down-regulation of genes coding for proteins called transcription factors (TFs). TF
proteins can thus be viewed as an internal representation of a cell’s environment [3]. Their
function is to further regulate gene expression, making the cell as capable as possible of
handling and responding to its current environment.

The TFs perform their regulation by binding physically to the DNA. The TF-DNA
interaction will then either aid or prevent RNA Polymerase from accessing certain parts of
the DNA, thereby activating or repressing transcription of genes in that area of the DNA
double helix into RNA. The proteins of these genes might be new transcription factors or
they can have other functions in the cell.

Differential gene expression studies are performed to analyze the change in gene ex-
pression profiles in response to some factor of interest. RNA-Seq or similar gene expres-
sion profiling methods are performed on tissue samples taken from two or more conditions
of interest, returning specific expression profiles for each condition. One can then com-
pare the cells’ response to the chosen conditions by performing a statistical comparison
between the expression profiles (see Section 2.5). Differentially expressed genes that are
detected by this approach will be a natural choice for further investigation of the underly-
ing mechanisms of the cells’ response to the given conditions, for instance the mechanisms
underlying a disease. In the best case, the results of such studies might even suggest new
treatment methods, such as a point of attack for new drugs.

Proteins do not perform isolated tasks. They can not only regulate the production
of themselves and each other, they also interact physically, and multiple proteins might
affect the same parts of the cell and the same areas of the DNA, competing or cooperating,
thereby modifying the effects and functions of each other. To a large degree, the function
and behaviour of a cell results from the complex, simultaneous and combined effort of
its proteins. The expression of one gene is therefore not independent of the expression
of other genes. The fact that proteins are not working in isolation has led researchers to
not only study the differential expression of single genes, but to look at pairs of genes
and study the pair-wise relationships between their expression profiles. The synchronized
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expression of gene pairs gives rise to co-expression networks (see Sections 2.6 and 2.7),
which is a way to map genes and the relationships between them.

2.4 Network Theory
A network is defined as a set of components, referred to as nodes or vertices, and the
interactions between them, called links or edges [1]. Networks can be represented visually,
for instance as circles linked together by lines, as illustrated in Fig. 2.1, depicting the
family member/relationship network of a fictional boy named Thomas.

best friends

owner-pet mom - son

partners exes

step mom - step son dad - son

Esther (dog)

JuliaMaria Chris

Thomas

Figure 2.1: Visualization of an example network: A fictional family member/relationship network.
The family members are represented with orange nodes, and their relationship is represented by blue
links.

Any system where components interact or have some connection or relationship can thus
be represented as networks. The examples in Chapter 1 illustrated the fact that network
structures can be found in highly different contexts, in everything from trading and lo-
gistics to molecular biology. Network nodes can be as different as cities, persons and
molecules, and network links can be as diverse as physical cargo transport, human rela-
tionships and statistical correlations of the translation processes of genes inside cells.

There are many types of complex systems that can be analyzed as networks just within
the field of molecular biology. Because biological molecules are always connected to
other molecules in some way or another; by chemical bonds, interactions, molecular con-
versions, or by affecting each others’ activity, state or dynamics (for instance as enzymes),
all of them can be viewed as components in a network [21]. Some examples of molecu-
lar networks in biology include gene regulatory networks, protein-protein interaction net-
works, metabolic networks, cell signaling networks and the previously mentioned gene
co-expression networks that will be described in more detail in Chapter 2.6. The main
questions in the analysis of biological networks are related to how the networks are con-
nected and what impact this connectivity has on the functionality of the biological systems.
Because networks are representations of real systems with distinct properties, there are al-
ternative ways of constructing networks in order to capture the features of the system at
hand. Some of the most common and basic network properties are presented in the fol-
lowing parts of this section, but it is not by any means an attempt to cover all possible
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properties or characteristics of networks. Most of the topics will be of direct relevance for
the following chapters, while some are included to make the sections more complete.

2.4.1 Network Connectivity and The Adjacency Matrix
The number of nodes in a network is denoted its size. Any node i has a given number of
other nodes to which it is connected. These other nodes are node i’s nearest neighbors.
The degree, ki, of a node is equal to its total number of nearest neighbors.

If the interactions in a system have directions (for instance that A affects B, but B does
not affect A), the corresponding network should be a directed network, where each link
has a designated direction. In an undirected network, the links do not have a direction
because the relationship between two connected nodes is always equal for both nodes. An
example of an undirected network is a correlation network, where it is impossible that one
node correlates with another without the other also correlating with the first one.

A connected component of an undirected network is a set of nodes that are connected
with each other in a way that makes it possible to start from any node and follow the links
of the network to reach any other node in the component. If any connected component is
much bigger than any other component of the network, it is called the giant component [1].

Some systems have heterogeneous connections between their components [22], for in-
stance there might be a difference in the passenger capacity of a flight, the strength of a
correlation or the intensity of a signal. Heterogeneous connections or interactions, can
be represented as weighted links. The weight of a link quantifies its relative strength/ca-
pacity/intensity compared to the other links in the network. Weighted networks can be
converted to unweighted networks with homogeneous links by choosing a threshold value
for the weight of the links, and keeping all links with a weight above the threshold.

A simple way of representing the full connectivity structure of a network is its adja-
cency matrix, A [21]. A is a square matrix whose elements aij represent the presence or
absence, and possibly the direction and/or strength, of a link between nodes i and j. In the
case of an unweighted, undirected network, the adjacency matrix A takes a binary form:
aij = 1 indicates the presence of a link between nodes i and j, whereas aij = 0 indicate
the absence of a link between them. An example of the adjacency matrix of an unweighted,
undirected network can be found in Fig. 2.2, which also illustrates the concept of cliques,
which will be presented later in this Chapter. If the network is weighted, the entries of the
adjacency matrix takes a continuous range of numbers reflecting this property, and if the
network is directed, the entries of the adjacency matrix might also take both positive and
negative values.

All connections of a component i is represented by the i’th row and the i’th column
in the adjacency matrix. In the adjacency matrix of an undirected network, the values and
order of the elements in the i’th row is equal to those of the i’th column, making the matrix
symmetric around its diagonal. In the case of a directed network, the i’th row and the i’th
column may differ, because each of them represents one direction of interaction. The
degree of a node i in an undirected network can thus be found by counting the non-zero
entries of either the i’th row or the i’th column of its adjacency matrix, while in the case
of directed networks, the total degree of a node i, which is the sum of its in-degree, kin,
and out-degree, kout, can be found by counting the non-zero entries of both the i’th row
and column. The in- and out-degree gives the number of incoming and outgoing links,
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respectively. If the nodes do not interact with themselves to form self-links, the entries of
the diagonal of the adjacency matrix are all zero.

2.4.2 The Degree Distribution and Scale-Free Networks
The degree distribution of a network refers to the proportion of nodes within the network
that has the degree k. In a random network, such as an Erdős–Rényi-network, links are
randomly associated with nodes based on a uniform probability. The degree distribution
of such an artificial, random network, is a binomial distribution, resembling a Gauss curve
with smaller variance [21]. This means that most nodes have a degree close to the average
degree, < k >.

Most biological and other real-world networks are characterized by being so-called
scale-free, meaning that their degree distribution follows a power-law distribution [1].
This can be formulated by Eq. (2.1), where pk denotes the probability that a node will
have the degree k, and γ is the degree exponent:

pk ∼ k−γ (2.1)

Scale-free networks are characterized by having many low-degree nodes and a few
highly connected nodes [1]. Nodes with many more neighbors than the average degree in
the network are called hubs. The scale-free topology makes them robust against random
attacks, for instance randomly removing nodes or changing links in the network. The av-
erage distance in these networks are much shorter than in random networks. A network
distance is defined as the shortest path length between two nodes, in other words the mini-
mum number of links (or link weight in the case of weighted networks) needed to go from
one node to another. Because of the hubs there are many alternative routes between two
nodes if a non-hub node between them disappears. While robust against random attacks,
scale-free networks are all the more vulnerable against targeted attacks: Selectively re-
moving hubs will quickly cause the network to break down, partially or fully depending
on how many hubs are removed [1]. Imagine the chaos that would arise if multiple hubs
in the European airport network, such as London Airport Heathrow or Amsterdam Airport
Schiphol, were immediately closed down for traffic!

2.4.3 Network Modules
Even if the full network is scale-free, local sub-networks can be organized differently and
have other properties. A collection of nodes that forms a sub-network is called a network
module [23]. The term does not have a unique definition, and can refer to any defined
substructure in a given network. An example of a network module is the clique, in which
all nodes are connected to all the others [1]. Finding cliques is no straight-forward task,
but there are several computer algorithms for detecting different types of cliques in big
networks. For a sufficiently small network, cliques can easily be identified just by looking
at the network itself, or its adjacency matrix. A clique would be visible in the adjacency
matrix as a group of nodes with no zero-entries between any of the nodes in the group. An
example of the identification of one (of two) 3 node cliques in a network consisting of 6
nodes, is given in Fig. 2.2.
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Figure 2.2: Conceptual visualization of a clique (nodes 1, 2 and 3) in a network of six nodes,
numbered 1 to 6 (a). The clique is also marked in the corresponding adjacency matrix (b).

2.4.4 Assortative and Disassortative Networks
Assortativity denotes the tendency of nodes of similar degree to connect to each other,
while disassortativity denotes the tendency of nodes of similar degree to avoid connecting
to each other in the network: highly connected nodes will tend to connect to nodes with
low degree and vice versa [1].

Such degree correlations can be detected by for instance studying the neighborhood
connectivity distribution of a network, found by plotting the average connectivity (degree)
of the neighbors of nodes with degree k as a function of the degree k itself. By approximat-
ing a line through the resulting points, the network’s degree correlation function, knn(k),
is found, expressed in Eq. (2.2):

knn(k) = akµ (2.2)

where k is the degree, µ is the correlation exponent, and a is just a regression constant.
The type of degree correlation will be dependent on the correlation exponent, µ:

• Assortative networks: µ > 0

• Neutral networks: µ = 0

• Disassortative networks: µ < 0

Fig. 2.3 illustrates the degree distributions of three real networks: one assortative, one
neutral and one disassortative.

2.4.5 Node Parameters
The previously discussed node degree, k, is perhaps the most important parameter of nodes
in a scale-free network, since it gives information about how connected the node is to the
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Figure 2.3: The degree correlation function knn(k) for three real networks: An assortative collabo-
ration network (µ = 0.37), a neutral power grid network (µ = 0.04) and a disassortative metabolic
network (µ = 0.76). The green, dotted line gives the regression line through the points, and the black
line illustrates what would be expected if the degree correlation was completely random. Source: [1]
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rest of the network. Other important parameters include various centrality measures. The
eccentricity of a node i is defined as the maximum finite distance between node i and any
other node in the network. The eccentricity of an isolated node is defined to be zero. The
betweenness centrality of a node is the number of shortest paths in the network that go
through that node. The closeness centrality of a node measures the sum of the shortest
paths from the node to all other nodes in a connected component.

2.4.6 Network Parameters

Networks can be characterized by various parameters that reflect different network prop-
erties. The previously described degree-distribution and degree correlation are two such
parameters. The diameter of a network is defined as the largest eccentricity in a connected
component, while the radius is defined as the smallest of the non-zero eccentricities in
the network. The characteristic path length is the average distance between nodes in the
network.

2.5 Statistics

2.5.1 Correlation

When constructing a network, one needs a systematic way of deciding whether or not there
will be a link between two nodes. The decision to keep or reject a possible link should
be based on the type of connection the link reflects. Although some relations between
components are binary of nature, this is most often not the case. In many networks, the
”connection” between two nodes is a continuous measure, for instance a correlation value
between some property of the nodes. This is the case for gene co-expression networks,
where any links represent a correlation of the levels of RNA from each gene. Most of the
time the correlation coefficient of the expression of two genes is not strictly zero, but it isn’t
necessarily very high either. In order to create a meaningful gene co-expression network,
the question to ask is not just whether there is any relationship between the expression
levels of two genes, but how strong and systematic the relationship between them is. A
strong correlation between two genes might indicate a biologically relevant relationship
between them, so it is important to separate correlations that could just as easily have
happened by coincidence, and those that it would be unlikely to find without there being a
systematic mechanism behind them.

A correlation coefficient, typically denoted ρ, takes any value between −1 and 1. The
closer ρ is to −1 or 1, the stronger is the negative or positive correlation, respectively.
A strong positive correlation coefficient reflects two data series where the corresponding
values increase or decrease together, while a strong negative correlation coefficient reflects
the opposite: an increase in one of the data series is closely associated with a decrease in
the other, or vice versa.

The closer ρ is to zero, the less do the two data series follow a given relationship [24].
Values sufficiently close to −1 or 1 are considered significant.
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Pearson Correlation

The Pearson correlation coefficient can be used to calculate the linear relation between two
raw data measurement series, for instance the normalized gene expression levels obtained
in an RNA-Seq experiment. The Pearson correlation coefficient is given by Eq. (2.3) [25]:

ρij =
cov(i, j)

σiσj
, (2.3)

where cov(i,j) denotes the covariance between measurement series i and j, and σi and σj
denote the standard deviations of the measurement series i and j, respectively.

Spearman Correlation

The equation for the Spearman correlation coefficient has the same form as the Pearson
correlation, but instead of measuring the correlation between the raw data measurements,
it is used to find the correlation of the ranks of the measurements.

The ranks are the numbers that would indicate the place of the measurements in a list
where they were sorted by size. The rank of the numbers 4.5, 2.3, 7.3 and 1.0 would
for example be 3, 2, 4 and 1, respectively. The rank of a gene’s expression level is thus
an alternative way of giving its relative expression level compared to the other measured
genes from the same sample. An advantage of the rank correlation over the linear corre-
lation is that the measurements do not have to be normalized in order for two correlation
coefficients from two different data sets to be compared.

It follows that before calculating the Spearman correlation of the expression levels of
two genes, the N measurements of each gene have to be converted to their correspond-
ing rank in each sample. For two genes i and j with N data points each, the Spearman
correlation coefficient is given by Eq. ( 2.4):

ρrg(i)rg(j) =
cov(rg(i), rg(j))

σrg(i)σrg(j)
(2.4)

where rg(i) and rg(j) denote the ranks of genes i and j, respectively, cov(rg(i),rg(j)) de-
notes the covariance between rg(i) and rg(j), and σrg(i) and σrg(j) give the standard devia-
tions of rg(i) and rg(j), respectively.

2.5.2 Computing Running Variance
The variance of a sample ofN data points, x1, ..., xN , can be computed using Eq. (2.5) [25]:

σ2 =
1

N − 1

N∑
i=1

(xi − x̄)2 =

N∑
i=1

x2i − (N − 1) · x̄2 (2.5)

where x̄ is the mean of the data points. If new values, xi, are added one at a time, and the
final N is large, the computational task will be so big that a computer should calculate the
variance. If using the left hand side version of the variance formula, the computer has to
go through the data two times for each new xi value: once for calculating the mean and
once for calculating the differences.

14



2.5 Statistics

The two-pass approach will be more time consuming, so the most intuitive solution
might then be to make the computer accumulate the two sums of x2i and xi (to find x̄)
separately, and then find the difference according to the right hand side of Eq. (2.5). There
is, however, a possible pitfall to this approach: If each xi is very large or has many deci-
mals, then the sum of squared xi’s will get even bigger, possibly losing precision because
the size of the value exceeds the number of digits the computer has available for storing
float numbers. If the difference between the two sums is small, this might lead to a serious
loss of precision. In the worst case scenario, one might even get a negative number, even
though a variance must always be positive. Not only will the results be far off, but it would
also make it impossible to take the square root of the variances in order to get the standard
deviations.

A solution to this problem was proposed by B.P. Welford in 1962 [26]. His numeri-
cally stable algorithm for computing running variance is given as the following recurrence
formulas initialized with M1 = x1 and S1 = 0:

Mk = Mk+1 +
xk −Mk−1

k
(2.6)

Sk = Sk−1 + (xk −Mk−1) · (xk −Mk) (2.7)

where the kth estimate of the variance is found from Eq. (2.8) as long as 2 ≤ k ≤ N :

σ2 =
Sk
k − 1

(2.8)

2.5.3 Confounding
Confounding occurs when there seems to be a direct relationship between two variables,
while in fact the apparent relationship is caused by a hidden factor not accounted for, a
confounding factor. Confounding factors can easily lead to false conclusions. An example
could be the following fictional study: You have bone samples from a group of elderly
people and a group of young people. Almost all the elderly people have osteoporosis, and
none of the young people do. From that you conclude that osteoporosis comes from old
age. If the real reason for the high occurrence of osteoporosis in the group of elderly test
subjects is that without your knowledge, they all live in the same nursing home where
they get too little sun light and their diet does not contain vitamin D, this would be a
confounding factor possibly leading you to make a false conclusion about the origin of
osteoporosis.

Even if you take care to avoid such obvious sources of errors as in the previous exam-
ple, it will be difficult to remove all possible confounding factors in a data set, for instance
a gene expression data set. If a pair of genes, denoted i and j, shows an overall significant
co-expression across the N samples in a condition k, and the co-expression is similarly big
in all the N individuals, it is likely that a strong co-expression between these genes is typ-
ical for condition k. If, however, the gene pair shows a very strong correlation of the data
for one or more sub-groups of the N samples, and a non-significant co-expression for the
rest of the samples, the overall correlation coefficient could still end up being significant,
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but there is a risk that this significance is due to confounding factor(s): some unknown
condition or conditions that the individuals with strong co-expression have in common
(age, unreported diseases, life-style etc.), instead of the condition k itself. Confounding
factors would therefore typically lead to a high variance in the correlation calculated from
many different subsets of the two full data series.

2.5.4 Boxplots
A boxplot is used to graphically visualize the distribution of numerical data [27]. An
example boxplot is given in Fig. 2.4. Any set of numbers can be ordered, allowing us to
find its different quartiles: The second quartile, Q2, is the middle value (median) of the
data, while the first and third quartiles, Q1 and Q3, are defined to be the middle values
between Q2 and the smallest and biggest values in the data set, respectively.

In a traditional boxplot there is a rectangle, ”the box”, where the first and third quartiles
can be found as the upper and lower sides of the box. The height of the box (= Q3-Q1),
called the interquartile range (IQR) thus gives the range within which 50% of the data
points are found. The second quartile, Q2, representing the median of all the data points,
are found as a horizontal line (the red line in Fig. 2.4) inside the box. Furthermore there are
two whiskers extending above and below the box. The range of the whiskers are typically
set between Wlower = Q1 − C · IQR and Wupper = Q3 + C · IQR where Wupper and
Wlower represent the range of each whisker, and C is a constant that has to be chosen. If no
data points are as high or low as these values, the whiskers will instead end at the highest
and lowest data point. Any data point above Wupper or below Wlower are represented as
outliers. In Fig. 2.4, each outlier is represented by ”+”.

2.5.5 Hypothesis Testing
In hypothesis testing, one compares a statistical hypothesis H1 to the null hypothesis H0.
Typically the H1 hypothesis can be something like ”there is a linear relationship between
these two data sets”, or ”there is a significant difference between these two measurement
series”, while the respective null hypotheses H0 would be ”there is no linear relationship
between the data sets, they are completely uncorrelated”, or ”there is no significant differ-
ence between these measurement series”.

To decide if there is a significant correlation between the two, one calculates the corre-
lation coefficient ρ for the two data sets, and then compares it to the correlation coefficient
distribution from completely uncorrelated data sets of the same size. If the calculated ρ
could just as likely have been from two uncorrelated data sets, one keeps the null hy-
pothesis, whereas if it is highly unlikely that the calculated ρ value would come from the
comparison of two uncorrelated data sets, one rejects the null hypothesis in favor of the
alternative hypothesis H1.

To decide whether to reject the null hypothesis or not, it is necessary to quantify
”highly unlikely”; one needs to set a threshold for |ρ|, above which ρ values are consid-
ered significant. Tables with the probabilities (p-values) of given ρ values to occur from
uncorrelated data sets of given sizes, are widely available online or in statistics literature.
By convention, absolute p-values of 0.05 or below are considered significant, and 0.01 or
below is considered highly significant. If you have calculated a correlation coefficient ρ
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Figure 2.4: An example boxplot where the first, second and third quartiles, Q1, Q2 and Q3, as well
as the interquartile region, IQR, are marked.

from two data sets, and find a corresponding p-value of 0.01, it means that you would only
expect a ρ value this extreme or more (this close or closer to 1 or −1) to happen 1% of the
times if the null hypothesis H0 is true. In other words, in 99% of the cases, a ρ value this
good would come from a true systematic relationship between the data sets [25, 28].

For large data sets, the Fisher’s z transformation can be used to find p-values from
correlation coefficient values [23]. New z values are computed from the given ρ values
using Eq. (2.9):

z =
1

2
ln

(1 + ρ)

(1− ρ)
(2.9)

The obtained z values can be assumed to be normally distributed, and corresponding
p-values can be found in any p-value table for normal distributions. Alternatively, one
can use q-values, which are p-values adjusted for the false discovery rate discussed Sec-
tion 2.5.8.

Following these norms there is still a chance of either rejecting the null hypothesis
when the data sets are really unrelated, or keeping the null hypothesis even if the data sets
are actually related. The first is called a Type I error, or false positive result, while the latter
would be a Type II error, or false negative result [28]. In the specific case of constructing
gene co-expression networks, a Type I error would be to put a link between two genes that
have no biological relation in their expression levels, whereas a Type II error would be
not putting a link between two genes that in reality do have a biological relation of their
expression.

One type of statistical hypothesis testing is the t-test. The three most common varia-
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tions of the t-test are the one-sample, two-sample and paired t-tests. Only the two-sample
t-test will be explained in this section, as it is the one that will be relevant in later chapters.

As the name implies, there are two samples, or measurement series, in a two-sample t-
test. The test is used to determine if two data sets are significantly different from each other
or not. More precisely, it tests the null hypothesis that the two measurement series have
the same average, meaning that they can be assumed to come from the same underlying
distribution.

Let y1, ..., yn be the n measurements in sample 1 and x1, ..., xm be the m measure-
ments in the sample 2. The average of the two samples are denoted ȳ and x̄, and the
corresponding sample variances are denoted σ2

x and σ2
y . The degrees of freedom, df , are

found as df = n + m − 2. From these parameters, the t-statistic can be calculated using
Eq. (2.10) [28]:

t =
ȳ1 − ȳ2√
σ2
1

n1
+

σ2
2

n2

(2.10)

From df and the calculated t-statistic, one can find the associated p-value from a t-table.
If the p-value is smaller than 0.05, the null hypothesis of equal mean values can be rejected,
and the two samples can be assumed to come from different underlying distributions.

2.5.6 The Multiple Comparison Problem
The multiple comparison problem arises when several individual hypothesis tests are con-
sidered at the same time [29]. The significance values of the individual comparisons no
longer reflect the true significance value of the combined set of multiple hypothesis tests,
where the same data are used in many different comparisons. The more comparisons that
are made simultaneously, the more false positives are expected [24].

This would to a great extent be relevant for the construction of large gene co-expression
networks. There are between 20 000 and 30 000 genes in the human genome, and compar-
ing all these genes pair-wise would result in between 1.9 · 108 and 4.5 · 108 simultaneous
hypothesis tests. Even if one does not study the correlation of all the genes in the whole
genome, but restricts the analysis to for instance 103 genes, this would result in almost
5 · 105 comparisons. A p-value of 0.05, normally considered significant, would allow
about 25 000 false positive results. If the goal of a differential co-expression analysis is
for example to identify genes (or relations between genes) involved in a disease (using the
”guilt-by-association” principle), one could end up with a high number of ”miscarriages
of justice”. Your network could easily become rather useless as ”evidence”. The Bonfer-
roni correction and the false discovery rate are two possible ways of handling the multiple
comparison problem.

2.5.7 The Bonferroni Correction
There are many different procedures that can be used to protect us from calling differences
significant when they in fact are not. To avoid getting too many false positives, the signif-
icance level has to be adjusted for the number of simultaneous comparisons. An easy way
to do this is to use the Bonferroni correction [24].
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The Bonferroni correction simply divides the individual significance level (0.05) by
the number of tests being conducted (e.g. corresponding to number of gene pairs), and
uses this as the new significance level for all the individual tests [29]. This works well
with relatively few variables, but it is not difficult to see that with for instance 103 genes,
this requires an individual significance level of 5 · 10−5, which is very low. The more
comparisons you make, the lower the significance level gets for each case, with the result
that it becomes more and more difficult to detect even highly significant correlations. As
the overall Type I error rate goes down, the Type II error rate would therefore increase.
The risk of getting many false discoveries decreases dramatically, but you might not get
too many valuable discoveries either. It is therefore often advisable to use other correction
methods when making a very high number of hypothesis tests [29]. However, if there
are enough samples (enough simultaneous measurements of the genes at study), the more
reliable each correlation value would get, and the easier it is to still get results below the
Bonferroni corrected significance level even with a high number of tests.

2.5.8 The False Discovery Rate
A different way of performing multiple comparison correction is by using the false discov-
ery rate (FDR). The false discovery rate quantifies the expected number of false positive
results. The false positive rate of the Bonferroni correction gives the percentage of all re-
sults that will be truly negative, while the FDR gives the percentage of the declared positive
results that will be truly negative. The FDR has a greater power, but is less conservative,
so the number of Type I errors will be larger than if using the Bonferroni correction [30].

2.6 Gene Co-Expression Networks
Gene expression data can be obtained by performing an RNA microarray analysis (see
Section 2.2). Before constructing a gene co-expression network, all the genes need to be
measured simultaneously in a sufficient number of independent samples. In the complete
data set, the expression levels of each gene are represented by a vector with as many ele-
ments as there are samples analyzed. Each vector element thus contains one measurement
of the abundance of mRNA from that gene in a tissue sample from one person. The ex-
pression levels of all the genes measured in the same tissue sample will have the same
placement in their respective gene’s expression vector.

As previously mentioned, a gene co-expression network is a network where the nodes
represent genes, and the links indicate a synchronized gene expression pattern between
the connected genes. Two genes can have positively correlated expression (the up- and
downregulation patterns follow each other, simultaneously or with some delay), nega-
tively correlated expression (upregulation of one gene is associated with downregulation
of the other and vice versa) or no correlation of expression. The connection between two
genes in a co-expression network is the correlation of their respective expression vectors.
In unweighted gene co-expression networks, any correlation above a given threshold is
considered significant, and should be represented as a link in the network. Genes con-
nected by a link are said to be co-expressed. In weighted gene co-expression networks, the
strength of each link will reflect the strength of the correlation.
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The motivation behind constructing these networks is that gene co-expression patterns
are found to often correlate with a given phenotype or biological function [7, 8, 9, 10].
Constructing a network from pairwise gene co-expressions makes it possible to find net-
work characteristics and structures that would otherwise be difficult to detect if you were
to study the genes or even pairs of genes separately.

Expression data always comes from experimental measurements of RNA levels, and
will therefore always be noisy due to measurement uncertainty. It is important to be careful
when analyzing the data, making sure to be aware of possibly false conclusions. When
performing an unweighted network analysis it is important to set a correlation threshold
for co-expression links so that they are likely to reflect significant biological, real-life
relations between the genes as well as possible. Without such a correlation threshold, one
could easily end up with a complete (fully connected) network, where all the nodes are
connected to all the others, and from which no meaningful information can be drawn.

2.7 Differential Gene Co-Expression Analysis
Differential gene co-expression analysis is the analysis of how the pairwise correlations
in gene expression differ between two or more conditions. The analysis is performed in
order to explain for instance a biological system’s level of dysfunction, or the cell response
to given conditions. “Conditions” can in this case refer to the presence or absence of a
variety of categories and factors, such as disease or illness, substance abuse, exposure
to pollutants, medical treatment, lifestyle factors, tissue type, species and so on. Any
condition can be studied by use of the same methods.

There are several approaches to the analysis of the change in gene co-expression, and
the choice of method will usually reflect the type of information one is interested in. The
methods differ both in the way they identify differential gene co-expression, in their main
focus of interest and in their output. One approach is to create one co-expression network
for each condition to be studied, and then simply see what links or nodes have appeared or
disappeared when going from one condition to another [31, 32]. The alternative approach
is to construct one differential co-expression network, where a link between two genes rep-
resents the change in co-expression for that gene pair between two conditions [2, 33, 34].
The change detected with either approach, might either only be the occurrence/disappear-
ance of a link between the conditions, or additionally the change of link type, from positive
to negative correlation, can be included [2]. Some approaches identify differentially ex-
pressed genes instead of focusing on the links [32, 33, 35] and some focus on detecting
different network modules [35, 36, 37].

2.8 The CSD Method

2.8.1 CSD networks

The CSD method for differential co-expression analysis [2] is used to create a single net-
work that describes three different types of co-expression changes for pairs of genes be-
tween two given conditions. A CSD network consists of nodes, representing genes, and
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links, representing a condition-wise change or conservation of the co-expression rela-
tionship between two genes. A network link reveals, in other words, whether or not the
correlation between two genes has changed significantly between the two conditions.

The pair-wise gene co-expression is first calculated for each condition separately. Gene
co-expression is represented by the Spearman correlation coefficient, ρij,k, for a given
gene pair (i,j) over all the N gene expression data points representing condition k. A
co-expression relationship in a given condition can either be a strong positive correlation
(ρij,k close or equal to 1), a strong negative correlation (ρij,k close or equal to −1), or
a weak/no correlation (ρij,k close or equal to 0). From the co-expression relationships,
three types of differential co-expression relationships are recognized by the CSD method:
conserved (denoted C), specific (denoted S) and differentiated (denoted D) co-expression:

• A conserved (C) link in the CSD network represents a situation where a significant
co-expression relationship between two genes has not changed between the two
conditions: The correlation is strong, and with the same sign, in both conditions.

• A specific (S) link represents situations where there is a strong correlation of any
sign between the genes in one condition and a weak or no correlation in the other.

• A differentiated (D) link represents the situation where a strong gene pair correlation
changes sign when going from one condition to the other.

The three possible differential co-expression relationships between two genes are vi-
sualized as a gene co-expression score surface plot in Fig. 2.5. The Spearman correlation
coefficients ρ1 and ρ2 for a single gene pair in conditions 1 and 2 are represented on one
axis each, giving a plot with eight co-expression areas of interest. Two blue areas represent
C relationships, with strong, same sign correlation coefficients in both conditions, two red
areas represent D relationships with strong, oppositely signed correlation coefficients in
the two conditions, and four green areas represent S relationships, with a strong correla-
tion of either sign in one condition and a close to zero correlation coefficient in the other
condition. The white area represents combinations of correlation coefficients that will not
result in a link in the CSD network. This includes situations where one or both correlations
are neither particularly strong or particularly weak, and situations where both correlations
are weak.

The C, S or D relationship between a pair of genes i and j is determined by calcu-
lating gene relationship scores, Cij , Sij and Dij , given in Eqs. (2.11), (2.12) and (2.13)
respectively [2]:
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Figure 2.5: The gene co-expression score surface gives a general representation of the combinations
of correlation coefficients from two conditions that will correspond to the three different types of co-
expression relationships; C, S and D. The variables ρ1 and ρ2 represents the Spearman correlations
of a given gene pair in conditions 1 and 2 respectively. The green areas corresponds to specific (S)
differential co-expression, the blue areas correspond to conserved (C) co-expression, and the red
area corresponds to differentiated (D) co-expression. The co-expression relationship types are also
indicated by their respective letter, C, S or D, next to their corresponding colored area. The white
area represents combinations of correlations that will not result in a network link. Source: [2]
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Cij =
|ρij,1 + ρij,2|√
σ2
ij,1 + σ2

ij,2

(2.11)

Sij =
||ρij,1| − |ρij,2||√
σ2
ij,1 + σ2

ij,2

(2.12)

Dij =
|ρij,1|+ |ρij,2| − |ρij,1 + ρij,2|√

σ2
ij,1 + σ2

ij,2

(2.13)

2.8.2 Internal Co-Expression Variations in Each Condition
The Cij , Sij and Dij scores are corrected for possible confounding factors in the data set
by including the variable σ2

ij,k in the equations. This is an estimate of the variability in
the Spearman correlation coefficient for each gene pair i,j within the data set representing
condition k. A high variability in correlation between two genes reflects that groups of the
data points for those genes are very differently correlated than the other data points, which
could be caused by some unknown factor affecting only a sub-group of the subjects from
which the tissue samples are taken. If the scores were not corrected for high variabilities
within the data set, there would be a risk of creating a false impression that an observed co-
expression between two genes is related to the studied condition, when in fact it is related
to some unknown factor not accounted for. A high σ2

ij,k will therefore reduce the value of
the co-expression scores, Cij , Sij and Dij .

An estimate for the internal variance in co-expression for each gene pair within each
condition is computed as the standard deviation of the mean of the Spearman correla-
tion coefficients calculated for each independent sub-sample of size n that can be drawn
from the N data points. The sub-sampling is done using the following sub-sampling algo-
rithm [2]:

1. The total of N data points per gene are sequentially numbered.

2. The N data points are divided into non-overlapping sub-samples of size n. With
n = 7 and N = 49 this would result in 7 initial sub-samples.

3. The first data point is used as the initiating data point, n∗. A new sub-sample is built
by starting with data point n∗. While sequentially iterating through the data points,
new data points are added by the following criterion: if the current data point has
never previously co-occurred in a sub-sample with any of the data points already in
the current sub-sample, it is added to it.

4. When the size of the current sub-sample reaches n, a new sub-sample is initiated
with the same initiating data point, n∗, and step 3 is repeated.
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5. When no valid sub-sample of size n can be drawn using n∗ as the initiating data
point, step 3 is repeated using n∗ = n∗ + 1 as the next initiating data point.

6. The procedure is complete when no more allowed sub-samples of size n can be
constructed.

This algorithm ensures that the highest possible number of independent sub-samples of a
fixed size n is drawn from the full data set. The independence is ensured by the condition
that the intersection between any two sub-samples cannot be more than one data point.

The sub-sampling strategy of the CSD method accounts for the fact that confounding
factors could change the ”real” correlation within the sub-populations of samples that they
affect. The rationale for using only independent sub-samples, where no pairs or bigger sets
of data points are part of multiple sub-samples, is therefore that calculating correlations
over the same data points multiple times could possibly lead to an underestimation of the
real variability within the data.

In order to detect confounding factors as well as possible, and also get a high number
of sub-samples from which each σij,k can be calculated, the sub-sample size n should
be small, while still allowing reasonable calculations of correlation coefficients. Voigt,
Nowick and Almaas [2] found a sub-sample size of n = 7 to be the minimum requirement
to calculate a meaningful Spearman correlation, and that in order to get enough data points
for the estimation of σij,k, the data set should have a total of at least N = n2 data points
per gene. This restricts the method to data sets with a minimum of 49 data points per gene
per condition.

2.8.3 Thresholds for the Cij , Sij and Dij scores

Looking into Eqs. (2.11), (2.12) and (2.13), note that taking the absolute values ensures
positive numerators in each fraction, while the root sum square of the standard deviations
of the means, σij,k, in the denominator can be any positive number, with no limitation on
how close they are to 0. The scores can therefore take values from 0 to infinity. The Cij ,
Sij and Dij scores quantify the extent of each C, S and D co-expression relationship for
a given gene pair, but the values of the three scores are not directly comparable, as the
scores follow different distributions.

In order to obtain one single, meaningful network in which all links are comparable to
each other, the three scores have to be mapped to a common scale. Three threshold values,
kCp , kSp and kDp , are determined so that each of them corresponds to an importance level,
p. The importance level is not the same as the traditional p-value common in standard
hypothesis testing. In contrast to a p-value, the importance level in the CSD method is not
based on an hypothesis testing situation, but on the probability of obtaining a given score
from the distributions of the calculated scores. The threshold values,kC,S,Dp and associated
importance levels pC,S,D are determined by the following method (The C score with its
associated threshold value and importance level is used as an example):

1. Calculate the C score for allM gene pairs, resulting in a total set ofM different Cij
scores.
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2.8 The CSD Method

2. Draw m samples, si, from the total set of C scores, with each sample having a size
L << M .

3. The threshold value kCp is determined as the average of the maximal values per

sample: kCp = 1
m

m∑
i=1

max{si}C

4. The associated importance level p is set as p = 1/L.

The same procedure is used for the threshold values and importance levels of the S and D
scores. By choosing a common importance level p for the three scores, thereby getting an
appropriate sample size L, it is possible to get comparable threshold values for the three
types of scores.

Each pair of genes has a calculated Spearman correlation coefficient, ρij,k, for each
of the two conditions k, resulting in a pair of correlation coefficients, (ρij,1, ρij,2). As
explained previously, the Cij score is designed to increase the closer a pair of Spearman
correlations are to the values (−1,−1) or (1, 1), and to get small otherwise. Similarly,
the Sij score is designed to increase the closer the pair of Spearman rank correlations
get to (1, 0), (0, 1), (−1, 0) or (0,−1), and to become low otherwise, and the Dij score
is designed to increse the closer a pair of Spearman rank correlation gets to (−1, 1) or
(1,−1), and to become low otherwise. Eqs. (2.11), (2.12) and (2.13) thus ensure that
for any combinations (ρij,1, ρij,2), at most one of the Cij , Sij and Dij scores will be
above their respective threshold kp, returning only one type of link between genes i and
j. Adjusting the importance value corresponds to increasing or decreasing the areas in
Fig. 2.5, considered to reflect a C, S or D relationship, and it has to be set to a value
that does not make the areas overlap. The importance value can be adjusted to a level that
ensures a network size and link density that is suitable for further analysis.

2.8.4 Node Homogeneity
A node in the CSD network, representing a given gene i, can be characterized by its
distribution of link types, t (C, S or D). This characteristic is called node homogeneity,
Hi, and is calculated as shown in Eq. (2.14) [2]:

Hi =
∑

t∈{C,S,D}

(
kt,i
ki

)2

(2.14)

where kC,i, kS,i and kD,i denote the number of C, S and D-type links, respectively, and
ki is the degree of node i.
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Chapter 3
Materials and Methods

This chapter is divided into two main sections. Section 3.1 gives an overview of the method
study and development, while Section 3.2 describes the method and parameters used in
the CSD analysis of rheumatoid arthritis. The CSD method was chosen for this analy-
sis because it provides a more extensive and complete description of the co-expression
changes between two conditions than other comparable methods: It introduces a new type
of co-expression change (the condition-wise sign change of a strong correlation of the
gene expression of two genes), as well as including both loss and conservation of strong
correlations of gene pairs between the two conditions at study. The reader is referred to
Section 2.8 for a complete description of the original method.

3.1 Method Study and Development
To respond to the issue of data set size limitations in the original CSD method [2], its sub-
sampling strategy was modified so that instead of drawing only independent sub-samples, a
higher number of less independent (more overlapping) sub-samples were drawn at random,
until a fixed percentage of sub-samples had been drawn or discarded. The new, alternative
sub-sampling algorithm was tested on smaller and smaller sub-sets of a bigger data set,
and the results obtained were analyzed and compared to the results using the original sub-
sampling algorithm on the same data. The objective of the method development study was
to test if and to what extent allowing a higher dependence between the sub-samples would
lead to a significant over- or underestimations of the gene pair correlation variabilities,
σij,k, in each data set k, thus uncovering whether or not this would allow data sets with
fewer than 49 data points per gene to be used to create an informative CSD network.

3.1.1 Parameters Affecting σij
It was essential to get an overview of the parameters that could affect the computed σij
values prior to the construction of an alternative sub-sampling algorithm . In order for
the reader to better follow the different steps in the method study, the four most important
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parameters affecting the calculated σij are presented in this section; the size of the data
set, N , the number of sub-samples, S, the sub-sample size, n, and the dependence between
the sub-samples, given by the maximum number of data points that any two sub-samples
are allowed to overlap, o.

A large enough S will ensure that σij reaches a final, stable value, which will not be
significantly changed by adding more sub-samples. A high number of sub-samples will
also increase the probability of detecting confounding factors, which is the whole point of
both sub-sampling procedures. If sub-samples are allowed to overlap, a higher S will lead
to an increase in the average dependence between the sub-samples that are drawn.

The number of sub-samples that is possible to find is dependent on the combination
of the other three parameters. If possible, increasing N by making more measurements
per gene would be the easiest way of getting more independent sub-samples. Lowering
the sub-sample size, n, will also allow more sub-samples to be drawn, but there is a limit
to how small n can be without reducing the validity of the Spearman correlation: If there
are too few data points per sub-sample, the Spearman correlation coefficient will not be
meaningful anymore. The choice of sub-sample size, n, will obviously affect how many
sub-samples of a given dependence that can be drawn in total. Increasing the dependence
between sub-samples by allowing a higher o is a third way of increasing S.

Originally no dependence between sub-samples was allowed (see Section 2.8): No
pair of data points was allowed in any two sub-samples. Allowing pairs of data points to
appear multiple times, thus allowing some dependence between sub-samples, would allow
more sub-samples to be drawn, but it could also shift the resulting σij to become a worse
estimate of correlation variability. With random drawing of sub-samples, this effect would
be more apparent for smaller data sets, as fewer data points to draw from would increase
the chance of drawing overlapping sub-samples. If allowing a given overlap between the
sub-samples only resulted in a reasonably small change in σij,k, one could still benefit
from increasing the allowed sub-sample overlap, possibly getting good enough estimates
for σij even with quite small data sets.

As an illustration of the substantial change in the number of sub-samples that can be
found with just a small increase in the permitted overlap, imagine a data set with N = 9
data points per gene and a sub-sample size n = 3. Using the original requirement of
maximum one data point overlap, this will result in 12 sub-samples by using the original
sub-sampling algorithm described in Section 2.8. Allowing a sub-sample overlap of 2 in
stead of 1, will in this example increase the number of possible sub-samples with 84.

3.1.2 Data Collection
The gene expression data set used to test the new sub-sampling algorithm came from
whole-blood samples of healthy individuals and was published as part of the GTEx project [38,
39]. The data set was found in their online database [12], and contained 338 data points
per gene.

To investigate the consequences of varying the allowed sub-sample overlap on dif-
ferently sized data sets, all 338 measurements of the first 100 genes of this data set was
extracted from the full data set and used for computation of reference values. Smaller data
sets were sliced out from this set in order to produce smaller data sets. The reason for
only using the first 100 genes was to reduce the time consumption, but as this resulted in
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4950 gene pairs for all the different data sets, it was considered to be enough genes for the
purpose of studying the results of the method modifications.

The smaller data sets were created by extracting the first 300, 200, 100, 60, 50, 40,
30, 25 and 20 data points per gene, respectively. The data set sizes were chosen to be
closer to each other when approaching and going below the lower size limit of the original
CSD method, N = 49 data points per gene. This was done because any effects of higher
maximum permitted overlap between sub-samples would be bigger with smaller data sets
as a result of there being fewer valid sub-samples to draw.

3.1.3 The Alternative Sub-Sampling Algorithm
The original, deterministic sub-sampling algorithm was not easily changed to include a
higher dependence between the drawn sub-samples. The alternative algorithm that was
proposed and implemented in a script was therefore based on random drawing of sub-
samples that were accepted or discarded based on how much overlap they had with pre-
viously drawn sub-samples. The alternative algorithm is presented in the following para-
graphs.

A gene expression data set consists of N RNA measurements per gene. All the gene
expression measurements of a given gene can be thought of as a vector, and elements in the
same place in two genes’ expression vectors come from the same tissue sample and may
be compared. For each gene pair the new algorithm drew multiple sets of seven random
expression vector entry numbers and put them together as new sub-samples. Each new
sub-sample was tested for overlap with previously drawn sub-samples and accepted or
discarded based on the chosen maximum overlap.

The ”maximum sub-sample overlap”, o, was defined as the maximum number of data
points that a given sub-sample had in common with any other sub-sample. For example
the set {1, 2, 3, 4, 5, 6, 7} has o = 1 data point overlap with the set {7, 8, 9, 10, 11,
12, 13}, and the basis for the correlation calculations of these two sets would have been
independent. Furthermore, the set {1, 2, 8, 9, 14, 15, 16} has no more than two data points
overlap with any of the other two sets, and would be allowed together with the previous
two sub-samples if the maximum sub-sample overlap was set to o = 2. Put in another
way: It has no subsets of three data points in common with any of the other sub-samples.
Allowing a sub-sample overlap of o = 3, ensures that no subset of four data points will be
found together in two sub-samples, and so on. Choosing o = 6 gives completely random
dependence for sub-samples of size n = 7, as the only restriction is that no complete
sub-sample is used twice.

The following algorithm was implemented for the calculation of σij for each gene
pair i,j in a data set with N data points per gene expression vector, a sub-sample size n, a
maximum number of valid sub-samples per gene, Smax, and a maximum overlap of o data
points per sub-sample:

1. Assign integers in increasing order from 1 to N to each measurement column in the
data set.

2. Draw n random, unique integers in the interval [1, N ] as the ”current sub-sample”.
If more than 2 data points in the corresponding expression vector entries of genes
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i or j has the value zero; discard the sub-sample, and repeat step 2 until a valid
sub-sample is found or a given discard percentage is reached.

3. Compute the Spearman correlation coefficient for genes i and j from the expression
vector elements given by the current sub-sample.

4. Repeat step 2, and proceed to step 3 if the current sub-sample has no more than o
data points overlap with any previously drawn sub-sample. Discard the sub-sample
if this requirement is not met, and repeat 2.

5. Repeat steps 1 to 4 until a given percentage of the sub-samples are discarded or an
upper limit, Smax, for the number of valid sub-samples is reached.

6. Calculate the mean and the associated standard deviation of the mean, σij,k, of the
Spearman correlation coefficients from all valid sub-samples.

The decision not to calculate Spearman correlations of sub-samples with more than two
zero entries per gene was to avoid problems with computing Spearman correlation values
with too many tied ranks. Other tied values were not expected because the measurements
had a high number of decimals. Gene pairs where the computed σij,k was based on too
few accepted sub-samples (below a limit Smin) were filtered out from the data set before
further analysis was performed.

3.1.4 Choice of Method Parameters
Discard Percentage

The discard percentage of the sub-sampling algorithm was set to 99%. This parameter
was set after testing a few different values: Using 95 % resulted in significantly fewer
valid sub-samples, while increasing the percentage to 99.9999% did not result in many
more valid sub-samples, but increased the computation time significantly.

Sub-Sample Overlap, o

The test data sets described in Section 3.1.2 were tested with maximum permitted sub-
sample overlaps of o = 1, 2, 3 and 6. Permitted sub-sample overlap of o = 1 corre-
sponded to independent sub-samples like in the original method, only with a different way
of finding them. Adjusting o to 2 or 3 allowed a small to medium sub-sample dependence,
while o = 6 represented the highest possible permitted overlap between non-identical
sub-samples.

Sub-Sample Size, n

Different sub-sample sizes were evaluated by Voigt, Nowick and Almaas [2], who found
that the sub-sample size could not be reduced below n = 7. Based on this, the method
study in this project was restricted to sub-samples of n = 7 data points, because the
new algorithm was to be tested on very small data sets, and it was assumed to already
be difficult to draw a sufficient number of sub-samples of n = 7 when testing with the
smallest sub-sample overlaps.
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The Number of Sub-Samples, S

When using the new sub-sampling strategy with various numbers of allowed sub-sample
overlap, each σij would be calculated from the given number of sub-samples, S, that had
met the criteria of allowed overlap and number of zeros. With a low sub-sample over-
lap and/or few data points, relatively few sub-samples would be drawn before the discard
percentage was reached. With too few sub-samples, the σij that was calculated would
be too dependent on the initial drawing pattern and not reliable as an estimate of correla-
tion variability. When increasing the data set size or the allowed sub-sample overlap, the
maximum number of sub-samples would get higher and higher, possibly leading to very
time-consuming calculations.

Taking these factors into consideration, it was necessary to set both the upper limit,
Smax, for the number of sub-samples that the algorithm was allowed to draw per gene pair
before it was reasonable to stop, and the lower limit of sub-samples, Smin, where a σij
based on fewer sub-samples than this limit was not used in the further tests of the method.

Since the value of σij was computed continuously for each new sub-sample (see Sec-
tion 3.1.6), one could think of σij as a signal that would vary according to the number
of sub-samples, before it stabilized after a given number of sub-samples had been drawn.
The lower limit for the number of sub-samples, Smin, was set at the lowest number of
sub-samples that would produce a σij output that was relatively stable compared to the
values obtained with a lower S. The upper limit for the number of sub-samples, Smax, was
set at a level where the σij signal had been stable for a significant number of sub-samples
already, ensuring as reliable values as possible within a reasonable computation time.

The σij ”signal” was measured continuously for 28 gene pairs, increasing Smax grad-
ually from 1 to 200. The parameters Smin and Smax were set to 50 and 200, respectively,
based on the results from this pre-analysis. An evaluation of the limits is given in Chapter
4. The 28 gene pairs were all pair-wise combinations of eight selected genes. The genes
were chosen carefully so that gene pairs with both positive and negative, as well as strong,
medium and weak correlations were present in the selection. The identity of the eight
genes used are given in Appendix A2.

3.1.5 Evaluation of the Alternative Algorithm
The value σij was computed using the new sub-sampling algorithm on the 4950 gene pairs
on each of the ten data sets of different size N , with four different values of the maximum
permitted sub-sample overlaps o. This gave one measurement series per combination of
N and o. These were denoted σNo , and compared to a common series of ”true” reference
data. The reference data series σ338

1 (using the full data set of 338 samples per gene,
and only independent sub-samples, o = 1) was computed independently from the first
measurements, and defined as the ”true standard deviations of the means”, denoted σT .

Stability of the Computed σ Values

The stability of the results from the new sub-sampling algorithm were investigated by
computing σ338

1 and σ338
6 100 separate times for the same 28 gene pairs used for deciding

the S limits in Section 3.1.4. The distributions of σ338
o values for each gene pair were
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visualized as boxplots in order to see the spread of the values. The relative variation in σ
for these gene pairs was found as the coefficient of variation, CoV, which measured the
variance of each distribution divided by the mean value of σ for each gene pair.

Evaluation of the Effect of Sub-Sample Dependence

The comparison between the σNo series and the reference series was done by dividing σNo,ij
for each gene pair i,j by its corresponding reference value σTij . The distribution of each
σNo /σ

T series was plotted as boxplots with whiskers set to span the following ranges:
Wupper = Q3 + 1.5 · IQR and Wlower = Q1 − 1.5 · IQR. The different boxplots
were analyzed in order to investigate how the overall σ distributions were affected by the
combination of the various parameters, o, N and S.

The distributions of the σNo values were also compared to the distributions of σT using
a two-sample t-test. This was done to check at which combinations of o and n the σNo
series were so different that they could be assumed to come from a different underlying
distribution. For each o, a t-test was performed on the σNo series with decreasing values of
N until the distributions were found to be significanly different, using a significance level
of 0.05.

Investigation of Outliers

To investigate if there was any system to what gene pairs had the biggest variation in their
computed σ values, and therefore ended up as outliers in the boxplots, some of the σNo /σ

T

distributions and associated outliers were investigated further. As stated previously, the
boxplot whiskers were set to have a length of 1.5 · IQR, so that any σ/σT value above the
value Q3 + 1.5 · IQR or below Q1− 1.5 · IQR were defined as outliers.

The total number of outliers, as well as the associated percentage of gene pairs ending
up as outliers, were found for the σNo /σ

T distributions with the following (N, o) com-
binations: (338,1), (300,1), (100,1), (338,6), (100,6), (50,6) and (30, 6). Furthermore, a
comparison was done to find the number and percentage of common outlier gene pairs
between two and two of the chosen σNo /σ

T distributions. The distributions were chosen
so that the combinations of distributions with high/high, high/low and low/low N values
in combination with high/high, high/low and low/low o values were compared. This was
done to ensure that outliers from different types of distributions were investigated without
having to investigate all the 29 possible distributions. The latter would have been too time
consuming.

The most extreme outlier gene pairs were also studied in more detail. Four of the
σNo /σ

T boxplots were chosen for this final outlier analysis: σ338
1 /σT , σ100

1 /σT , σ338
6 /σT

and σ30
6 /σ

T . These represented big and small data sets, and big and small o values. The
five most extreme outliers were identified, as well as the five gene pairs lying closest to the
medians of each distribution. The overall correlation coefficient ρ and the associated σT

for these gene pairs were found from the σT series and compared to each other.
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Evaluation of the Reference Data

To test the validity of the σT series as a good representation of the true correlation vari-
ability within the data set, the σT values for all the 4950 gene pairs were compared to the
corresponding series of values obtained by using the original sub-sampling algorithm on
the same gene pairs and 338 data points. The data series found using the original algorithm
was denoted σ338

1 (orig). The distribution of the pair-wise ratios σT /σ338
1 (orig) was vi-

sualized as a boxplot equivalent to the ones described in previous paragraphs. In order to
evaluate if the two algorithms gave equally large variations in the resulting σij values that
they produced, a similar boxplot was also made for the distribution of σ338

1 (orig1)/σ338
1 (orig2)

where σ338
1 (orig1) and σ338

1 (orig2) were the results obtained from two different runs of
the CSD-CS software on the same data set. Because the CSD-CS software is deterministic
in the sense that it draws the exact same sub-samples each time if all the parameters are the
same, the different runs were performed setting the software parameter randomSeed to 3
and 12 respectively. This parameter decided a starting point for the sub-sampling process,
ensuring that the exact same sub-samples were not redrawn on the second run.

3.1.6 Software Implementation of the Alternative Algorithm

In order to perform the calculations of Spearman correlation coefficients and standard devi-
ations of the means of sub-sample correlations for a given data set with different maximum
sub-sample overlaps o, I wrote a python script. The script imported a gene expression data
set, created all possible pairs of genes from the set, and computed the Spearman correla-
tion coefficients for each gene pair. The script further implemented the new sub-sampling
algorithm (see Section 3.1.3) to find standard deviations of the means of a given number of
sub-sample correlations. Two versions of the script was made: the first version computed
σij with maximum sub-sample overlaps of o = 1, 2 and 3, while the second version used
sub-samples with maximum sub-sample overlap o = 6. Both versions of the script are
found in Appendix A4.

For each value of o, the standard deviations of the means of up to Smax valid sub-
samples were calculated on the run for each new sub-sample, either until Smax valid
sub-samples had been found or a given percentage of all drawn sub-samples had been dis-
carded. Welford’s algorithm for the calculation of running variance [26] was implemented
for the variance calculations because it ensured a high numeric stability and precision of
the results. All results for one gene pair were calculated before proceeding to the next
gene pair.

In the first version of the script, all possible combinations of either pairs, triplets or
fours (for permitted overlaps of o = 1, o = 2 and o = 3, respectively) of data points from
the currently drawn sub-sample were created for each drawn sub-sample. If none of them
had been used before, the sub-sample was used for correlation and variance calculations,
and all possible orders of the new pairs, triplets or fours from this sub-sample were added
to a dictionary structure of used combinations. This dictionary was used as a reference
for the next sub-sample and so on. If any of the pairs/triplets/fours in a drawn sub-sample
were found in the dictionary already, the sub-sample was discarded.

The second version of the script was simplified for the calculation of ρij and σij when
the sub-sample overlap was set to o = 6, since storing all combinations of 6 numbers in
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a dictionary structure was a cumbersome procedure. Instead each sub-sample was trans-
formed to a set structure (unordered collections of objects), and all used sub-samples were
stored in a set of sets. If any new sub-sample was not in the set of previously used sub-
samples, the new sub-sample was accepted.

To reduce the overall computation time, the possibility of running parallel computa-
tions was included in both versions of the script, now distributing the gene pair computa-
tions on the available amount of CPUs on the computer.

While the first version of the script was only used for small data sets in the method
development part, the second version of the script was later used for a full size gene ex-
pression data set. The memory demands of the second version of the script were therefore
reduced, the run time was further improved and a progress bar was added so that one
could more easily keep track of the process. The script was furthermore made more robust
against errors, both by including some exception handling that would allow the program
to continue if something went wrong during one of the calculations, just writing an error
message in the result file, and by saving the results at user specified intervals, so that all
computations did not have to be rerun if the script was to stop.

As the parallelization function that was used did not have a built-in way of saving
results on the go, the second version of the script was written so that it divided the list of
gene pairs into a given number of chunks, computed the data for each chunk at a time,
and wrote the results to file before the next chunk was fed to the parallelization function.
This reduced the RAM demands and made the script more robust to failures, by reducing
the potential amount of lost results. The script was set to keep track of all successfully
processed chunks of gene pairs, and return the identity of any non-successful chunks. At
a rerun the script would access this list and only redo the computations on the chunks of
gene pairs that were not successfully processed on previous runs.

In addition to optimizing the existing code, the computation time was sped up by using
multiple computers. The second version of the script was therefore made so that the user
could fill in the number of machines and the number of cores per machine, in order for the
script to divide the gene pairs into groups of corresponding size. For each run on a new
machine, the user then had to write the correct machine number into the script.

The final output of both scripts was a text-file containing a table of gene pairs and their
associated Spearman correlation coefficients, ρij , the associated σNo or (σNo )2 (by choice)
for either o = 1, o = 2 and o = 3 or o = 6 (depending on the version), as well as the
number of sub-samples, S, from which each σNo was calculated.

The first version of the script was run on the test data set of 100 genes and N = 338
measurements per gene. With Smax set to 150, the computations took less than 1.5 hours
running on 24 parallel 3.47 GHz Intel Xeon X5690 cores with 126 GB RAM on Ubuntu
16.04. The second version of the script was run with a data set of roughly 25 000 genes
and 152 measurements per gene as input. With Smax set to 150, the computations took
about 7 days running on a system consisting of 160 parallel 2.4 GHz Intel Xeon E25-2680
cores distributed on 7 virtual machines ranging from 62.9 GB to 189 GB RAM, running
Ubuntu 16.04.
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3.1.7 CSD-CS Software for Original Sub-Sampling Algorithm
The CSD-CS software developed by M.O. Helland in his master project at NTNU, 2017 [40]
was used for the calculation of σij values using the original sub-sampling algorithm with
only independent sub-samples. The CSD-CS program has implemented the original sub-
sampling approach of the CSD method described in section 2.8, and can produce a table
of gene pairs and their associated ρij , and σ2

ij . Worth noting is that this implementation of
the CSD method does use all valid sub-samples that can be found with the original sub-
sampling algorithm, but limits the number of sub-samples to a given number equivalent
to the parameter Smax described in the previous sections. The software is available on
GitHub (https://github.com/magnusolavhelland/CSD-Software).

3.2 CSD Analysis of Rheumatoid Arthritis

3.2.1 Data Collection
The data used in the analysis of rheumatoid arthritis was published as a part of a study by
Guo, Walsh, Fearon, Smith, Wechalekar, Yin et al. in 2017 [41], and accessed through the
Gene Expression Omnibus (GEO) database (accession number GSE89408). The data set
consisted of total RNA sequencing measurements (25049 genes) of joint synovial biopsy
samples of 152 subjects with rheumatoid arthritis and 28 healthy control subjects. One
tissue sample per subject had been analyzed without replicates. The data set also contained
measurements from 38 individuals with other types of arthritis, all of which were excluded
from the CSD analysis.

3.2.2 Network Construction
Gene expression data from the synovial fluid of patients with RA and healthy control sub-
jects were used to generate a CSD network based on the method described in Section
2.8. The RA data set was big enough for the original sub-sampling algorithm of the CSD
method, while the reference data set was too small: Using the original sub-sampling strat-
egy described by Voigt, Nowick and Almaas [2], 28 data points per gene would not lead
to a large enough number of sub-samples for calculating the internal variability in the data
set.

The original sub-sampling strategy was therefore used only for the RA data set, while
the modified sub-sampling strategy described in Section 3.1.3 was used for the reference
data set. When calculating the σij,ref of each gene pair in the reference data set, sub-
sample overlaps of up to 6 data points were permitted instead of just 1, resulting in a higher
number of sub-samples of random dependence instead of a too low number of independent
sub-samples. These sub-samples were used for the calculation of the variability within the
reference data set.

The results of the method study, which will be presented and analysed in Chapter 4,
indicated that with the available methods, this approach would give the best representation
of the internal correlation variance in a data set as small as N = 28. Other alternatives
would have been to ignore the internal variance in the reference data set, or to not perform
the analysis at all. One should however be aware that a substantial number of the estimated
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σij,ref values will be less precise representations of correlation variability in the data set
than what could have been found with more data. Although not optimal, the noise that was
expected in the data as a result of this approach was accepted as the best option available.

In accordance with the results of the method development study the maximum number
of sub-samples were set to Smax = 150, while the lower limit was set to Smin = 100.
Gene pairs that did not meet this criterion were filtered out from the results after the corre-
lation and variance calculations. The large majority of the gene pairs had reached Smax,
so the gene pairs that were discarded due to a low number of valid sub-samples typically
had reached S values much lower than Smin, due to a high occurrence of zeros in the gene
expression data for one or both genes. Gene pairs with sub-sampling or correlation com-
putation errors (for instance by too many tied ranks in the full data set) were also filtered
out from the data set. RNA coding genes were kept in the network even if they do not code
for protein products as they might have regulatory functions.

The two correlation/variance data sets were finally used to create a CSD network as
described in Section 2.8.

3.2.3 Biological Process Enrichment Analysis
In order to establish if the network was enriched with genes related to specific biologi-
cal processes, a GO (gene ontology) enrichment analysis was performed using the GO
Enrichment Analysis tool of the Gene Ontology Consortium [42, 43, 44] available on-
line (http://www.geneontology.org/page/go-enrichment-analysis). The category ”Biolog-
ical Process” was selected for the enrichment search. The GO Enrichment Analysis tool
identifies a biological process as enriched in the group of input genes if genes related to
the given process is under- or over-represented in the network compared to what would
have been expected by chance (with a correction for multiple comparisons, including only
results with a false discovery rate lower than 0.05). The results also return the number of
expected genes in the relevant categories, as well as an enrichment factor, or fold enrich-
ment, indicating how big the over- or under-representation is.

The biological process enrichment analysis was performed on the full network ob-
tained with an importance level of 10−5, as well as the three groups of all nodes containing
C-, S- or D-type links respectively.

3.2.4 Software for CSD Analysis of RA
The Spearman correlation coefficients and variances for all gene pairs in the RA data set
were found using the CSD-CS software described in Section 3.1.7, developed by M.O.
Helland in his master project at NTNU, 2017 [40]. The software was given the following
parameters: sub-sample size: 7, maximum number of sub-samples: 200, randomSeed: 4.
Because the RA data set was bigger, an upper limit for the number of sub-samples was
increased to 200.

The corresponding values for the reference data set was found using the Python script
(second version) described in Section 3.1.6 and given in Appendix A4. The filtration of
the correlation/variance-data obtained by the Python script, was done using a short, self-
written Python script given in Appendix A5, and both the RA and reference correlation/-
variance files were sorted using the sort command of the Linux terminal.
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3.2 CSD Analysis of Rheumatoid Arthritis

From the correlation/variance-data, the C-, S- and D-scores were found, and a CSD
network was constructed using the CSD software by Voigt, Nowick and Almaas [2], avail-
able on GitHub (https://github.com/andre-voigt/CSD). The sample size L was set to 104,
105 and 106 on three separate runs of the software. This corresponds to importance values
p of 10−4, 10−5 and 10−6, respectively.

The CSD network of gene pairs and associated CSD link types was visualized and
analyzed using Cytoscape (v.3.5.0) [45]. Cytoscape is a freely available, open source
software for network data integration, analysis and visualization (www.cytoscape.org).

The ratio of C-, S- and D-links on each node, as well as the node homogeneity, H ,
were found using another self-written Python script found in Appendix A6. These values
were imported into Cytoscape together with the network.
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Chapter 4
Results and Analysis

The results in this chapter are divided in two parts according to the two different parts of
the study. Section 4.1 contains the results of the method development study and Section
4.2 presents the results from the CSD analysis of rheumatoid arthritis. The results are also
analyzed in each respective section.

4.1 Results: Development of the CSD Method

4.1.1 Impact of the Number of Sub-Samples, S
The main difference between how the new and the original sub-sampling algorithms were
built was that the new algorithm drew random data points for each sub-sample and ac-
cepted or discarded the sub-samples based on the overlap with previously drawn sub-
samples. In contrast, the original algorithm found new valid sub-samples in a systematic
approach, not wasting time on drawing sub-samples that would later be discarded. The
consequence of drawing the sub-samples in a random fashion was that for each new valid
sub-sample it became increasingly more difficult to draw more valid sub-samples. An im-
portant question was therefore how many valid sub-samples that could be drawn within a
reasonable amount of time when using the new sub-sampling approach.

Table 4.1 shows the average number of valid sub-samples (each of 7 data points),
Snew, that the new script was able to identify from the data sets of different sizes, N ,
with maximum sub-sample overlaps of o = 1, 2, 3 and 6. Table 4.1 also has a column
called Sorig, showing the maximum possible number of independent sub-samples found
using the original, systematic sub-sampling approach. I got the Sorig data from by co-
supervisor, André Voigt, who was also the main author of the article on the original CSD
method (Voigt, A. 2018, written communication, May 10th). The reason why the number
of sub-samples seems to stop at 200 is that Smax = 200 was set as an upper limit for the
number of sub-samples to be drawn (see next paragraph). This was also set as a cap on
the Sorig data to avoid confusion. The reader should therefore be aware that for the data
set sizes N = 200, 300 and 338, Table 4.1 does not display the true differences in drawing
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Chapter 4. Results and Analysis

capacity for the different maximum overlap values, as 200 sub-samples was reached for
all the different o values, and the computations were stopped when this limit for S was
reached. As shown in Table 4.1, the new algorithm could find less than half the number
of independent sub-samples that could be obtained with the original, deterministic method
in most of the cases. At N = 60, the original method can only find 28 sub-samples,
which at first might look like a mistake, since it is lower than the number of sub-samples
at N = 50. This is not a mistake, but a numerical coincidence caused by the combination
of n = 7, N = 60 and the steps of the sub-sampling algorithm. At N = 59, the original
sub-sampling algorithm will find 46 sub-samples, and at N = 61 it will find 45, showing
that this is a very local phenomenon. For N smaller than 50 data points per gene, the data
sets were too small for the original sub-sampling algorithm to have a big effect, and the
two algorithms therefore have equal performance when it comes to finding independent
sub-samples.

Table 4.1: The average number, Snew, of valid sub-samples (7 data points) that the new sub-
sampling algorithm was able to find from data sets of size N , with maximum sub-sample overlaps
of o = 1, 2, 3 and 6. The numbers are rounded to integers. The number of independent sub-samples
found using the original, deterministic sub-sampling algorithm, Sorig , is given as a reference. NB!
*The highest number of sub-samples in the table is 200 because S was limited to Smax = 200.
**The Sorig value for N = 60 is correctly lower than at N = 50 due to a numerical coincidence.
See explanation in the text.

N Snew, o = 1 Snew, o = 2 Snew, o = 3 Snew, o = 6 Sorig, o = 1
338 200* 200* 200* 200* 200*
300 200* 200* 200* 200* 200*
200 200* 200* 200* 200* 200*
100 62 200* 200* 200* 138
60 22 162 200* 200* 28**
50 15 93 200* 200* 34
40 9 47 200* 200* 8
30 5 19 119 200* 5
25 4 11 54 200* 4
20 3 5 20 200* 3

A related question was how many sub-samples were necessary in order to obtain a
stable σ value as an estimate of the correlation variability in the data set. Fig. 4.1 shows
the σ338

1 signal for 28 gene pairs as a function, g(S), of the number of sub-samples, S. As
described in Chapter 3, the gene pairs were selected so that both positive and negative,
as well as strong, medium and weak correlations were represented. For S between 1 and
50, there is much fluctuation in each g(S) ”signal”: for one of the gene pairs the signal
reaches values almost ten times higher than its final value. At S = 50, the signal plots
start to descend slowly towards a plateau where the values are not significantly changed as
S increases. Between S = 150 and S = 200 the plots are almost horizontal, meaning that
additional sub-samples do not change the σ values very much in this S range. S = 50 and
S = 200 were therefore chosen as the upper and lower limits of S, Smin and Smax, in the
further method study. An equivalent plot for σ338

3 as a function of S is found in Appendix
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Figure 4.1: The function g(S) represents the σ338
1 signal for 28 gene pairs (with high, medium and

low, as well as both positive and negative correlations) as a function of the number of sub-samples
from which they are calculated, S. Each graph represents the signal of one gene pair.

A7. This plot is nearly identical to Fig. 4.1, which justifies using the same limits with
increased overlap between sub-samples.

Because Smax was set to 200, the end values of the signals in Fig. 4.1 correspond to
the ”true” standard deviations used as reference in the further calculations, σT , for these
gene pairs. It is however difficult to distinguish the different values from each other in the
plot. In order to get a better overview of the final σT values in the data set, the distribution
of σT for all 4950 gene pairs in the data set is given as a histogram in Fig. 4.2. The range of
all the σT values is divided into 50 bins of equal size, and the frequency of gene pairs with
σT values within each of the bins determines the height of the corresponding columns.

The signals in Fig. 4.1, as well as the σT values visualized in Fig. 4.2, are all outputs
from a single run of the random sub-sampling script, and even if each signal ends up at a
stable value, it would not necessarily end up at the same value on a second run with new
sub-samples. Fig. 4.3a shows boxplots of the σij values (N = 338 and o = 1) at S = 200
obtained from 100 independent runs of the random sub-sampling script on the same 28
gene pairs that were used for Fig. 4.1. The figure shows that there are indeed variations
in the final σij values, but for the majority of the runs, these variations are reasonably
small. There are of course differences between the gene pairs, but in general the boxes
have interquartile ranges of roughly 0.002, meaning that the distance from the median to
the first and third quartile (the upper or lower side of the box) will be more or less close
to 0.001 (depending on where in the box the median is found). The whiskers span a range
of approximately 0.005-0.006, meaning that a point lying at the outer end of a whisker
could deviate approximately 0.003 from a given median. Fig. 4.2 shows that the majority
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Figure 4.2: The distribution of the σT values for all 4950 gene pairs in the data set is visualized as
a histogram with 50 bins representing value intervals for σT . The height of each column represents
the number of gene pairs with a σT in the corresponding interval.

of the σT values lie in the interval [0.025, 0.030]. With a median value of σij = 0.025,
a deviation of 0.001 from itself equals a 4% change, while a deviation of 0.003 equals a
12% change.

There are, however, a significant number of gene pairs with σ values that are much
lower than 0.025. For these gene pairs, an absolute deviation of 0.001 or 0.003 will repre-
sent a much higher percentage deviation than for the majority of the gene pairs. Fig. 4.3b
shows the coefficient of variation, CoV, for the same 28 gene pairs. The CoV represents
the relative variation in each of the 28 σ338

1 series, given as the standard deviation of the
100 σ values divided by the mean of the same values. Comparing Fig. 4.3a and Fig. 4.3b,
one can clearly see that gene pairs with a low σT have higher CoVs and vice versa. This
means that even two very uniformly correlated gene expression series are still so noisy
that the final σ values from multiple computations have an absolute variation comparable
to the more inconsistently correlated gene expression series. A plot equivalent to Fig. 4.3a,
only with o = 6 as the only change, is given in Appendix A3. The two plots have no major
differences; they have comparable interquartile ranges and whisker ranges for all the gene
pairs. This indicates that for the given data set size and number of sub-samples, the values
found with o = 6 are equally stable as with o = 1. This will be investigated further later
in this chapter.
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Figure 4.3: Stability of the computed σT values: Fig. (a) shows boxplots of the σij values (N =
338 and o = 1) at Smax = 200 obtained from 100 independent runs of the random sub-sampling
script on 28 gene pairs, ij, with various correlation coefficients. Fig. (b) shows the coefficient of
variation (CoV) for the same 28 gene pairs. The gene pairs are numbered for easy comparison
between (a) and (b).

4.1.2 The Combined Effects of N, S and o

Figs. 4.4 - 4.7 show boxplots of multiple σNo /σ
T series with maximum overlaps of o =

1, 2, 3 and 6, respectively. A maximum overlap o = 1 represents independent sub-samples,
while a maximum overlap o = 6 represents the maximum dependence between sub-
samples. Each series represents running the new sub-sampling algorithm on all 4950 gene
pairs in data sets of different sizes N (338, 300, 200, 100, 60, 50, 40, 30, 25, 20) with
Smax = 200. Data set sizes not represented in the different plots means that the minimum
number of sub-samples, Smin = 50, was not obtained for any of the gene pairs for that
combination of N and o.

Fig. 4.4 shows boxplots of σN1 /σ
T for N = 338, 300, 200 and 100. The pair-wise

ratios of σ338
1 against σT (σ338

1 ) are based on two different runs of the new sub-sampling
algorithm. This gives a boxplot with a median of 1, meaning that the median of the 4950
σ338
1 /σT ratios represents a gene pair with equal σ values at both runs. The first, and third

quartiles, Q1 and Q3, only span approximately 1.0±0.05, and combined with the fact that
the median is exactly 1, this shows that 50% of the gene pairs had σ values that were no
more than 5% different from the σ values from the indepentent, second computation. Apart
from some outliers, most of the remaining σ338

1 values deviated roughly between 5% and
20% from the reference value with equal parameters. The most extreme outlier gene pair
deviated almost 40% from itself on the two different runs. This first boxplot illustrates the
variation in σ solely due to different choice of sub-samples. Given that the σT values found
with my script are equivalent to the values obtained using the original algorithm (which
will be discussed later), any combinations ofN and o resulting in σNo /σ

T boxplots similar
to the first boxplot from the left in Fig. 4.4 would therefore indicate that the parameters
are justifiable to use in a CSD analysis.

The boxplots of σ300
1 /σT and σ200

1 /σT in Fig. 4.4 are more or less equal to the one
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Figure 4.4: Boxplots of four distributions of the relative standard deviations of the means, σN
o /σ

T ,
coming from calculations of σN

o for 4950 gene pairs, using the random sub-sampling approach with
the parameters o = 1, N = 338, 300, 200 and 100, and Smax = 200. The corresponding σT

values come from an independent run of the random sub-sampling script with o = 1, N = 338 and
Smax = 200, and are used as ”true” reference values for each gene pair.

for σ338
1 /σT , but the σ1 values show a collective, large positive deviation from their cor-

responding σT values when N = 100. The median of the ratios is around 1.75, meaning
that the σ middle value increased with 75% of its true value. Apart from the lowest out-
liers, none of the σ100

1 /σT ratios are close to 1. The box itself is also much wider, and
the whiskers range from around 1.25 to around 2.25. The upper outliers almost reach 3.0,
meaning that a few gene pairs had σ100

1 values almost 300% as big as σT .
What could be the cause of the huge change in the results when going from N = 200

to N = 100 in Fig. 4.4? Table 4.1 shows that N = 100 is the highest data set size where
the strategy of randomly drawing sub-samples fails to draw 200 independent (o = 1)
sub-samples. At this data set size, only 62 sub-samples were drawn on average.

Fig. 4.5 shows boxplots of σN2 /σ
T forN = 338, 300, 200, 100, 60 and 50, and Fig. 4.6

shows boxplots of σN3 /σ
T for N = 338, 300, 200, 100, 60, 50, 40, 30 and 25. The higher

sub-sample overlap, the smaller data sets can be used while still obtaining S > Smin, and
the more data sets also reaches S = Smax. With this in mind, one can see that Figs. 4.5
and 4.6 show trends similar to Fig. 4.4. For data set sizes where Smax was reached (down
to and including N = 100 and N = 40 in Figs. 4.5 and 4.6 respectively), the medians
lie close to 1.0, but when S approaches Smin the medians of the plots start to increase
significantly, and the boxes, whiskers and outliers span much larger ranges.

Looking more closely into Figs. 4.5 and 4.6, it is possible to see a small change in the
boxplots before the decrease in S towards Smin; a much smaller increase of the whiskers
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Figure 4.5: Boxplots of six distributions of the relative standard deviations of the means, σN
o /σ

T ,
coming from calculations of σN

o for 4950 gene pairs, using the random sub-sampling approach with
the parameters o = 2, N = 338, 300, 200, 100, 60 and 50, and Smax = 200. The σT values come
from an independent run of the random sub-sampling script with o = 1,N = 338 and Smax = 200,
and are used as true reference values for each gene pair.
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Figure 4.6: Boxplots of nine distributions of the relative standard deviations of the means, σN
o /σ

T ,
coming from calculations of σN

o for 4950 gene pairs, using the random sub-sampling approach with
the parameters o = 3, N = 338, 300, 200, 100, 60, 50, 40, 30 and 25, and Smax = 200. The σT

values come from an independent run of the random sub-sampling script with o = 1, N = 338 and
Smax = 200, and are used as true reference values for each gene pair.
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Figure 4.7: Boxplots of ten distributions of the relative standard deviations of the means, σN
o /σ

T ,
coming from calculations of σN

o for 4950 gene pairs, using the random sub-sampling approach with
the parameters o = 6, N = 338, 300, 200, 100, 60, 50, 40, 30, 25 and 20, and Smax = 200. The
σT values come from an independent run of the random sub-sampling script with o = 1, N = 338
and Smax = 200, and are used as true reference values for each gene pair.
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and interquartile ranges of the boxes when going from left to right in both figures. These
increases are accompanied by medians that are lowered slightly. These changes are un-
related to S being below Smax, and are not present in Fig. 4.4, where all sub-samples
are independent. This trend is seen much more clearly in Fig. 4.7, showing boxplots of
σN6 /σ

T for N as low as 20. Here S = Smax for all data set sizes, and the sub-samples are
allowed to have a maximum dependence. For N down to 100, the boxplots do not deviate
much from the reference plot σ338

1 /σT in Fig. 4.4, but the smaller the data sets get, the
more the medians are lowered, and the bigger ranges do the boxes, whiskers and outliers
span.

Looking at Figs. 4.4 - 4.7 together, one can see a general trend where lower N and
S values (fewer data points and fewer valid sub-samples) lead to a higher and higher
overestimation of σ regardless of o, while higher o values (increased dependence between
sub-samples) lead to an underestimation of σ when S is not a factor. Furthermore, the
overestimation of σ when lowering S towards Smin seems to be much stronger than the
underestimation of σ when increasing o to its extreme value of 6. To further test the
interaction between S and o, Smax was decreased to 150, and σN6 /σ

T was re-calculated
for N = 100, 60, 50, 40, 30, 25 and 20, which were the data set sizes where the effect of
o = 6 was most significant with Smax = 200. The results are found in Fig. 4.8. One can
see that in contrast to Fig. 4.7, the medians of the box-plots are above 1 for N as low as
25, while the median of the boxplot is actually very close to 1 at N = 20, and the boxplot
itself is comparable to the boxplot of σ60

2 /σ
T in Fig. 4.5.

While Figs. 4.4 - 4.7 show clear trends for σ when varying N and o, the boxplots do
not explicitly show what the σ distributions look like or how similar they are. Table 4.2
shows the t- and p-values resulting from a two-sample t-test of several σNo series against
the σT series. The zero hypothesis of each t-test was that the two series came from the
same underlying distribution, and the alternative hypothesis was that the two series came
from two different distributions. Any p-value below 0.05 would indicate that the zero
hypothesis should be rejected. The results from the t-tests show that just by decreasing N
by a bit more than one third, from 338 to 200, any σNo series becomes so different from
σT that they appear to come from two different underlying distributions. This result is
independent of o, and indicates that for instance the distribution of σ300

6 is more similar to
the σT distribution than the σ200

1 distribution is. This illustrates the impact of the available
data points on the results.

4.1.3 Evaluation of σT as Reference Value
In order for Figs. 4.4 - 4.7 to be meaningful representations of the new sub-sampling
algorithm, it was essential to test if σT was a good representation of the ”true” internal
variability in the data set, and thus could be used as reference values for other σNo ’s. The
σT (equal to σ338

1 ) computed using my own implementation of the new sub-sampling
algorithm, was therefore plotted against σ338

1 obtained using the CSD-CS software (see
Section 3.1.7), which had implemented the original sub-sampling algorithm, on the same
data set.

A boxplot of the pair-wise ratios σ338
1 (new)/σ338

1 (orig.) from the calculations of σ338
1

using the new and original method respectively, is given in Fig. 4.9a. The plot looks very
similar to that of σ338

1 /σT in Fig. 4.4, which means that the results from the CSD-CS
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Figure 4.8: Boxplots of seven distributions of the relative standard deviations of the means, σN
o /σ

T ,
coming from calculations of σN

o for 4950 gene pairs, using the random sub-sampling approach with
the parameters o = 6 and N = 100, 60, 50,40, 30, 25 and 20, and Smax = 150. The σT values
come from an independent run of the random sub-sampling script with o = 1, N = 338 and
Smax = 200, and are used as true reference values for each gene pair.
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Table 4.2: t- and p-values from a two-sample t-test of 12 σN
o series against the common reference

σT series. Any p-value below 0.05 indicates that the two series are drawn from different underlying
distributions.

N, o t-value p-value
338, 1 −0.42 0.672
300, 1 1.20 0.229
200, 1 −2.66 0.008
338, 2 −0.69 0.489
300, 2 0.67 0.500
200, 2 −3.48 0.001
338, 3 −0.94 0.346
300, 3 0.20 0.845
200, 3 −3.79 0.000
338, 6 −0.62 0.540
300, 6 0.51 0.607
200, 6 −3.57 0.000

software do not differ more from the results obtained with my script, than the results from
two runs of my script differ from each other. Fig. 4.3a shows some variation in the σ
values on many runs with my script, but in order to find out if the results from the CSD-CS
software and my random sub-sampling script creates an equal amount of variation with the
same parameters S and o, it would be of further interest to check how much variation there
is in the results from several runs of the CSD-CS software as well. This could indicate if
the variation seen in Fig. 4.9a is mainly caused by the variation in my script or if both my
script and the CSD-CS software seem to be contributing equally to the variation. Fig. 4.9b
shows a boxplot of the pair-wise ratios of σ338

1 from two runs of the CSD-CS software on
the same data as before, limiting the software to draw S = 200 sub-samples. The only
difference between the two runs was varying the ”randomSeed” parameter of the program,
to avoid that it produced the exact same sub-samples both times. Figs. 4.9b and 4.9a look
very similar to each other, and also to the σ338

1 /σT plot in Fig. 4.4. The results from these
two runs of the CSD-CS software were actually slightly more different than the results
from the two alternative softwares were from each other. With additional tests the exact
differenes might change. Figs. 4.9b and 4.9a illustrate that both methods contribute with
a similar amount of variation in the results. The σT values used as a reference could
therefore be assumed to be equally good as the σ338

1 values found using the CSD-CS
software with the original sub-sampling method.

4.1.4 Investigation of the σN
o /σ

T Boxplots’ Outliers

The outliers in the σNo /σ
T boxplots in Figs. 4.4-4.7 were investigated in more detail. Ta-

ble 4.3 gives the number of outliers for the boxplots that were compared, while Table 4.4
shows the number of outliers that the compared boxplots had in common, as well as the
percentage of outliers that this number represented for both groups respectively. The over-
all Spearman correlation and the associated σT for the five most extreme outlier gene
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Figure 4.9: Fig. (a) displays the boxplot of the distribution of the pair-wise ratios
σ338
1 (new)/σ338

1 (orig) for 4950 gene pairs, used as a comparison of σ338
1 computed using the

new sub-sampling approach, denoted (new), and the original, deterministic method for finding inde-
pendent sub-samples, denoted (orig). Fig. (b) shows the boxplot of the pair-wise ratios of
σ338
1 (orig1) /σ338

1 (orig2) for 4950 gene pairs, used as a comparison of σ338
1 computed with two

runs of the original, deterministic method for finding independent sub-samples. The sub-sampling
is initiated at different places in the data set for the two runs, which are denoted (orig1) and (orig2),
respectively.

pairs, as well as the five gene pairs closest to the median, were found for the boxplots of
σ338
1 /σT , σ100

1 /σT , σ338
6 /σT and σ30

6 /σ
T , and given in Tables 4.5-4.6. These plots were

chosen so that both big and small data sets, and high and low o values were represented.

Table 4.3: Number of outlier genes in chosen σN
o /σ

T boxplots, and the percentage of all 4950 gene
pairs that this number represents. N denotes the data set size, and o gives the maximum permitted
overlap of sub-samples in the calculations of σN

o .

N, o Number of outliers Percentage
outliers

338, 1 53 1.07%
300, 1 44 0.88%
100, 1 84 1.70%
338, 6 60 1.21%
100, 6 116 2.34%
50, 6 146 2.95%
30, 6 141 2.85%

Tables 4.5-4.6 show that, with a few exceptions, the outliers were strongly correlated
gene pairs with low σT values, while the gene pairs close to the boxplot medians were
weakly correlated with high σT (see Fig. 4.2 for reference). This is consistent with the re-
sults found in Fig. 4.3, which demonstrated that for a few example gene pairs, the variabil-
ity in the σ values found using the random sub-sampling approach were of the same magni-
tudes, independent of the magnitudes of the σ values. The investigation of outliers further
confirmed that the variation in the final σ values from calculations with Smax = 200
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Table 4.4: Number of outliers in common between chosen σN
o /σ

T boxplots, as well as the percent-
age of each plot’s total number of outliers that this represents. N denotes data set size, and o gives
the maximum permitted overlap of sub-samples in the calculations of σN

o .

N1, o1 N2, o2 Number of outliers
in common

Percentage of outliers
in common, plot1, plot2

338, 1 300, 1 7 13%, 16%
338, 1 100, 1 6 11%, 7%
338, 1 338, 6 9 23%, 19%
100, 1 100, 6 35 42%, 30%
50, 6 100, 6 51 35%, 44%
30, 6 100, 6 32 23%, 22%

was not much lower for highly correlated gene pairs with low correlation variability.
Fig. 4.2 shows that the number of gene pairs with a relatively low correlation variabil-
ity (σ < 0.025) accounts for a much higher amount of the total number of gene pairs than
the highest number of outliers that was detected (o = 6 and N = 100, 60 and 30). The
numbers of outliers are still quite high, especially compared to the number of gene pairs
with very low correlation variability (σ < 0.020). However, this does not mean that the
majority of highly correlated gene pairs are outliers. One should also note that even a sub-
stantial overestimation of a σ that should have been low, would still normally be below the
highest σ values. These over- or underestimations would therefore not be able to change
the characteristics of an entire CSD network.
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Table 4.5: Stats for boxplot outlier gene pairs: The Spearman correlation, ρij , and associated σT
ij ,

for the five most extreme outlier gene pairs in the boxplots of σ338
1 /σT and σ100

1 /σT (Fig. 4.4) and
σ338
r /σT and σ30

3 /σ
T (Fig. 4.7). N denotes the data set size, and o gives the maximum permitted

sub-sample overlap in the calculations of σN
o .

N , o Gene pair Spearman’s ρ σT

338, 1 ENSG00000240618.1, ENSG00000228327.2 0.879 0.014
ENSG00000188290.6, ENSG00000160072.15 0.720 0.021
ENSG00000237683.5, ENSG00000239906.1 0.729 0.014
ENSG00000188290.6, ENSG00000176022.3 −0.495 0.019
ENSG00000197785.9, ENSG00000189409.8 0.731 0.015

100, 1 ENSG00000131591.13, ENSG00000186827.6 0.770 0.018
ENSG00000162572.15, ENSG00000162576.12 0.649 0.021
ENSG00000176022.3, ENSG00000175756.9 0.782 0.013
ENSG00000160087.16, ENSG00000272455.1 0.730 0.014
ENSG00000160072.15, ENSG00000197785.9 0.853 0.011

338, 6 ENSG00000239906.1, ENSG00000241860.2 0.773 0.014
ENSG00000224956.5, ENSG00000269227.1 −0.073 0.024
ENSG00000160072.15, ENSG00000197785.9 0.853 0.011
ENSG00000127054.14, ENSG00000160072.15 0.852 0.016
ENSG00000131591.13, ENSG00000160072.15 0.857 0.012

30, 6 ENSG00000227232.4, ENSG00000240618.1 −0.328 0.027
ENSG00000238009.2, ENSG00000230021.3 0.646 0.019
ENSG00000233750.3, ENSG00000188976.6 −0.718 0.015
ENSG00000237683.5, ENSG00000239906.1 0.729 0.014
ENSG00000228463.4, ENSG00000186891.9 −0.594 0.020
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Table 4.6: Stats of gene pairs close to the boxplot medians: The Spearman correlation, ρ, and the
associated σT , for five gene pairs lying on or close to the medians in the boxplots of σ338

1 /σT and
σ100
1 /σT (Fig. 4.4) and σ338

r /σT and σ30
3 /σ

T (Fig. 4.7). N denotes the data set size, and o gives
the maximum permitted sub-sample overlap in the calculations of σN

o .

N , o Gene pair Spearman’s ρ σT

338, 1 ENSG00000198744.5, ENSG00000224870 0.223 0.028
ENSG00000198744.5, ENSG00000187730.6 0.123 0.028
ENSG00000198744.5, ENSG00000182873.4 0.152 0.027
ENSG00000229376.3, ENSG00000235098.4 −0.085 0.030
ENSG00000229376.3, ENSG00000269227.1 0.016 0.030

100, 1 ENSG00000235373.1, ENSG00000228594.1 −0.070 0.029
ENSG00000235373.1, ENSG00000248333.3 −0.276 0.027
ENSG00000240618.1, ENSG00000260179.1 0.072 0.028
ENSG00000240618.1, ENSG00000227775.3 0.257 0.030
ENSG00000228327.2, ENSG00000187583.6 −0.197 0.029

338, 6 ENSG00000177757.1, ENSG00000272512.1 −0.061 0.028
ENSG00000177757.1, ENSG00000197530.8 −0.096 0.029
ENSG00000188976.6, ENSG00000179403.10 0.189 0.027
ENSG00000187583.6, ENSG00000160075.10 −0.052 0.030
ENSG00000272141.1, ENSG00000179403.10 0.119 0.028

30, 6 ENSG00000250575.1, ENSG00000187608.5 −0.245 0.026
ENSG00000225972.1, ENSG00000224956.5 0.081 0.032
ENSG00000224956.5, ENSG00000197530.8 0.204 0.027
ENSG00000188290.6, NSG00000127054.14 0.613 0.018
ENSG00000188290.6, ENSG00000078369.13 −0.094 0.028
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4.2 Results: Application to Rheumatoid Arthritis Gene
Expression Data

4.2.1 CSD Network
The gene expression data from 25049 genes measured from the synovial fluid of RA pa-
tients and healthy controls resulted in a CSD network of 2287 nodes (genes) and 3610 links
(Fig. 4.10), using an importance level of p = 10−5. The CSD network has approximately
the same amount of the three link types: 1148 C-type links, 1285 S-type links and 1177
D-type links. The majority of the nodes and links are interconnected in a giant component
of 1681 (73.5%) nodes and 3191 (88.4%) links. In addition to the giant component, there
are four connected components with more than 10 nodes, the biggest having 23 nodes and
35 links. The remaining nodes form 211 connected components with fewer than 10 nodes
each. The waste majority of these small components only consists of two nodes. With
very few exceptions, all links outside the giant component are C- and S-type links. Other
importance levels (p = 10−4 and p = 10−6) were also investigated, but were found to be
too dense or too sparse. Network visualizations and size parameters are given in Appendix
A8.

Fig. 4.10 shows that although the giant component is interconnected by all three link
types, links of the same type tend to group together. This tendency is strongest for D-
type links and weakest for S-type links. In Fig. 4.11, visualizing the giant component of
the network, the nodes are colored according to which link type they are dominated by.
A node is defined to be dominated by a link type if more than 2/3 of its links are of a
given type. Blue, green and red nodes thus have at least 2/3 of C-, S- and D-type links,
respectively. Yellow nodes are not dominated by one link type only. The majority of the
nodes in Fig. 4.11 are blue, green or red, further confirming the tendency of link types to
group together.

4.2.2 Degree Distribution
The degree distribution of the CSD network was found to follow a heavy-tail power-law
distribution with a degree exponent γ = 1.7. This means that the network topology is far
from random, leading us to take a closer look at the network hubs in the next step of the
analysis.

Extracting the networks of nodes connected only by C-, S- or D-type nodes and an-
alyzing them separately revealed that these sub-networks also had degree distributions
that could be approximated with power-law functions with degree exponents γC = 2.0,
γS = 1.5 and γD = 1.3. As already seen, the C-network does not have any nodes with as
high degrees as those found in the S- and D-networks, but it nevertheless shows a topology
of hundreds of low-degree nodes and a few much more connected nodes. Visualizations
of the separate C-, S- and D-networks are found in the Appendix A9.

4.2.3 Hubs and Assortativity
Network hubs were defined as nodes with more than 40 neighbors. This choice was the
same as was used in a comparable study [2], and resulted in a reasonably low number of
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Figure 4.10: Visualization of the CSD network generated using an importance value of p = 10−5.
The links are colored according to type: C-type links are blue, S-type links are green and D-type
links are red.
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Table 4.7: The hubs of the CSD network with their total degree, k, the number of connections of
each type, kC , kS , kD , and the node homogeneity, H , of each hub.

Hub genes k kC kS kD H
PDCD1 98 0 56 42 0.51

ZNF205-AS1 90 0 90 0 1.00
GPR18 76 0 75 1 0.97

LINC00426 71 0 0 71 1.00
SEPT1 64 0 5 59 0.86
CTLA4 53 0 0 53 1.00
ASAP2 44 0 6 38 0.76
ENPP1 44 0 4 40 0.83
IL2RG 44 1 0 43 0.96

PRDM1 43 0 0 43 1.00
GBP5 41 0 0 41 1.00

hubs: Eleven genes were identified as network hubs in the giant component. These are
listed in Table 4.7 and marked as enlarged, black nodes in Fig. 4.11. In order to see the
extent to which the hubs are dominated by one type of link, the number of C-, S- and D-
type connections, kC , kS , kD, as well as the node homogeneity, H , is given for each hub
in the table. The biggest hub, PDCD1, had a comparable number of S- and D-links, while
the second and third biggest hubs, ZNF205-AS1 and GPR18, were completely dominated
by S-links. The remaining hubs were highly dominated by D-type links. No hubs were
dominated by C-links; in fact there was only one C-link connected to any of the hubs. The
three highest connected nodes that were dominated by C-links had degrees of k = 29, k =
28 and k = 24, respectively, and all three had node homogeneities of H = 1.00, meaning
that the connections with all neighbors were of the conserved type. Six of the eleven
hubs were among the genes with highest betweenness centrality: PDCD1, GPR18, SEPT1
and ZNF205-AS1 were the four genes with the highest betweenness centrality (in that
order), while ASAP1 and LINC00426 genes were on the 6th and 7th place, respectively.
PDCD1 and SEPT1 were also the two genes having the highest closeness centralities in
the network.

Fig 4.11 reveals that the topology seems to differ according to link type distribu-
tion. The sub-network of only S-links seems to be much more disassortative than the
sub-networks of C- or D-type links. Highly connected nodes with a high proportion of S-
links, which includes the three biggest hubs in the CSD network, are connected to a high
proportion of neighbors with low degree. This tendency can be seen as green ”bouquets”
in Fig. 4.11. Although close to each other in the network, the three biggest hubs in the
network are not directly linked, but are separated by low degree nodes connected to each
of them. Because the D- and C-type links are so tightly interconnected, it is difficult to
see the topology of these networks by visual inspection of the figure. The neighborhood
connectivity distributions of the separate C-, S- and D-networks (Figs. 4.12, 4.13 and 4.14)
show that the C-network is assortative, while both the S- and D-networks are disassorta-
tive; however, the S-network is much more strongly disassortative than the D-network.
The C- and D-networks show about equally strong assortativity and disassortativity re-
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spectively. The topologies of the C-, S- and D-type networks differ somewhat from what
has previously been found using the CSD method: In the CSD network from two differ-
ent brain regions, Voigt, Nowick and Almaas found a highly assortative C-network with a
densely connected core, and a stronger disassortativity for the D-network than for the S-
network [2]. They hypothesized that the tightly co-regulated cluster of C-dominated genes
could reflect more robust regulatory mechanisms, which are less likely to change.

Known information about biological functions and/or disease associations of the iden-
tified hub genes is summarized in Table 4.8 and elaborated in the following paragraphs.
Several of the hub genes are linked to the immune system, either by being directly in-
volved in the function, differentiation or development of B or T cells, by being connected
to other parts of the immune system, or by being associated with RA or other autoimmune
or immune system related diseases. Many of their gene products have GTPase activity or a
broader ability to cleave nucleoside-3-phosphates, and several are associated with cancer.
Two of the hub genes are RNA genes, which do not code for protein products, but which
can possibly have regulatory functions. The link between an autoimmune disease and the
immune system is obvious, but these other functions are also interesting in the context
of RA. GTPases are important in signaling pathways related to the cell cycle [46], and
cancer is characterized by abnormal growth. As RA involves severe tissue deformities,
genes associated with cell differentiation or abnormal growth are also considered to be of
relevance.

The PDCD1 gene codes for a membrane protein are expressed in pro-B-cells, and is
thought to play a role in their differentiation [47]. The protein has also been suggested to be
important in T cell function, and for prevention against autoimmune diseases [48]. It has
previously been associated with RA [49], and also with other inflammatory diseases, such
as Systemic Lupus Erythematosus [50]. The gene GPR18, which codes for a G-protein
coupled receptor, has been suggested to be involved in immune system regulation [51],
for example in the directed migration of immune cells to sites of interest, mediated by a
lipid-based signaling mechanism in the central nervous system [52]. The CTLA4 gene is
a member of the immunoglobulin family, and codes for a protein that contributes to T cell
inhibition [53]. The gene has been suggested to play a key role in thyroid autoimmunity,
and polymorphisms in the gene has been associated with RA, type I Diabetes Mellitus and
other autoimmune diseases [54]. IL2RG codes for a protein found in many interleukin
receptors, and is important for T cell development [55] and other parts of the immune
system. Mutations in the gene is associated with severe immunodeficiency disorders [56].
The PRDM1 gene codes for a protein repression of β-interferon gene expression [57]. In-
duced by B lymphocytes, PRDM1 is a master regulator of plasma cell differentiation [58],
and has previously been associated with RA [59] and T cell lymphomas (cancer) [60].
The ASAP2 gene is involved in regulation of vesicular transport, cellular migration (via
GTPase activation) and autophagy [61]. Immune cells show a high degree of migration
throughout the body, but more important: autophagy can affect both innate and adapted
immunity [62].

The gene ENPP1 codes for a protein that is able to cleave all nucleoside-3-phosphates,
and it is also found to be important for the survival of long-lived antibody-secreting plasma
cells (derived from B cells) [63]. The gene is associated with a long list of diseases and
symptoms, among them osteoarthritis [64], type II Diabetes [65], decreased kidney func-
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ZNF205-AS1

GRP18

PDCD1

Figure 4.11: Visualization of the giant component of the CSD network generated using an impor-
tance value of p = 10−5. The links are colored by link type (C-types are blue, S-types are green
and D-types are red), and the nodes are colored according to link type dominance: Any node where
more than 2/3 of the links connected to it are of a given type is colored with the same color as the
dominating link type. Yellow nodes are not dominated by any link type. Hubs (k > 40) are coloured
black and enlarged for emphasis. The topology of the three largest hubs, PDCD1, ZNF205-AS1 and
GRP18, indicates a strong disassortativity in the part of the network dominated by S-links (see the
text), and are therefore marked explicitly.
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Figure 4.12: Neighborhood connectivity distribution of the C-network: The loglog plot of node de-
gree, k, versus average connectivity of all neighbors of degree k-nodes reveals a weak assortativity:
The nodes have a tendency to connect to other nodes of similar degree. The regression line through
the data points gives a positive correlation exponent µ = 0.37, and the correlation between the data
points and the line is 0.8.

Figure 4.13: Neighborhood connectivity distribution of the S-network: The loglog plot of node
degree, k, versus average connectivity of all neighbors of degree k-nodes reveals a strong disassor-
tativity: Highly connected nodes have a tendency to link to nodes with low degree and vice versa.
The regression line through the plot gives a negative correlation exponent µ = −0.61, and the
correlation between the points and the line is 0.9.
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Figure 4.14: Neighborhood connectivity distribution of the D-network: The loglog plot of node
degree, k, versus average connectivity of all neighbors of degree k-nodes reveals a weak disassor-
tativity: Highly connected nodes have a tendency to link to nodes of low degree and vice versa.
The regression line through the plot gives a correlation component µ = −0.35, and the correlation
between the points and the line is 0.8 .

tion [66] and arterial calcification [67]. The nucleoside-3-phosphate cleaving ability of the
ENPP1 gene is shared by SEPT1 and GBP5, which both code for two different GTPases.
The protein product of SEPT1 is a member of the septin family of GTPases, showing high
expression in lymphoid tissue [68]. The gene has been found to be involved in cytokine-
sis [69], and has also been associated with oral cancer [70]. The GBP5 gene codes for a
GTPase that can activate NLRP3 inflammasome assembly, and thus plays a role in immu-
nity and inflammation [71]. Just like SEPT1, this gene has also been suggested to have
a cancer related function, and has been shown to be highly expressed in T cell tumor tis-
sue [72]. Overexpression of G-protein coupled receptors (GPRs or GPCRs) has also been
linked to tumor progression [73], possibly also linking the previously mentioned GPR18
to cancer development.

The gene ZNF205-AS1 does not code for a protein, but for a single stranded RNA
oligonucleotide with an antisense function, meaning that it can bind to the mRNA of the
ZNF205 gene and block its translation into protein. The ZNF205 gene has been identified
as a transcription repressor [74]. LINC00426 is also an RNA gene and does not code for a
protein product. To my knowledge, there is no known function or disease associated with
this gene.

Note that some of the genes are referred to by alternative names in the cited literature:
PD1 is an alias for PDCD1, ZNF205 is also referred to as ZNF210 or Rhit, and aliases of
PRDM1 include PRDI-BF1 and Blimp1.
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Table 4.8: The eleven most highly connected hub genes in the network are given with known as-
sociated biological functions or processes, as well as previous disease and symptom associations, if
any. The order of the genes corresponds to their degree in the network, starting with the most highly
connected node.

Hub gene Biological Function or Process Disease Association

PDCD1
Differentiation of pro-B-cells [47]
Regulation of T cell function[48]
Prevention of autoimmune diseases [48]

RA [49]
Systemic Lupus
Erythematosus [50]

ZNF205-AS1
Non-coding RNA that blocks
translation of transcription repressor [74]

GPR18
G-protein coupled receptor activity [51]
Possible immune system regulation [51] Cancer [73]

LINC00426 Non-coding RNA
SEPT1 Cytokinesis [69] Cancer [70]

CTLA4 T cell inhibition [53]
RA [54]
Type I Diabetes Mellitus [54]
Other autoimmune diseases [54]

ASAP2
Vesicular transport [61]
Autophagy [61]
Cell migration [61]

ENPP1
Nucleic acid cleavage [63]
Survival of long-lived plasma cells [63]

Type II diabetes [65]
Decreased kidney function [66]
Arterial calcification [67]
Osteoarthritis [64]

IL2RG
T-cell development [55]
Interleukin receptors [55] Immunodeficiency disorders [56]

PRDM1
Repression of β-interferon
gene expression [57]
Plasma cell differentiation [58]

RA [59]
Lymphocyte cancer [60]

GBP5
Immunity [71]
Inflammation [71]
GTPase activity [71]

Cancer [72]
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4.2.4 GO Functional Enrichment

The full network, as well as the separate C-, S- and D-networks, showed high enrichment
of genes related to multiple biological processes. The general GO categories, which in-
cluded a high number of genes, were moderately enriched in the CSD network. Most of
the general terms enriched in the full network were related to regulation of various other
processes. The majority of the more specific processes associated with a lower number
of genes were very highly enriched. Most of them fell into one of three groups: pro-
cesses that could be directly or indirectly linked to the immune system, processes linked
to inflammatory activity and processes associated with cell differentiation.

Table 4.9 gives an overview of the main general biological terms that were enriched
in the full CSD network, and their fold enrichment (FE). The most relevant and specific
sub-processes enriched in the full network, as well as the extracted C-, S- and D-networks,
are described in more detail in the following paragraphs and summarized in Table 4.10,
together with their fold enrichment. Table 4.9 is included to provide a context for the spe-
cific processes in Table 4.10. The complete lists of biological processes where associated
genes were significantly enriched in the four networks, as well as the fold enrichment and
the false discovery rates for each process, is too long to be written out in its entirety in
the Appendix, but a URL to the four lists are given in Appendix A10. Enrichment fac-
tors larger than 1.0 represents an overrepresentation of genes related to the given process,
while factors smaller than 1.0 represents an under-representation. All results are given
with a correction for multiple comparisons, only including results with a false discovery
rate less than 0.05.

The by far most highly enriched processes in the full CSD network were related to the
MHC protein complex (10-fold enrichment), known to be strongly related to RA pathogen-
esis [16]. The most significantly enriched MHC related processes included MHC protein
complex assembly and peptide antigen (immune response trigger) processing and binding
to the MHC. There were however just five genes related to the MHC, and although all five
were represented in the network, resulting in a high enrichment factor, they did not make
up a large proportion of the network. Other enriched processes directly involved with the
immune system included the following categories: immune system processes, regulation
of phagocytosis, the interleukin-1-mediated signaling pathway, the T cell receptor signal-
ing pathway and regulation of B cell differentiation. The most significant other biological
processes that were highly enriched in the full CSD network were related to cell motility,
protein localization to chromosomes/telomeres, regulation of catabolic processes and of
protein localization to Cajal bodies. Immune cells need to have a directed cell motility,
since they migrate to wounded or inflammed sites in the body. Furthermore, premature
aging of immune system T-cells, with accelerated loss of telomeres, have been associated
with RA, and it has been suggested that this is due to excessive proliferative pressure or
inadequate maintenance of the telomeres [75]. Cajal bodies have been found to partici-
pate in the delivery of telomerase (telomere extendig enzyme) to the telomeres, and a high
activity of Cajal bodies allow highly proliferative cells, for instance in tumors, to grow
”indefinitely” [76].

The C-network showed a strong enrichment in processes related to cellular component
organization and assembly. The process with the strongest enrichment (almost 27-fold)
in this category was related to the assembly of antigens with the already mentioned MHC
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Table 4.9: The main GO biological process categories that had an enrichment of associated genes
in the full CSD-network are given with their respective fold enrichment (FE). The categories are
ordered according to their fold enrichment.

Main GO category FE
Regulation of stem cell differentiation 2.66
Pos. regulation of autophagy 2.33
Macroautophagy 2.24
Regulation of intracellular transport 1.93
Protein folding 1.90
DNA replication 1.89
Cell division 1.86
Regulation of cellular localization 1.78
Neg. regulation of immune system process 1.70
Immune system development 1.61
Regulation. of cell activation 1.57
Cell proliferation 1.52
Cellular component organization or biogenesis 1.43
Immune syst. process 1.38
Pos. regulation. of cellular process 1.32
Regulation. of cellular metabolic process 1.31
Regulation. of response to stimulus 1.30
Regulation. of cell death 1.29
Response to stress 1.23
Regulation. of signalling 1.21
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Table 4.10: The GO biological processes that had the strongest enrichment of associated genes in
the full CSD-network and the separate C-, S- and D-networks. The fold enrichment is given for each
process.

Network Enriched Process FE
CSD Network Peptide antigen assemblywith MHC protein complex 10.18

Actin polymerization-dependent cell motility 8.48
Pos. regulation of establishment of protein localizationto telomere 7.12
Regulation of receptor catabolic process 6.78
Pos. regulation of protein localization to Cajal body 6.78

C-network Peptide antigen assembly with MHC class II protein complex 26.91
Beta selection 26.91
Positive regulation of protein lipidation 20.18
Positive regulation of ER tubular network organization 20.18
Actin polymerization-dependent cell motility 17.94
Pos. regulation of protein localization to Cajal body 17.94
Pos. regulation of establishment of protein localization to telomere 16.14
Neg. thymic T cell selection 13.45
Positive regulation of RNA export from nucleus 13.45
Protein heterotrimerization 12.23

S-network ER-signalling pathway 4.54
Fatty acid β-oxidation 3.89
Ubiquitin-dependent protein catabolic process 3.53
Anaphase-promoting complex-dependent catabolic process 3.49
Regulation of telomere maintenance via telomere lengthening 3.48

D-network Pharyngeal arch artery morphogenesis 24.98
T-helper 17 cell differentiation 21.86
Pos. regulation of vascular endothelial cell proliferation 20.82
Regulation of cell fate specification 16.65
Paraxial mesoderm development 12.27
Pos. regulation of cardiac muscle cell proliferation 12.14
Outflow tract septum morphogenesis 11.66
Positive regulation of interleukin-2 production 9.71
T cell costimulation 8.55
Cellular defense response 7.03
Negative regulation of T cell proliferation 7.03
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complex. The C-network was also enriched in processes related to immune system de-
velopment (among them T cell differentiation, activation and selection), in which beta
selection processes were the most highly enriched. Genes related to negative thymic T
cell selection were also enriched by a factor of 13 in the C-network. Like the beta selec-
tion, negative thymic selection also contributes to the maturation of T cells. RA patients
have been shown to have a lower diversity of T cells, which is also typical for the immune
dysfunction in elderly people, partly attributed to the loss of thymic function [77]. The
C-network also showed a high enrichment of genes related to the regulation of biological
processes, regulation of cellular component organization, localization and its regulation,
negative T cell selection and regulation of transport. The most highly enriched categories
in these groups include the positive regulation of protein lipidation, endoplasmic reticulum
(ER) organization, RNA export from nucleus, ATP synthesis, protein oligomerization and
skin morphogenesis, as well as the previously mentioned protein localization to telomeres
and Cajal bodies. Protein lipidation is involved in the regulation of numerous biologi-
cal pathways. It can affect protein binding to cell membranes, but also the regulation
of signaling processes, and can be very important for the control of protein localization
and function [78]. The endoplasmic reticulum has many functions, including folding and
modification of proteins and the synthesis of phospholipids and steroids [79]. Of particu-
lar relevance to RA is the fact that steroids are commonly used for their anti-inflammatory
effects, for instance in the treatment of RA [80]. RNA export and protein oligomerization
is also obviously linked to protein production and folding. All the mentioned specific pro-
cesses were enriched by more than a 6-fold in the C-network, most of them by more than
a 10-fold. It must however be noted that there were not always a high number of genes
related to each specific process, but since all of the genes related to for instance antigen
assembly with the MHC complex were present, which was much more than what would
have been expected by chance, this resulted in a high fold enrichment.

The S-network was most enriched in categories related to regulation of metabolic and
signalling processes. It is worth mentioning that these processes showed a lower enrich-
ment than the most specific processes in the C-network (between 2.3-fold and 4.5-fold
enrichment, compared to up to a 27-fold enrichment), but the processes that were enriched
in the S-network were broader and included a higher number of genes. Prominent bio-
logical processes enriched in the S-network included processes related to the ER-nucleus
signalling pathways, biosynthesis of sphingolipids (also involved in signalling pathways),
fatty acid β-oxidation, ubiquitin-dependent protein catabolism and protein polyubiquiti-
nation, telomere maintenance, stem cell differentiation and cell division, RNA processing
and stability, and DNA repair of double DNA strand breaks. Deficiency of the previ-
ously mentioned telomerase is associated with premature immune aging, which is again
associated with loss of critical immune function [81]. Patients with RA have further-
more been shown to have defects in the DNA repair mechanisms related to DNA double
strand breaks [81]. Ubiquitination of proteins normally marks them for degradation by
proteasomes, and ubiquitination of the MHC is also involved in cellular modulation of
immune recognition. The ubiquitin-proteasome system is an important part of the protein
metabolism and quality control in eukaryotes, and is involved in processes such as ox-
idative stress and inflammation [82]. The E3 ubiquitin ligase has been shown to have an
anti-arthritic effect [83].
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The D-network showed a high enrichment of genes related to developmental processes
such as tissue and organ development, respiratory system development, circulatory sys-
tem development, immune system development, connective tissue development, immune
cell activation, cytoskeleton development, and the regulation of developmental processes.
The most highly enriched processes in these groups were pharyngeal arch artery morpo-
genesis, T-helper 17 cell differentiation (in particular T-helper 17 type immune response),
regulation of vascular endothelial cell proliferation and blood vessel endothelial cell mi-
gration, regulation of cell fate specification, regulation of interleukin-2 production and T
cell activation, differentiation and proliferation and also cellular defense responses. Genes
related to these processes were all enriched by more than a 6-fold and up to a 25-fold in
the case of pharyngeal arch artery morphogenesis. The high enrichment of genes related
to processes that actively regulate the development of a high number of tissues and organs
was not seen in the C- or S-networks.

4.2.5 Genes Previously Associated with RA
Appendix A1 gives a list of 54 genes that have previously been associated with RA. Out of
these there are 13 genes in the list that can be identified in the CSD network: HLA-DRB1,
PDCD1, CTLA4, PRDM1, FCRL, RASGRP1, IKZF3, IL2RA, IL2RB, CD2, CD40, CD28
and DDX6.

The genes PDCD1, CTLA4 and PRDM1 are already identified as network hubs in
previous sections. The genes FCRL and IKZF3 were linked to another hub gene, ASAP2,
and RASGRP1 was connected to two hubs: ASAP2 and ENPP1.

The gene HLA-DRB1 is the single gene that has shown the strongest association with
RA in previous research, but being connected to only one other gene, making up a 2-node
component, it had a very modest role in the CSD network. Other HLA-genes were found in
more prominent positions in the network: the gene HLA-DOB had an intermediate degree
of k = 11, and was found in the D-network of the giant component. The genes HLA-DMA,
HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1 and HLA-DRA were linked together in
the second largest component of 23 nodes connected exclusively by C-links. HLA-DRA,
HLA-DMA, HLA-DRB1 and HLA-DMB were in fact three of the four genes making antigen
assembly with the MHC complex so highly enriched in the C-network.
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Chapter 5
Discussion

5.1 Method Study

The new sub-sampling algorithm has both advantages and disadvantages. One possible
advantage of the new algorithm compared to the implementation of the original algorithm
that was used, is that all parts of the data set are sampled with equal probability in the
implementation of the new sub-sampling. Although the original algorithm could in theory
find all valid sub-samples, the available CSD-CS software implementing the original al-
gorithm (see Section 3.1.6) would stop after a given number of sub-samples were drawn.
Because of the nature of the algorithm, this meant that data points positioned in the begin-
ning of the data set would be sampled more often than data points in the end of the data
set. Any confounding factors expressed towards the end of the data set would therefore
be less likely to be detected. It is not given how big an advantage this means for the new
algorithm, as it has its own problem with finding valid sub-samples.

The latter point leads us to the most obvious disadvantage with the new sub-sampling
algorithm: the random drawing of sub-samples. It quickly becomes challenging to draw
more valid sub-samples if the sub-samples are forced to be independent or nearly inde-
pendent. If fully independent sub-samples were found to be necessary, it would clearly
be advisable to use the original sub-sampling algorithm. With only one extra point over-
lap between sub-samples, the new algorithm could produce between two and three times
as many nearly independent sub-samples as the number of completely independent sub-
samples found with the original approach. When the sub-sample overlap is allowed to be
fully random, with overlap of up to 6 data points between 7 data point sub-samples, the
random sub-sampling algorithm was able to reach the chosen maximum number of 200
sub-samples even for data sets as small as 20 data points per gene. With high sub-sample
dependence this might even be too much for the smallest data sets, as will be discussed
later. As the new algorithm was not meant to replace the original algorithm for draw-
ing independent sub-samples, the limited number of independent and nearly independent
sub-samples (o = 1 or 2) was not considered to be a big problem for the method study
itself.
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The number of valid sub-samples that can be found for a given gene will be highly
dependent on the actual values in the gene expression data set. Gene pairs where one or
both of the genes have many zeros in any of the data sets will in practice be filtered out
in the final network due to S being too low. The reason for this is that the Spearman
rank correlation is dependent on ranking the data by magnitude, and it can therefore not
be calculated if there are too many identical values in a sub-sample. The data set that was
used for testing happened to have very few zero entries, which meant that few sub-samples
were rejected as a result of a high content of zeros. Using the same approach on a different
data set might therefore lead to a lower average number of valid sub-samples than what
was found in this study. The results should therefore always be filtered based on the actual
number of sub-samples that was drawn for a given gene pair.

The filtering of gene pairs where one or both genes have many zero-entries in the data
set can in turn lead to loss of significant links in the CSD network. If one gene is expressed
at various levels while the other gene is almost completely silent (many zero-entries) in
one of the data sets, this gene pair should be registered as ”uncorrelated”, but will instead
be filtered out from the network. If the same genes are expressed and strongly correlated
in the other data set, they should have had an S-link between them that will instead be
lost. Since any gene with many zero entries in the data set will be paired with all the other
genes in the data set, it is possible that quite a substantial amount of significant S-links are
lost due to this issue. The smaller the data set, the more will any fraction of zeros affect
the overall results, as there will be a lower number of non-zero data points left to draw
from. This could therefore also affect C- and D-links. An example would be if we have
a small data set, for instance N = 30: If half of the data points for one gene is zero, and
the other half has high values, and the sample-wise opposite is true for another gene, then
these genes should be registered as ”anti-correlated”. Instead they might also be filtered
out from the network because there are only 15 non-zero data points left, from which it
could be difficult to draw enough valid sub-samples with a given permitted overlap.

The problem with a high content of zeros in the data set is however not a problem that
is exclusive for the new sub-sampling approach, since the original sub-sampling algorithm
also finds the Spearman correlation of its sub-samples. The problem might still be smaller
with the original systematic approach, as all possible sub-samples could be checked before
the gene pair is filtered out. With random drawing, on the other hand, it is possible that
the same data points with zeros in them are drawn over and over again by chance, causing
a fast increase in the discard rate.

The upper and lower limits for the number of sub-samples, S, were based on the plot
of 28 gene pairs’ σ signals as a function of S (Fig. 4.1). The early high fluctuations
seen in the signal plot, and which were later dampened with higher S values, make sense
mathematically: With a large number of sub-samples, any single value will influence the
mean value much less than with a low number of sub-samples. Because gene expression
data is normally quite noisy, the early fluctuations were expected. Because the ”signal”
represented the standard deviation of a mean, it also makes sense that the fluctuations did
not go below the final values at any point, since this would mean that the random sampling
by coincidence happened to first draw a collection of very similar sub-samples from a very
noisy data set. This would be unlikely, especially given the low number of gene pairs that
were tested, and the relatively low number of data points in total. Because the 28 gene
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pairs were chosen so that gene pairs with both positive and negative, as well as highly,
medium and poor correlations were present, this plot should be quite representative for the
behaviour of σ for differently correlated gene pairs. The signals could have been plotted
separately for high, medium or low correlations to see the difference in how fast the signals
became stable, but as Smin would have to be based on the signals stabilizing the slowest,
this was not considered important.

Even though the biggest fluctuations were gone at S = 50, the values had not stabilized
fully, so using this as the lower limit for S can be questioned. Even though the 28 signals
were not very close to their final values at S = 50, they seemed to have reached their
correct order, meaning that it was still possible to distinguish high and low σ gene pairs
to some degree, even if the magnitude of the σ values would be too high. It was therefore
more or less reasonable to use this lower limit for comparison purposes, sacrificing precise
results for the sake of having data on low o and low N situations. In Figs. 4.4-4.7 one can
clearly see the effect of this choice, namely the fact that the majority of the σ values
deviated highly from their reference values even before the average S became as low as
50. This confirmed that this lower limit was indeed too low to get very precise results, and
that this low number of sub-samples should be avoided in an actual CSD analysis. Setting
the lower limit, Smin, to for instance 100 would be more appropriate, and an even higher
number would be preferable. To see why correctly ordered, but overestimated σ values
would be so problematic, imagine that one of the two data sets are much bigger than the
other, and therefore able to produce more precise (lower) σ values, while the smaller data
set gets highly over-estimated σ values. The over-estimated σ values will then dominate
over the correctly estimated σ values from the bigger data set, and potentially shift the C-,
S- and D-scores massively. In the worst case scenario, constantly over-estimating the σ
values in only one data set could give a false impression of much confounding in one data
set, and at the same hide the effects of real confounding factors in the other data set.

At S = 200, the signals had not changed much compared to lower S values, and this
was set to be the upper limit for S in the further calculations. The 28 σij signals (Fig. 4.1)
could still change slightly more with higher S values, but there would also be a trade-off
between time consumption and precision: Based on the difference between S = 150 and
S = 200, there seems to be very small changes to be gained by increasing S above 200,
while increasing the number of sub-samples for each gene pair by for instance 50 or 100
will significantly slow down the computation time, especially if Smax is close to the upper
S limit for that data set size. One should also keep in mind that σ is dependent on what
sub-samples were drawn in the given sub-sampling session, so that one could easily obtain
a different σ when rerunning the sub-sampling procedure. It is impossible to say which of
them would be the most correct one, since σ would never be more than an estimate of the
internal variability in the correlation. It is therefore no guarantee that increasing S more
and more will always result in a better σ. For these reasons, Smax = 200 was considered
to be a good upper limit for S.

If the computation time had not been an issue, a better way of getting a more precise σ
than increasing S could be to run the sub-sampling multiple times and use the average of
the results. This would however slow down the computation time even more than increas-
ing S, and is unfortunately not seen as a realistic option for the current implementation
of the sub-sampling algorithm. One reason why this is unfortunate, is that averaging over
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multiple runs of sub-sampling would not just have given more precise σ values in general,
but could also have solved another major issue with the sub-sampling procedure, namely
the fact that the results vary equally much for high and low σ values (Fig. 4.3). One could
have expected that a low internal variation in correlation would also give a lower variation
in low σ values, but based on σ calculated for 28 gene pairs 100 times this did not seem
to be the case. The investigation of outliers from the full data set confirmed that highly
correlated genes with low σ were highly overrepresented as extreme outliers, both with
high and low o and N . This is most likely because gene expression measurements are not
very precise, so gene expression data seemed to be very noisy, even for highly correlated
gene pairs with low σ. This means that the most interesting gene pairs, namely those with
a low internal variation in correlation over the data set, have a lower precision in σ relative
to their absolute magnitude than what gene pairs with high internal variation have. This
is a significant weakness of the sub-sampling approach that will cause some noise in the
CSD network. It is likely that this is also an issue with the original sub-sampling approach.

For the σNo series that were investigated, there were never more than 3% of the 4950
gene pairs that ended up as outliers (Table. 4.3). How many percentages of the strongly
correlated gene pairs that this accounted for was not found explicitly, but since the com-
pared σNo series had between 7% and 44% of the outlier gene pairs in common, which
gene pairs that ended up as outliers could not be random. The σT distribution (Fig. 4.2)
also showed that the numbers of outliers made up a significant proportion of the number
of genes with low σ, especially for the combinations of low o and N . All the σNo series
were not investigated due to time constraints, but both high and low o and N values were
represented, and the trend was the same for all of them, indicating that the ”choice” of
outlier gene pairs had more to do with their internal correlation as such, than the data set
size or maximum overlap between sub-samples. The same trend was seen from the coeffi-
cient of variation for the 28 gene pairs where the σ was computed 100 independent times
(Fig. 4.3b). The fact that highly and most uniformly correlated gene pairs had a bigger
relative variability is a significant disadvantage which can be assumed to apply to both
sub-sampling algorithms.

While the variations in σ caused by random sub-sampling are bound create some noise,
it would most likely not be devastating for the CSD network. The variations in σ seen for
the 28 gene pairs with various correlations tested 100 times each (Figs. 4.3a,A1) were not
so big that the most extreme results of the highest and lowest σ values were overlapping,
so a gene pair with very low internal correlation variation would never be mistaken for
having a very high internal variation and vice versa due to this factor. Single links (gene
pairs) are normally less interesting than network structures involving several gene pairs,
such as hubs or clusters. Unless σ is maximally overestimated for the majority of the genes
connected to a big network hub, or for the majority of the gene pairs making up a cluster,
these network structures would not disappear as a consequence of slightly bad variation
estimates. Because the sub-sampling is completely random, it is also highly unlikely that
this would happen by chance.

How big deviation from the true value each outlier represented varied greatly, as the
boundaries of the whiskers in each boxplot were determined by the interquartile ranges of
the given box. The most extreme outlier of a narrow boxplot could therefore be a much
better estimate of σ than a different σ lying within the box in a broad plot with a big
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interquartile range. As the variation in σ due to different choices of sub-samples alone
was shown to not be that big (Fig. 4.4, first boxplot), most of the deviations from the true
σ values used as reference were attributed to the variations in N , S and o, which were also
the parameters that were initially regarded to be of main interest. Some of the variation
was also assumed to come from the fact that the correlation variability might truly change
when a high number of data points are removed.

Each of the above mentioned parameters, N , S and o, had a clear impact on σ relative
to the reference values, σT . Lowering N would at some point lead to a forced lowering
of the number of sub-samples, S, that was possible to draw (Table 4.1). The lowering of
S caused a significant overestimation of σ (Figs. 4.4-4.6), visible even with Savg = 162,
which was long before Savg was close to Smin = 50. On the other hand, increasing the
allowed overlap between sub-samples, o, caused a significant underestimation of σ relative
to σT (Fig. 4.7). The overestimating effect of lowering S was clearly stronger than the
underestimating effect of increasing o, as the upward shift and broadening of the boxplots
with a lower S were much steeper and bigger than the downward shift and broadening of
boxplots that followed an increase in o. Even with the parameters Smax = 150 (which
would not be assumed to be a big decrease in Smax) and o = 6 (which was the maximum
possible value of o for this sub-sample size), the boxplots were shifted upwards even with
data sets as small as N = 30 (see Fig. 4.8), which was small enough that the effect of
increasing o would clearly be relevant. The sub-sample size, n, was a fourth factor which
could be analyzed in further studies of the method. In this study the sub-sample size was
fixed at n = 7, assuming that for the sake of getting more sub-samples, it was best to have
as small sub-samples as possible within the limits of the Spearman correlation calculations.
Because a given o, for instance o = 3, would represent a different relative overlap with
differently sized sub-samples, it is possible that one could benefit from increasing n to for
instance 8 or 9, reducing the sub-sample dependence from a given o at the possible cost of
poorer confounding identification. This is something that could be tested in the future.

The reason why increasing o had a bigger effect on smaller data sets was that a given
o did not imply that the overlap was fixed at a given number of data points each time,
but that any randomly drawn sub-sample would be discarded if it happened to have an
overlap of more than o data points with any previously drawn sub-samples. This means
that with a big enough N , setting o = 6 will not be likely to cause so many (if any)
highly independent sub-samples, while the chance for randomly drawing overlapping sub-
samples will increase with a low N , due to fewer data points to draw from. The average
overlap between sub-samples is not known in any of the sub-sampling procedures, so it is
not possible to know from the results of this study exactly how dependent the sub-samples
were in each case, and how a known average overlap would affect the results. It was,
however, possible to see at which N /o combinations the results started to deviate much
from the reference. A consequence of the heightened effect of o = 6 on small data sets
was also that a higher Smax might actually worsen the results, because a higher number
of sub-samples will force more sub-samples to a higher dependence. For data sets with
N = 30 or below, it might therefore be better to decrease Smax from 200 to for instance
150, as shown in Fig. 4.8.

Lowering N leads to a higher dependence between sub-samples, increasing the un-
derestimating effect that a high o has on σ, while at the same time forcing S to be lower,
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increasing the overestimating effect on σ. In both the overestimating case of low S and
low o, and the underestimating case of high S and high o, it is therefore not possible to
use the boxplots to separate the effect of either low S or high o from the effect of low N
itself. The lowering of N not only meant lowering the number of sub-samples possible to
draw, or heightening the average overlap between sub-samples if this was permitted, but it
also meant a loss of data points. This could only be seen by the t-tests performed on the
different σNo series relative to σT (Table 4.2). The t-tests showed that the σ300

6 distribution
was on average closer to the σT distribution than σ200

1 was, even though σT and σ200
1 had

the same number of completely independent sub-samples, while σ300
6 possibly had some

sub-sample dependence. This could not be seen from the boxplots, but meant that the loss
of 100 data points was itself changing the σ distribution more than a high o did on a high
N data set.

It is possible that, by chance, the data points that were removed in order to get smaller
data sets had a significant difference in correlation compared to the remaining data points,
either because of confounding factors or because of inaccurate measurements, meaning
that not sub-sampling over this data would change the σ values enough for it to be detected
by the t-test. However, this effect was not necessarily very big, because with many σ values
in each group, a t-test would be able to detect very small changes as significant changes
of the distributions. In this case, each group had almost 5000 σij values in it. The fact
that for instance σ200

1 seems to have a different distribution than σT does therefore not
automatically mean that σ200

1 is a bad estimate of the internal correlation variability within
the data set. Increasing the data set with 100 more measurements could just as easily have
made a different distribution than σT , not meaning that 338 data points is too low. The t-
test still shows the obvious: that either random noise or confounding can indeed play a role
when calculating correlations, and no matter how the data is measured or how many times,
one cannot get data from data points that are not there. One should therefore obviously try
to get as many measurements as possible. The fact that the removed data points contribute
to the overall σ when they are included could also make us question the choice of σT

as reference for σ found in the smaller data sets, since these data sets might rightfully
have different correlation variabilities. Since the problem with the small data sets is that
you cannot find enough valid independent sub-samples, σT was considered to be the best
option to use for reference purposes. However, it seems very unlikely that the difference
in data points could produce the clear over- and underestimating trends in Figs. 4.4-4.7.

The consequences of over- and underestimating σ are similar, but not identical. Over-
estimation of σ would lead to a false impression that the gene pairs in the given data set
have a higher internal variability in correlations than is actually the case. This will lower
the associated C-, S- or D-scores unnecessarily. If the scores are lowered enough, the
overestimation will lead to more false negative results, as it will result in the loss of sig-
nificant links that should have been present in the CSD network. As previously discussed,
an overall overestimation in just one of the two data sets can hide real confounding in the
other data set, thereby also leading to false positives. If σ is underestimated in one data set,
on the other hand, there might be an increase in false positives, but not in false negatives:
One might get links in the network that should not have been present due to confounding
factors that were not detected in the same network, but confounding factors can still be
detected in the other data set. Overestimation of σ is therefore likely to have even more
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severe consequences for the CSD network than underestimation.
The overestimating power of low S was also stronger than the underestimating power

of high o, strengthening the conclusion that low S values are much worse for the final
network than high o values. If you have to choose, it will be preferable to choose a high
number of more dependent sub-samples rather than a low number of fully independent sub-
samples. In this context it is worth noting that the original sub-sampling algorithm of the
CSD method found fewer than 50 sub-samples for data sets of size N = 60 and N = 50.
Seeing the huge deviations from σT that was found using on average 62 independent sub-
samples at N = 100 (Table 4.1 and Fig. 4.4), the 34 independent sub-samples that the
original sub-sampling method was able to identify from N = 50 data points seems to be
far too low. The results of this study therefore indicate that the estimated lower limit of
N = 50 for the original sub-sampling method may have been too optimistic.

Knowing that random drawing fails to find anything close to the maximum number of
valid sub-samples no matter the sizes of N , S and o, it would have been very beneficial to
find a systematic algorithm that could identify a higher number of sub-samples with up to
a given number of overlapping data points, thereby increasing S while keeping o as low as
possible. In addition to the increased possibility of drawing invalid sub-samples in itself,
the initial random sub-sampling pattern can also possibly reduce the maximum number of
valid sub-samples to be drawn later, due to the combination of sub-samples that are drawn
in the beginning. Using a systematic algorithm, it could have been possible to come close
to an exhaustive selection of sub-samples. This would allow even very small data sets to
be used with a low dependence rather than a high dependence, which would most likely
produce better results for these data sets than the random sub-sampling algorithm that was
proposed in this thesis would. This was however not within the scope of this thesis, and is
suggested for further research.

Another aspect of the method was the run-time of the script that was written and used
for correlation and variance computation. As the two versions of the script were mainly
written for use in this project, the requirement of finishing the computations within ”a
reasonable amount of time” was set in order for the results to be finished within the time
limits of the thesis. While this aim was met, it is obvious that it is costly, both in terms
of time and energy consumption, to run 160 parallel processes for about one week, which
was roughly the time spent on a full gene expression data set (N = 28 and Smax = 150)
in the second part of the study. Although not within the scope of this project, I would
therefore, for any future use, suggest implementing the new sub-sampling algorithm using
for instance C++, which is much more efficient than Python. With faster computations,
one could for instance also run the calculations multiple times and use the average of the
obtained σ values, reducing the number of outliers in the results. Prefiltration of genes with
a very high occurrence of zeros (instead of just filtering out gene pairs with S < Smin)
could also have lowered the computation time, as each gene is possibly part of tens of
thousands of gene pairs.

5.2 CSD Analysis of Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a disease that is highly heterogeneous with a multitude of
genetic and environmental factors affecting the pathogenesis and disease development. I
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therefore expected it to be challenging to find clear disease related patterns in the CSD
network. The network was however enriched with genes related to a high number of regu-
latory processes (Tables 4.9 and 4.10), and the strongest process enrichments were related
to immune function, inflammation, growth, cell differentiation and morphology. Since RA
is an autoimmune inflammatory disease associated with severe tissue remodelling and de-
formation, which in turn demands a high proliferating activity in the affected tissues, this
suggests that the network represented real, meaningful relationships between the genes that
were highlighted. The network followed a power-law degree distribution, showing that the
network topology was far from random. Assuming that this non-randomness reflects some
sort of biological function, it is likely that the network hubs play a special role in RA. It
is, however, important to remember that the C-, S- and D- links do not correspond to gene
regulatory networks or protein-protein interaction networks. The CSD network can there-
fore not be used alone to draw any conclusions about the exact regulatory mechanisms
underlying the development or progression of RA.

The main topological differences between the C-, S- and D-type networks (see Fig. 4.11
and Figs. A5-A7) indicate a possible difference between the regulatory mechanisms lead-
ing to these link types. The C-network is weakly assortative (see Fig. 4.12), has a more
narrow degree distribution and is somewhat densely connected. This is quite similar to
what was seen in Voigt, Nowick and Almaas’ CSD analysis of different brain regions [2],
although their C-network was more strongly assortative and dense. Both the D- and S-
networks are disassortative (see Figs. 4.13-4.14), but the more widespread S-network is
much more disassortative than the very densely connected D-network. It is possible that
the high disassortativity is due to the connectivity distribution alone (since the biggest
hubs are S-dominated). This pattern is nevertheless not the same as what was found in [2],
where the D-network was the most disassortative. The difference between the C-, S- and
D-type networks are also reflected in the fact that they are enriched with genes connected
to different groups of biological processes.

The C-network was highly enriched in processes related to T cell maturation and se-
lection, in addition to various processes that are important for general cell function and
maintenance, for instance ATP synthesis, RNA export from the nucleus and processes re-
lated to cell signaling and pathway regulation in general. A conserved correlation between
genes related to general cell function and maintenance processes (maybe also to especially
important regulatory pathways) can be interpreted as a particular robustness in the related
mechanisms, beneficial for cell survival. The enrichment of genes related to T cell matu-
ration in the C-network was more difficult to explain: T cells are essential for the immune
system, and the MHC complex has consistently been shown to be associated with RA. The
MHC related genes were, however, not found to have very prominent positions in the CSD
network. It is not obvious why these genes appeared in a small C-component in the net-
work, but considering that the MHC gene products build up a protein complex together,
a tight co-regulation is not very strange. It is worth noting that this smaller component
was connected to the giant component when the importance level for the network was in-
creased (see Appendix A8). Although having conserved co-expression between them, this
group of genes could nonetheless be regulated by other genes that has a changed regulation
pattern in RA patients.

Another possible explanation for the enrichment of MHC related genes in the C-
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network might be that the gene expression data were taken from joint synovial fluid sam-
ples, which is the site where the first inflammation occurs in RA patients. The maturation
of T cells does not happen in the joints, but in the thymus, so when the T cells have been
recruited to the joints, the T cell selection and maturation has already taken place. It could
have been interesting to compare the CSD network from synovial gene expression with a
similar RA CSD network based on, for instance, the blood samples or the thymus. It is
also important to remember that RA does not involve a breakdown of the immune system
as such. The problem is rather that the immune system attacks the patients’ own cells
in addition to foreign compounds. With this in mind, it does not seem unlikely that the
relationship between some tightly connected immune system related genes could be con-
served. The immune system is much more active in RA patients, but the CSD method does
not detect changes in expression levels, so a conserved link does not mean that the level of
gene activity is the same between the two conditions, only that the co-expression between
these genes is conserved.

The S-network represented genes where a co-expression pattern has changed at one
place or another: it might represent a loss of connection between two genes that are nor-
mally coordinated in healthy tissue, or the appearance of new connections that are nor-
mally not present. The S-network was enriched in processes related to different regulatory
and signalling pathways, to various metabolic processes and energy production. Processes
of particular interest included processes related to immune recognition and inflammation,
ubiquitination (marking proteins for phagocytosis), cell division and stem cell differen-
tiation, as well as DNA repair and telomere maintenance mechanisms, which should be
highly active during cell proliferation. There were no very specific processes enriched in
the S-network compared to the C- and D-networks, which was most likely the reason why
the highest enrichment factors were generally lower in the S-network than in the other two.
The S-dominated hubs had a high number of neighboring nodes that were not connected to
any other nodes in the network. Seen together with the high betweenness centrality of the
two S-dominated hubs and the high enrichment of regulatory processes in the S-network
(as well as in the CSD network as a whole), this might indicate that these hubs play a
role in coordinating a high number of other genes. Both ZNF205-AS1 and GPR18 has
already been linked to regulatory functions. Not previously linked directly to RA, these
seem like interesting genes to pay more attention to in further RA research. In order to get
a deeper insight into the possible regulatory relationships and the loss or gain of biologi-
cal functions, it would have been interesting to investigate which correlations were strong
in the disease state and which were strong in the healthy tissue. The biggest hub in the
network, PDCD1, had a high number of S-links to low degree neighbors, but it also had
almost an equal number of D-links, and thus connected the S- and D-dominated parts of
the CSD network by a substantial number of links. Not surprisingly, it also had the high-
est beweeenness and closeness centrality in the network. This gene has previously been
linked to RA and, just like ZNF205-AS1 and GPR18, this gene could also be hypothesized
to have some coordinating role in RA.

The waste majority of hubs were however found in the D-network, and although the
D-network was weakly disassortative, this was the link type that was most clearly lim-
ited to one area of the network. This could mean that the biological processes associated
with the D-network were especially closely connected and possibly strongly regulated.
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Although the D-network was also enriched in genes associated with the immune system,
the feature that distinguished the D-network the most from the C- and S-networks was that
it had a high occurrence of genes directly linked to specific tissue and organ development,
as well as proliferation and growth of non-immune cells. The D-network could therefore
possibly be assumed to be linked more tightly to the severe tissue remodelling and defor-
mation processes that first affect the joints, and can later affect other tissues and organs in
RA patients. Big, overreaching processes such as tissue and organ remodelling has to be
highly organized and regulated, and this might be the reason why the D-type links are ex-
tra tightly grouped together. D-links did not reflect the loss of coordination, but an altered
coordination between genes, possibly being related to regulatory malfunction rather than
a complete halt of cellular processes. The enrichment of genes related to late stage symp-
toms of the disease imply a possible connection between the D-dominated hubs and the
deformities seen in later stages of RA. Apart from one of them being directly associated
with decreased kidney function, arterial calcification and osteoarthritis, the D-dominated
hubs were nonetheless highly associated with the immune system, inflammations and au-
toimmune diseases, again emphasizing the interconnectedness of the different processes.

Several of the network hubs were also associated with cancer. Since cancer involves
unimpeded growth, one could hypothesize that defects in these genes, or in the regula-
tion of them may cause the abnormal growth and tissue remodelling seen in RA patients.
One should, however, be careful about drawing such conclusions, as no gene is only an
oncogene, but always has another function that could possibly be altered and lead to other
cellular consequences than abnormal growth. Two of the network hubs were RNA genes,
and although more difficult to find information about, they should not be discarded as ir-
relevant. They could be related to relevant regulatory mechanisms, and were therefore
included in the analysis.

A strength of the method is that both the overall correlation and weighting of corre-
lation variability is taken into account when calculating the C-, S- and D-scores. This
ensures that only gene pairs with consistent co-expression across most of the measure-
ments are highlighted in the final network. All genes, and especially those of the S- and
D-networks, would therefore be of interest in further studies of the disease mechanisms
of RA. It could also be of further interest to compare the CSD network to a protein inter-
action network, in order to see how the products of the different genes found in the CSD
network actually interact. Although the genes in the network could be assumed to be of
direct relevance to RA, there is still a chance that significant genes are not present in the
network: S- and D-type links could be lost due to a high occurrence of zeros in the data
set. As discussed previously, this is especially challenging with S-type links. An additional
source of noise in this particular analysis was the new sub-sampling algorithm used on the
reference data set. The fact that the resulting network did still show a strong connection
to RA supports the assumption that the new sub-sampling approach did not have too grave
consequences for the structure of the CSD network. It is still worth being aware that some
links might have been included that should not have been, and vice versa.

The correction for correlation variability could itself have a downside as well: It is
presupposed that a high correlation variability is caused by confounding factors, ignoring
the fact that some diseases, like RA, are heterogeneously expressed in different patients.
It is impossible to tell if a high correlation variability within a data set is caused by real
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confounding factors or by heterogeneous expression of the given condition. Diseases are,
in general, first characterized based on their phenotype outcome, and not on their under-
lying molecular mechanisms, since these are more difficult to identify. In some cases it
might therefore be multiple molecular mechanisms leading to the same disease or syn-
drome, making it difficult to identify co-exression patterns that correspond to anything
meaningful in a biological context. If multiple molecular mechanisms can lead to the
same phenotype, gene correlations could become less uniform, and genes and correlations
that are indeed related to the disease could end up being filtered out from the network.
This would, however, be a challenge with any systems biology approach, and is not an
exclusive disadvantage of the CSD method. On the upside, this also means that the CSD
network could be assumed to reflect only the factors that different RA patients have in
common, possibly capturing the most essential features of the disease. Since the network
showed so clear associations with immune function and inflammation, it could be assumed
to be of high relevance for understanding the genetic mechanisms underlying at least some
aspects of RA.
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The implementation of an alternative sub-sampling algorithm for the CSD method, allow-
ing dependence between sub-samples, showed that a low number of sub-samples had a
strong overestimating effect on the correlation variability, while sub-sample dependence
had a weaker underestimating effect. A low number of sub-samples thus had a higher neg-
ative impact on the correlation variabilities than a higher sub-sample dependence did. In
order to get as good estimates as possible of the correlation variabilities of small data sets,
the number of sub-samples had to be weighed against the maximum permitted overlap.

Based on the results of this study, data sets smaller than 50 data points are recom-
mended to have about 150 sub-samples if the alternative algorithm is used, especially if
a high sub-sample dependence is allowed. Bigger data sets are recommended a higher
number of sub-samples, for instance 200. The maximum sub-sample overlap should in
general be kept as low as possible within these requirements. The smaller data sets are
recommended to have fewer sub-samples to reduce the impact of the high dependence that
is required to find a sufficient number of sub-samples. For data sets with 60 or fewer data
points per gene allowing some sub-sample dependence is in general suggested in order to
increase the number of sub-samples, independent of sub-sampling approach. For data sets
smaller than the limitations set by the original CSD method, which was 49 data points per
gene, it was not possible to find enough sub-samples with a low overlap using the new
algorithm, but when allowing for highly dependent sub-samples, a sufficient number was
easily found for data sets as small as 20 data points per gene. Allowing a high overlap
between sub-samples gave significantly more noisy results, but could nevertheless be a
justifiable option for small data sets.

Developing an algorithm for the deterministic identification of sub-samples with a low
number of overlapping data points is suggested for further research, as this would give bet-
ter results for small data sets and reduce noise in the CSD network. More research is also
suggested in order to further investigate the trade-off between reduction of over-estimation
by increasing the number of sub-samples, and reduction of under-estimation by decreasing
the same number of sub-samples (in order to reduce the average sub-sample dependence).
Finding a general rule for the combination of sub-sample number and overlap for a given

81



Chapter 6. Conclusion and Outlook

data set size would have made the new sub-sampling algorithm more easily applicable on
new small data sets. The alternative sub-sampling algorithm should also preferably be im-
plemented in a more efficient programming language, in order for the computations to be
less time and energy consuming.

Two data sets of gene expression data from the synovial fluid of rheumatoid arthritis
(RA) patients and healthy controls were analyzed using the CSD method with the alter-
native sub-sample algorithm, and resulted in a CSD network highly enriched with genes
related to immune function, inflammation and differentiation, growth and morphology
of cells, tissues and organs. Eleven hub genes were identified in the network: PDCD1,
ZNF205-AS1, GPR18, LINC00426, SEPT1, CTLA4, ASAP2, ENPP1, IL2RG, PRDM1
and GBP5. Eight of them, ZNF205-AS1, GPR18, LINC00426, SEPT1, ASAP2, ENPP1,
IL2RG and GBP5 have, to my knowledge, not previously been linked to RA. Two of them,
ASAP2 and ENPP1, were directly linked to at least one known RA associated gene each.
Per the data presented, these eleven genes can be central in RA progression, and are thus
possible candidates for further research of the disease. The three most highly connected
hubs, PDCD1, ZNF205-AS1 and GPR18, contributed strongly to a disassortative network
pattern and were hypothesized to have a coordinating role between a high number of other
genes. The PDCD1 gene, which was the biggest network hub, was found to connect the
parts of the network dominated by either specific or differentiated co-expression respec-
tively, and had previously been associated with rheumatoid arthritis. The results of this
analysis further supported the position of this gene in RA. The remaining eight genes,
LINC00426, SEPT1, CTLA4, ASAP2, ENPP1, IL2RG, PRDM1 and GBP5, were posi-
tioned in a sub-network dominated by differentiated co-expression between genes. The
differentiated links were highly interconnected and genes connected to cell differentiation,
growth, tissue and organ development and morphology were over-represented in this part
of the CSD network. These genes are hypothesized to be involved in later stages of the
disease development.

More research is clearly needed in order to understand the genetic mechanisms under-
lying the development of rheumatoid arthritis. As RA is a heterogeneous disease, a possi-
ble next step could be to divide the gene expression samples into different groups based on
differences on phenotype, such as samples from ACPA positive and ACPA negative RA
patients, and either compare them to each other directly with a differential co-expression
analysis, or combine both groups with healthy control samples to make multiple CSD
networks that could be compared to each other. In this way one could possibly get more
uniform correlation patterns in each data set, and maybe find interesting gene relationships
that were not visible in this study due to high correlation variabilities. Furthermore, one
could have studied the S-links of the CSD network in more detail to find out which cor-
relations were present in which condition. It could also have been interesting to compare
multiple CSD networks based on different tissue types from RA patients and controls, for
instance both synovial fluid samples and blood samples. This could possibly capture dif-
ferent stages or aspects of the disease. The genes identified in this study could also have
been compared to other types of networks, such as gene regulatory networks or protein
interaction networks in humans.
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Appendices

A1 Genes Previously Associated with RA
Table A1 gives an overview of 53 genes found to be associated with RA in previous studies.

Table A1: List of 53 genes previously associated with rheumatoid arthritis.

HLA-DRB1[14] PTPN22 [17] TRAF1 [17] CTLA4 [17] IRF5 [17]
STAT4 [17] CCR6 [17] PADI4 [17] IL23R [17] PTPN22 [17]
SAP30BP [84] LPIN2 [84] DHRS3 [84] TTC38 [84] IRAK1 [59]
TLE3 [59] RASGRP1 [59] IL6R [59] IRF8 [59] AIRD5B [59]
IKZF3 [59] RUNX1 [59] POU3F [59] RCAN1 [59] ANKRD55 [59]
RBPJ [59] CCL21 [59] CD40 [59] MMEL1 [59] AFF3 [59]
REL [59] GIN1 [59] DNASE1L3 [59] IL2RB [59] DDX6 [59]
SPRED2 [59] TAGAP [59] IL2RA [59] CD2 [59] CD28 [59]
PTPRC [59] KIF5A [59] PRKCQ [59] FCGR2A [59] PRDM1 [59]
IL2-IL21 [59] TRAF6 [59] TYK2 [59] FCRL3 [6] CD244 [6]
BLK [6] TNFAIP3 [6] SLC22A4 [6]

91



A2 Genes Used for Signal Plot and Signal Stability Analysis
The following list of Ensembl IDs identify the 8 genes used for the signal plot and signal
stability analysis:

• ENSG00000223972.4

• ENSG00000238009.2

• ENSG00000227232.4

• ENSG00000233750.3

• ENSG00000268903.1

• ENSG00000248527.1

• ENSG00000188976.6

• ENSG00000131591.13
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A3 Stability of σ338
6 Computed 100 Times for 28 Gene Pairs

Fig. A1 displays boxplots of the final σij values for 28 gene pairs ij obtained from a series
of 100 repeated computations of σ per gene pair, using the parameters Smax = 200, N =
338 and o = 6. The gene pairs were all combinations of pairs of the genes given in
Appendix A2 and chosen so that a variety of correlations were represented.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Numbered gene pairs, ij

0.010

0.015

0.020

0.025

0.030

0.035

σ338
6, ij

Figure A1: Boxplots of the final σij values obtained from 100 repeated runs of my script on 28
different gene pairs with various correlations represented. Each plot represents one gene pair. Pa-
rameters: Smax = 200, N = 338, o = 6.
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A4 Scripts for Computation of Gene Pair Correlation and Correla-
tion Variability in a Data Set

The two following scripts were used for the calculation of Spearman correlation coeffi-
cients of the gene expression of all gene pairs in a data set, and for the sub-sampling and
computation of correlation variability in the data set as the standard deviation of the mean
of sub-sample correlations.

The first script was used if the sub-samples consisting of 7 data points were allowed
to have up to 1, 2 or 3 data points overlap between them, and the standard deviation was
calculated separately for the three degrees of permitted overlap respectively. The second
script was used if the same sized sub-samples were allowed up to 6 data points overlap.

Both scripts take input files on the following format: The first (index) column contains
G gene names, the first (header) row contains N sample names, the remaining rows and
columns contain N gene expression measurements for each of the G genes. No entries
should contain NaN, None or be empty, or the relevant gene could get an error message in
the output file instead of correlation and variability measurements.

Allowed sub-sample overlap from 1 to 3 data points

from f u t u r e i m p o r t d i v i s i o n
i m p o r t numpy as np
i m p o r t pandas as pd
i m p o r t math , random
i m p o r t i t e r t o o l s
from s c i p y i m p o r t s t a t s
from m u l t i p r o c e s s i n g i m p o r t Pool

# #######################################################################
#
# Th i s s c r i p t t a k e s a gene e x p r e s s i o n d a t a s e t a s i n p u t , and computes
# Spearman c o r r e l a t i o n c o e f f i c i e n t s and v a r i a n c e / s t a n d a r d d e v i a t i o n o f
# t h e mean (SDOM) of t h e c o r r e l a t i o n s o f sub−sample s i n t h e d a t a s e t .
# The sub−samples have maximum o v e r l a p o f 1 , 2 and 3 d a t a p o i n t s , and
# SDOM/ v a r i a n c e s a r e found f o r a l l t h r e e o p t i o n s .
#
# Three p a r a m e t e r s has t o t o be f i l l e d i n by t h e u s e r :
# The name of t h e i n p u t f i l e ( i n p u t f i l e ) , t h e name of t h e o u t p u t
# ( o u t p u t f i l e ) , and t h e number o f c o r e s on t h e machine ( nCores ) .
# I f v a r i a n c e s h o u l d be w r i t t e n
# t o f i l e i n s t e a d o f SDOM, t h i s has t o be changed i n s i d e t h e
# g e n e p a i r F u n c t i o n .
#
# #######################################################################

i n p u t f i l e = ’ WholeBlood338 . t x t ’
o u t p u t f i l e = ’CorrSDOM . t x t ’
nCores = 24

# g e n e p a i r F u n c t i o n c a l c u l a t e s Spearman c o r r e l a t i o n + mean c o r r e l a t i o n
# and SDOM/ v a r f o r p e r m i t t e d o v e r l a p s o f sub−sample s s e t t o 1 ,2 and 3 .
d e f g e n e p a i r F u n c t i o n ( g e n e p a i r ) :

# l i s t t o f i l l w i th r e s u l t s f o r g e n e p a i r
r e s L i s t = [ ]
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r e s L i s t . append ( s t r ( g e n e p a i r ) )

# Ass ign rows f o r t h e genes i n g e n e p a i r t o g1 and g2 .
g1 = gedTab le . l o c [ g e n e p a i r [ 0 ] ]
g2 = gedTab le . l o c [ g e n e p a i r [ 1 ] ]

# C a l c u l a t e Spearman f o r g e n e p a i r a c r o s s a l l columns
RHO, p t o t = s t a t s . spea rmanr ( g1 , g2 )

r e s L i s t . append ( s t r (RHO) )

# each k g i v e s a new l e v e l o f p e r m i t t e d o v e r l a p between t h e sub−sample s
f o r k i n r a n g e ( 3 ) :

# S t o r e s a l l p a i r s / t r i p l e t s / f o u r s o f columns drawn t o g e t h e r and
used

u s e d P a i r s = {}

#Number o f s u b s e t c o r r e l a t i o n s c a l c u l a t e d f o r t h i s g e n e p a i r
N = 0
#Sum of c a l c u l a t e d c o r r . v a l u e s
corrSum = 0
#Sum of s q u a r e d c a l c u l a t e d c o r r . v a l u e s
sqrSum = 0
# S t a n d a r d d e v i a t i o n o f t h e mean , i n i t i a l v a l u e
SDOM = 0
#Mean c o r r e l a t i o n s t a r t v a l u e
corrMean = 0
# I n i t i a l d i s c a r d r a t e − what f r a c t i o n o f p i c k L i s t s a r e d i s c a r d e d
d i s c R a t e =0
#Number o f d i s c a r d e d p i c k L i s t s
d i s c =0
# t o t = t o t a l number o f p i c k L i s t s ( d i s c a r e d and used )
t o t =0

w h i l e ( d i s c R a t e < 0 . 9 9 and N <= 199) o r t o t < 2 0 :

p i c k L i s t = [ ]

t o t = t o t + 1
# L i s t s t o f i l l w i th measurements f o r gene p a i r x , y
x L i s t = [ ]
y L i s t = [ ]

# Pu t seven un i qu e and random c o l i n d e x e s i n p i c k L i s t
w h i l e l e n ( p i c k L i s t ) < 7 :

p i c k I n d e x = i n t ( random . un i fo rm ( 0 , l e n ( gedTab le . columns )−1)
)

i f p i c k I n d e x n o t i n p i c k L i s t :
p i c k L i s t . append ( p i c k I n d e x )

#Make u n i qu e p a i r s / t r i p l e t s / f o u r s o f t h e seven i n d e x e s
i f k == 0 :

c u r r e n t P a i r s = l i s t ( i t e r t o o l s . c o m b i n a t i o n s ( p i c k L i s t , 2 ) )
e l i f k == 1 :

c u r r e n t P a i r s = l i s t ( i t e r t o o l s . c o m b i n a t i o n s ( p i c k L i s t , 3 ) )
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e l s e :
c u r r e n t P a i r s = l i s t ( i t e r t o o l s . c o m b i n a t i o n s ( p i c k L i s t , 4 ) )

# F i l l x L i s t and y L i s t w i th measurements c o r r e s p o n d i n g t o t h e
two

# genes and t h e columns g i v e n i n p i c k L i s t
f o r i i n p i c k L i s t :

x L i s t . append ( gedTab le . l o c [ g e n e p a i r [ 0 ] ] [ i ] )
y L i s t . append ( gedTab le . l o c [ g e n e p a i r [ 1 ] ] [ i ] )

# Count ” p a i r s ” ( p a i r s / t r i p l e t s / f o u r s ) i n c u r r e n t p i c k L i s t t h a t
have p r e v i o u s l y been drawn

usedCount = 0
f o r p a i r i n c u r r e n t P a i r s :

i f p a i r i n u s e d P a i r s :
usedCount += 1

# I f x L i s t and y L i s t c o n t a i n s enough n o n z e r o s and p i c k L i s t has
no

# p a i r / t r i p l e t / f o u r i n common wi th p r e v i o u s draws , c o n t i n u e :
i f np . c o u n t n o n z e r o ( x L i s t )>4 and np . c o u n t n o n z e r o ( y L i s t )>4 and

usedCount == 0 :

#Add a l l c o m b i n a t i o n s o f used ” p a i r s ” , ( p a i r s , t r i p l e t s o r
f o u r s ) t o c u r r e n t P a i r s d i c t :

i f k == 0 :
f o r p a i r i n c u r r e n t P a i r s :

u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 1 ] ) ] = True
u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 0 ] ) ] = True

e l i f k == 1 :
f o r p a i r i n c u r r e n t P a i r s :

u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 1 ] , p a i r [ 2 ] ) ] = True
u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 2 ] , p a i r [ 1 ] ) ] = True
u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 0 ] , p a i r [ 2 ] ) ] = True
u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 2 ] , p a i r [ 0 ] ) ] = True
u s e d P a i r s [ ( p a i r [ 2 ] , p a i r [ 1 ] , p a i r [ 0 ] ) ] = True
u s e d P a i r s [ ( p a i r [ 2 ] , p a i r [ 0 ] , p a i r [ 1 ] ) ] = True

e l s e :
f o r p a i r i n c u r r e n t P a i r s :

u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 1 ] , p a i r [ 2 ] , p a i r [ 3 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 1 ] , p a i r [ 3 ] , p a i r [ 2 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 2 ] , p a i r [ 1 ] , p a i r [ 3 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 2 ] , p a i r [ 3 ] , p a i r [ 1 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 3 ] , p a i r [ 1 ] , p a i r [ 2 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 0 ] , p a i r [ 3 ] , p a i r [ 2 ] , p a i r [ 1 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 0 ] , p a i r [ 2 ] , p a i r [ 3 ] ) ] =
True
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u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 0 ] , p a i r [ 3 ] , p a i r [ 2 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 2 ] , p a i r [ 0 ] , p a i r [ 3 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 2 ] , p a i r [ 3 ] , p a i r [ 0 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 3 ] , p a i r [ 0 ] , p a i r [ 2 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 1 ] , p a i r [ 3 ] , p a i r [ 2 ] , p a i r [ 0 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 2 ] , p a i r [ 0 ] , p a i r [ 1 ] , p a i r [ 3 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 2 ] , p a i r [ 0 ] , p a i r [ 3 ] , p a i r [ 1 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 2 ] , p a i r [ 1 ] , p a i r [ 0 ] , p a i r [ 3 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 2 ] , p a i r [ 1 ] , p a i r [ 3 ] , p a i r [ 0 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 2 ] , p a i r [ 3 ] , p a i r [ 0 ] , p a i r [ 1 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 2 ] , p a i r [ 3 ] , p a i r [ 1 ] , p a i r [ 0 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 3 ] , p a i r [ 0 ] , p a i r [ 1 ] , p a i r [ 2 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 3 ] , p a i r [ 0 ] , p a i r [ 2 ] , p a i r [ 1 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 3 ] , p a i r [ 1 ] , p a i r [ 0 ] , p a i r [ 2 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 3 ] , p a i r [ 1 ] , p a i r [ 2 ] , p a i r [ 0 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 3 ] , p a i r [ 2 ] , p a i r [ 0 ] , p a i r [ 1 ] ) ] =
True

u s e d P a i r s [ ( p a i r [ 3 ] , p a i r [ 2 ] , p a i r [ 1 ] , p a i r [ 0 ] ) ] =
True

# C a l c u l a t e Spearman c o r r e l a t i o n from x L i s t , y L i s t and
u p d a t e v a r /SDOM

rho , p v a l u e = s t a t s . spea rmanr ( x L i s t , y L i s t )

N = N + 1

corrSum = corrSum + rho
sqrSum = sqrSum + rho ∗∗2
corrMean = corrSum /N

# C a l c u l a t e v a r i a n c e and SDOM of c o r r e l a t i o n d i s t r i b u t i o n
v a r = ( sqrSum − N∗ ( corrMean ∗∗2) )
SDOM = math . s q r t ( v a r /N)
p r i n t ’ Computing CorrVar d a t a f o r g e n e p a i r ’ + s t r (

g e n e p a i r ) + ’ . ’

e l s e :
d i s c = d i s c + 1

d i s c R a t e = d i s c / t o t
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#Add c o r r e l a t i o n mean , SDOM and number o f sub−sample s N t o r e s L i s t
.

# I f v a r i a n c e i s wanted as o u t p u t i n s t e a d o f SDOM, change SDOM t o
v a r .

r e s L i s t . append ( s t r ( corrMean ) )
r e s L i s t . append ( s t r (SDOM) )
r e s L i s t . append ( s t r (N) )

r e t u r n r e s L i s t

#Open gene e x p r e s s i o n d a t a s e t and i m p o r t a s DataFrame .
ged = open ( i n p u t f i l e , ’ r + ’ )
gedTab le = pd . r e a d t a b l e ( ged , sep = ’\ t ’ , h e a d e r =0 , i n d e x c o l =0 ,

l i n e t e r m i n a t o r = ’\n ’ )

p r i n t ’ Headers added . ’

# L i s t o f a l l u n i qu e p a i r s o f genes
g e n e p a i r s = l i s t ( i t e r t o o l s . c o m b i n a t i o n s ( gedTab le . index , 2 ) )

poo l = Pool ( p r o c e s s e s = nCores )
r e s u l t = poo l . map ( g e n e p a i r F u n c t i o n , g e n e p a i r s )
poo l . c l o s e ( )
poo l . j o i n ( )

# C r e a t e o u t p u t f i l e c o r r R e s . t x t and add h e a d e r s + c o n t e n t
r e s F i l e = open ( o u t p u t f i l e , ’w’ )
r e s F i l e . w r i t e ( ’\ t ’+ ’RHO\ t ’+ ’ Rho1\ t ’+ ’SDOM1\ t ’+ ’N1\ t ’+ ’ Rho2\ t ’+ ’SDOM2\ t ’+ ’

N2\ t ’+ ’ Rho3\ t ’+ ’SDOM3\ t ’+ ’N3\n ’ )

f o r r e s i n r e s u l t :
r e s F i l e . w r i t e ( ’\ t ’ . j o i n ( r e s ) + ’\n ’ )

r e s F i l e . c l o s e ( )
ged . c l o s e ( )

Allowed sub-sample overlap of 6 data points

from f u t u r e i m p o r t d i v i s i o n
i m p o r t numpy as np
i m p o r t pandas as pd
i m p o r t math , random
i m p o r t i t e r t o o l s
from s c i p y i m p o r t s t a t s
from m u l t i p r o c e s s i n g i m p o r t Pool
from tqdm i m p o r t tqdm
i m p o r t d a t e t i m e

# ########################################################################
#
# Th i s s c r i p t computes Spearman c o r r e l a t i o n c o e f f i c i e n t s o f a l l gene p a i r s
# i n a gene e x p r e s s i o n d a t a f i l e , draws up t o 200 sub−sample s o f 7
# measurement samples , r e j e c t s any sub−sample s wi th more t h a n 1 , 2 and 3
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# d a t a p o i n t s o v e r l a p and computes t h e s t a n d a r d d e v i a t i o n o f t h e mean
# of t h e gene p a i r c o r r e l a t i o n s from a l l v a l i d sub−sample s .
#
# Four p a r a m e t e r s has t o be changed f o r each run :
# F i l enameIn , Fi lenameOut , usedMachines and t h i s M a c h i n e ( s e e SETTINGS
# a f t e r g e n e p a i r F u n c t i o n ) .
#
# The number o f sub−sample s a r e s e t t o 200 , b u t can be changed i n s i d e
# g e n e p a i r F u n c t i o n . I f t h e v a r i a n c e i s t o be found i n s t e a d o f SDOM, t h i s
# must a l s o be changed i n s i d e t h e g e n e p a i r F u n c t i o n .
#
# ########################################################################

# g e n e p a i r F u n c t i o n f i n d s t h e Spearman c o r r e l a t i o n c o e f f i c i e n t ,
#mean c o r r e l a t i o n & s t a n d a r d dev . o f t h e mean f o r sub−sample s wi th
#up t o 6 d a t a p o i n t s o v e r l a p .

d e f g e n e p a i r F u n c t i o n ( g e n e p a i r ) :

# l i s t t o f i l l w i th r e s u l t s f o r g e n e p a i r
r e s L i s t = [ ]
r e s L i s t . append ( s t r ( g e n e p a i r [ 0 : 2 ] ) )

t r y :
# C a l c u l a t e Spearman f o r g e n e p a i r a c r o s s a l l columns , and add t o r e s u l t
RHO, p t o t = s t a t s . spea rmanr ( gedTab le . l o c [ g e n e p a i r [ 0 ] ] , gedTab le . l o c [
g e n e p a i r [ 1 ] ] )
r e s L i s t . append ( s t r (RHO) )

e x c e p t :
r e s L i s t . append ( ”RHO ERROR” )

t r y :

t r y :
# S t o r e s a l l drawn p i c k L i s t s ( s o r t e d )
u s e d P i c k L i s t s = s e t ( )

#Number o f s u b s e t c o r r e l a t i o n s c a l c u l a t e d f o r t h i s g e n e p a i r
N = 0
# S t a n d a r d d e v i a t i o n o f t h e mean , i n i t i a l v a l u e
SDOM = 0
# I n i t i a l d i s c a r d r a t e − what f r a c t i o n o f p i c k L i s t s a r e d i s c a r d e d
d i s c R a t e =0
#Number o f d i s c a r d e d p i c k L i s t s
d i s c =0
# t o t = t o t a l number o f p i c k L i s t s ( d i s c a r e d and used )
t o t =0

# v a r i a n c e
v a r =0

# V a r i a b l e s f o r v a r i a n c e c a l c u l a t i o n , Welford ’ s a l g o r i t h m
M = 0
M2 = 0
S = 0
#Empty l i s t t o f i l l w i th c u r r e n t sub−sample
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p i c k L i s t = [ None ]∗7

w h i l e ( d i s c R a t e < 0 . 9 9 and N <= 149) o r t o t < 5 0 :

t o t = t o t + 1

# Put seven u n i qu e and random c o l i n d e x e s i n p i c k L i s t
p i c k L i s t = random . sample ( x r an g e ( 0 , gedLen−1) , 7 )

#Check i f c u r r e n t sub−sample i s a l l r e a d y used , and i f so : i f i t
c o n t a i n s more t h a n 2 z e r o s . I f not , c o n t i n u e :

i f f r o z e n s e t ( p i c k L i s t ) n o t i n u s e d P i c k L i s t s :
i f np . c o u n t n o n z e r o ( gedTab le . l o c [ g e n e p a i r [ 0 ] ] [ p i c k L i s t ] )>4 and

np . c o u n t n o n z e r o ( gedTab le . l o c [ g e n e p a i r [ 1 ] ] [ p i c k L i s t ] ) >4:
#Add p i c k L i s t t o u s e d P i c k L i s t s
u s e d P i c k L i s t s . add ( f r o z e n s e t ( p i c k L i s t ) )

# C a l c u l a t e Spearman c o r r e l a t i o n from x L i s t , y L i s t and u p d a t e
avg . , v a r i a n c e e t c .

rho , p = s t a t s . spea rmanr ( gedTab le . l o c [ g e n e p a i r [ 0 ] ] [ p i c k L i s t ] ,
gedTab le . l o c [ g e n e p a i r [ 1 ] ] [ p i c k L i s t ] )

N = N + 1

# Welford ’ s a l g o r i t h m r u n n i n g v a r i a n c e
d e l t a = rho − M

M = M + d e l t a /N
d e l t a 2 = rho − M
M2 = M2 + d e l t a ∗ d e l t a 2
v a r = M2/N

# d i s c a r d i f sub−sample d i d n o t meet c r i t e r i a . c o u n t d i s c a r d
p e r c e n t a g e

e l s e : d i s c = d i s c +1
d i s c R a t e = d i s c / t o t

e l s e :
d i s c = d i s c + 1

d i s c R a t e = d i s c / t o t

#Add c o r r e l a t i o n mean , SDOM and number o f sub−samples N t o r e s L i s t
r e s L i s t . append ( s t r (M) )
r e s L i s t . append ( s t r ( math . s q r t ( v a r /N) ) )
r e s L i s t . append ( s t r (N) )

e x c e p t :
r e s L i s t . append ( ”UNKNOWN SUBSAMPLING ERROR” )

r e t u r n r e s L i s t

d e f wrapMyFunc ( a r g ) :
r e t u r n arg , g e n e p a i r F u n c t i o n ( a r g )

d e f u p d a t e ( ( p a i r , ans ) ) :
r e s u l t [ p a i r [ 2 ] ] = ans
pba r . u p d a t e ( )

d e f runChunk ( i n t e r v a l E n d s , i , n P r o c e s s e s ) :
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poo l = Pool ( p r o c e s s e s = n P r o c e s s e s )

# Per fo rm c o m p u t a t i o n s i f i n t e r v a l i s n o t used b e f o r e and add used
i n t e r v a l

# t o check− f i l e .
f o r p a i r i n g e n e p a i r s m o d i f i e d [ i n t ( i n t e r v a l E n d s [ i ] ) : i n t ( i n t e r v a l E n d s [ i

+ 1 ] ) ] :
poo l . a p p l y a s y n c ( wrapMyFunc , a r g s = ( p a i r , ) , c a l l b a c k = u p d a t e )

poo l . c l o s e ( )
poo l . j o i n ( )

# ###############################################################
#SETTINGS : F i l e n a m e s f o r i n p u t d a t a and o u t p u t f i l e i s s e t h e r e :

f i l e n a m e I n = ’ RA c t r l . t x t ’
f i l e n a m e O u t = ’ RActrl CorrSDOM . t x t ’

# ###############################################################

#Open gene e x p r e s s i o n d a t a s e t and i m p o r t a s DataFrame .
ged = open ( f i l e n a m e I n , ’ r + ’ )
gedTab le = pd . r e a d t a b l e ( ged , sep = ’\ t ’ , h e a d e r =0 , i n d e x c o l =0 ,

l i n e t e r m i n a t o r = ’\n ’ )
gedLen = l e n ( gedTab le . columns )

p r i n t ”Go ! ”

# L i s t o f a l l u n i qu e p a i r s o f genes + number i n t h e l i s t
g e n e p a i r s m o d i f i e d = [ ]
g e n e p a i r s T o t = l i s t ( i t e r t o o l s . c o m b i n a t i o n s ( gedTab le . index , 2 ) )

# L i s t t h e numbers o f c o r e s i n c o r r e c t o r d e r on t h e machines t h a t can be
used

nCores = [ 4 8 , 24 , 24 , 16 , 1 6 , 16 , 16]

# ########################################################################

#SETTINGS :
# L i s t t h e numbers ( z e r o i n d e x i n g ) o f a l l used machines i n ” usedMachines ” ,
# e . g . i f u s i n g machine 2 ,3 and 4 , s e t : ” usedMachines = [ 2 , 3 , 4 ] ”
#
#Then s e t ” t h i s M a c h i n e ” e q u a l t o t h e machine t h e s c r i p t i s r u n n i n g on ,
# e . g . i f t h e s c r i p t i s on machine 3 , s e t ” t h i s M a c h i n e = 3”

usedMachines = [ 0 , 1 , 2 , 3 , 4 , 5 , 6 ]
t h i s M a c h i n e = 3

# #######################################################################

# g e n e p a i r F u n c t i o n i s run i n p a r a l l e l l on t h e g i v e n machine f o r t h e
# d e f i n e d number o f gene p a i r s , t h e p r o g r e s s b a r i s upda ted ,
# t h e l o g f i l e w i th comple t ed chunks + e r r o r l o g i s upda ted ,
# and t h e r e s u l t s a r e w r i t t e n t o i n t e r m e d i a t e backup f i l e s and r e s u l t f i l e .

# #######################################################################
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#The g e n e p a i r s a r e d i s t r i b u t e d on t h e used machines based on t h e number
# o f c o r e s on t h e r e s p e c t i v e machines
t o t a l C o r e s = 0
f o r machine i n usedMachines :

t o t a l C o r e s = t o t a l C o r e s + nCores [ machine ]
n G e n e P a i r s T o t = l e n ( g e n e p a i r s T o t )

p a i r s P e r C o r e = np . c e i l ( n G e n e P a i r s T o t / t o t a l C o r e s )

p a i r I t = 0
g e n e p a i r s F o r M a c h i n e s = [ ]
f o r machine i n usedMachines :

g e n e P a i r s I n t e r v a l = [ ]
g e n e P a i r s I n t e r v a l . append ( p a i r I t )
p a i r I t = np . c e i l ( p a i r I t + p a i r s P e r C o r e ∗nCores [ machine ] )
p a i r I t = min ( p a i r I t , n G e n e P a i r s T o t )
g e n e P a i r s I n t e r v a l . append ( p a i r I t )
g e n e p a i r s F o r M a c h i n e s . append ( [ g e n e P a i r s I n t e r v a l ] )

g e n e P a i r s I n t e r v a l T o R u n = g e n e p a i r s F o r M a c h i n e s [ t h i s M a c h i n e ]
g e n e P a i r s I n t e r v a l T o R u n = g e n e P a i r s I n t e r v a l T o R u n [ 0 ]
g e n e p a i r s = g e n e p a i r s T o t [ i n t ( g e n e P a i r s I n t e r v a l T o R u n [ 0 ] ) : i n t (

g e n e P a i r s I n t e r v a l T o R u n [ 1 ] ) ]

p r i n t ” Adding i n d e x e s t o a l l g e n e p a i r s . . . ”

L = l e n ( g e n e p a i r s )
p r i n t ”Number o f g e n e p a i r s : ”+ s t r ( L ) +” ( i n t e r v a l : ”+ s t r (

g e n e P a i r s I n t e r v a l T o R u n [ 0 ] ) +” t o ”+ s t r ( g e n e P a i r s I n t e r v a l T o R u n [ 1 ] ) +” ) ”

#Add number t o each gene p a i r f o r use i n p r o g r e s s t r a c k i n g
f o r i i n x ra ng e ( L ) :

g e n e p a i r s m o d i f i e d . append ( ( g e n e p a i r s [ i ] [ 0 ] , g e n e p a i r s [ i ] [ 1 ] , i ) )

#Make f i l e t o save which chunks a r e f i n i s h e d
t r y : # t e s t i n g t o s e e i f t h e f i l e e x i s t s f i r s t

t e s t = open ( ’ usedChunks . t x t ’ , ’ r ’ )
t e s t . c l o s e ( )

e x c e p t : # i f not , t h e f i l e i s made and i n i t a l i z e d
a = open ( ’ usedChunks . t x t ’ , ’w’ )
a . w r i t e ( ’ The f o l l o w i n g i n t e r v a l s a r e s u c c e s s f u l l y p r o c e s s e d :\ n ’ )
a . c l o s e ( )

#Make o u t p u t f i l e and add h e a d e r
f i l e n a m e B a s e = f i l e n a m e O u t . s p l i t ( ” . ” )
f i l e n a m e B a s e = f i l e n a m e B a s e [ 0 ]
f i l e n a m e A l l = f i l e n a m e B a s e +” ALL RESULTS . t x t ”

r e s F i l e A l l = open ( f i l e n a m e A l l , ’w’ )
r e s F i l e A l l . w r i t e ( ’\ t ’+ ’RHO\ t ’+ ’ Rho1\ t ’+ ’SDOMrand\ t ’+ ’S\n ’ )
r e s F i l e A l l . c l o s e ( )

p r i n t ” C a c u l a t i n g Corr /SDOM d a t a . . . ”

# I n i t i a t e p r o g r e s s b a r
pba r = tqdm ( t o t a l = L )
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r e s u l t = [ None ]∗L

# nChunks i s t h e number o f chunks a t which each r e s u l t i s saved ,
# i . e . ” save p o i n t s ”

nChunks = 100
# s e t t i n g up chunk i n t e r v a l s
i n t e r v a l E n d s = np . c e i l ( np . l i n s p a c e ( 0 , L , num = nChunks + 1) )

# C r e a t e e r r o r l o g
dateAndTime = d a t e t i m e . d a t e t i m e . now ( )
e r r o r F i l e = open ( ” e r r o r L o g . t x t ” , ’w’ )

f o r i i n r a n g e ( l e n ( i n t e r v a l E n d s )−1) :
chunk = s t r ( i n t e r v a l E n d s [ i ] ) + ” t o ” + s t r ( i n t e r v a l E n d s [ i + 1 ] )

#Check i f i n t e r v a l i s a l r e a d y i n t h e f i l e o f used chunks
chunkUsed = F a l s e
u s e d C h u n k s F i l e = ” usedChunks . t x t ”
a = open ( usedChunksF i l e , ’ r ’ )
l i n e s = a . r e a d l i n e s ( )

f o r l i n e i n l i n e s :
l i n e W i t h o u t N e w l i n e = l i n e . s p l i t ( ”\n ” )
l i n e W i t h o u t N e w l i n e = l i n e W i t h o u t N e w l i n e [ 0 ]
i f l i n e W i t h o u t N e w l i n e == chunk :

chunkUsed = True
a . c l o s e ( )

# I f t h e chunk i n t e r v a l has n o t a l r e a d y been run , t h e n run i t :
chunkUsed = F a l s e
i f chunkUsed == F a l s e :

runChunk ( i n t e r v a l E n d s , i , nCores [ t h i s M a c h i n e ] )

# t r y w r i t i n g t o f i l e ; i f i t doesn ’ t work ,
# w r i t e t h e chunk t o t h e e r r o r l o g and g i v e e r r o r message
t r y :

f i l e n a m e O u t F o r I n t e r v a l = f i l e n a m e B a s e + s t r ( i n t ( i n t e r v a l E n d s [ i ] ) ) +” .
t x t ”

r e s F i l e C h u n k = open ( f i l e n a m e O u t F o r I n t e r v a l , ’w’ )
r e s F i l e A l l = open ( f i l e n a m e A l l , ’ a ’ )
noneCoun te r = 0
f o r r e s i n r e s u l t [ i n t ( i n t e r v a l E n d s [ i ] ) : i n t ( i n t e r v a l E n d s [ i + 1 ] ) ] :

i f r e s i s None :
noneCoun te r = noneCoun te r +1

e l s e :
r e s F i l e C h u n k . w r i t e ( ’\ t ’ . j o i n ( r e s ) + ’\n ’ )
r e s F i l e A l l . w r i t e ( ’\ t ’ . j o i n ( r e s ) + ’\n ’ )

i f noneCounter >0:
e r r o r F i l e . w r i t e ( ”Number o f None i n chunk : ”+chunk+”\n ” )
e r r o r F i l e . w r i t e ( s t r ( noneCoun te r ) +”\n\n ” )

r e s F i l e C h u n k . c l o s e ( )
r e s F i l e A l l . c l o s e ( )

b = open ( usedChunksF i l e , ’ a ’ )
b . w r i t e ( chunk + ’\n ’ )
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b . c l o s e ( )
e x c e p t :

p r i n t ’ E r r o r i n gene p a i r i n t e r v a l ’+chunk+” ( s e e e r r o r F i l e . t x t ) ”
e r r o r F i l e . w r i t e ( ” E r r o r i n chunk : ”+chunk+”\n ” )
e r r o r F i l e . w r i t e ( s t r ( r e s ) +”\n\n ” )

e r r o r F i l e . c l o s e ( )
pba r . c l o s e ( )

ged . c l o s e ( )

p r i n t ’ Done ! ’
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A5 Script for Filtering Two Correlation/Variance Files for Gene Pairs
not in Common

The following script was used for filtering out gene pairs that the two gene pair/correla-
tion/variance text files did not have in common:

i m p o r t pandas as pd

# ########################################################################

# Th i s s c r i p t t a k e s i n two gene p a i r c o r r e l a t i o n / v a r i a n c e t e x t f i l e s ,
# removes a l l gene p a i r s t h a t t h e two f i l e s do n o t have i n common ,
# and w r i t e s t h e f i l t e r e d r e s u l t s t o two new t e x t f i l e s . A l l gene p a i r s
# i n t h e new f i l e s a r e l i s t e d i n t h e same o r d e r , so t h a t t h e same genes
# a r e l i s t e d f i r s t and l a s t . The l i s t s a r e n o t s o r t e d a l p h a b e t i c a l l y
# u n l e s s t h e y were a l r e a d y on a s o r t e d format , b u t t h i s can e a s i l y be
# done u s i n g t h e ” s o r t ” command i n bash / Linux t e r m i n a l .

# ########################################################################

# F i r s t i n p u t f i l e and name of t h e f i l t e r e d o u t p u t f i l e
f i l e 1 = ’ R A c t r l c l e a n . t x t ’
f i l e 2 = ’ C o r r V a r R A j o i n t s y n . t x t ’

# Second i n p u t f i l e and name of t h e f i l t e r e d o u t p u t f i l e
f i l e 3 = ’ R A F u l l F l t . t x t ’
f i l e 4 = ’ R A c t r l F u l l F l t . t x t ’

#Open t h e f i r s t f i l e a s d a t a f r a m e
f1 = open ( f i l e 1 , ’ r + ’ )
d f1 = pd . r e a d t a b l e ( f1 , sep = ’\ t ’ , h e a d e r =None , i n d e x c o l =None ,

l i n e t e r m i n a t o r = ’\n ’ )

f i r s t P a i r s = {}
commonPairs = {}

#Add a l l p a i r s o f t h e f i r s t i n p u t f i l e t o a d i c t i o n a r y
f o r row i n df1 . i t e r t u p l e s ( i n d e x = F a l s e ) :

p a i r = s t r ( row [ 0 ] ) + ’\ t ’ + s t r ( row [ 1 ] )
f i r s t P a i r s [ p a i r ] = True

#Open t h e second i n p u t f i l e
f2 = open ( f i l e 2 , ’ r + ’ )
d f2 = pd . r e a d t a b l e ( f2 , sep = ’\ t ’ , h e a d e r =None , i n d e x c o l =None ,

l i n e t e r m i n a t o r = ’\n ’ )

#Add p a i r s common t o bo th i n p u t f i l e s t o a d i c t i o n a r y o f common p a i r s
f o r row i n df2 . i t e r t u p l e s ( i n d e x = F a l s e ) :

p a i r 1 = s t r ( row [ 0 ] ) + ’\ t ’ + s t r ( row [ 1 ] )
p a i r 2 = s t r ( row [ 1 ] ) + ’\ t ’ + s t r ( row [ 0 ] )

i f ( p a i r 1 i n f i r s t P a i r s ) o r ( p a i r 2 i n f i r s t P a i r s ) :
commonPairs [ p a i r 1 ] = True

ou t1 = open ( f i l e 3 , ’w’ )
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# Wri t e f i l t e r e d c o n t e n t o f f i l e one t o new f i l e
f o r row i n df1 . i t e r t u p l e s ( i n d e x = F a l s e ) :

p a i r 1 = s t r ( row [ 0 ] ) + ’\ t ’ + s t r ( row [ 1 ] )
p a i r 2 = s t r ( row [ 1 ] ) + ’\ t ’ + s t r ( row [ 0 ] )

i f p a i r 1 i n commonPairs :
ou t1 . w r i t e ( s t r ( row [ 0 ] ) + ’\ t ’ + s t r ( row [ 1 ] ) + ’\ t ’ + s t r ( row [ 2 ] ) +

’\ t ’ + s t r ( row [ 3 ] ) + ’\n ’ )

i f p a i r 2 i n commonPairs :
ou t1 . w r i t e ( s t r ( row [ 1 ] ) + ’\ t ’ + s t r ( row [ 0 ] ) + ’\ t ’ + s t r ( row [ 2 ] ) +

’\ t ’ + s t r ( row [ 3 ] ) + ’\n ’ )

ou t1 . c l o s e ( )

ou t2 = open ( f i l e 4 , ’w’ )

# w r i t e f i l t e r e d c o n t e n t o f f i l e two t o new f i l e
f o r row i n df2 . i t e r t u p l e s ( i n d e x = F a l s e ) :

p a i r = s t r ( row [ 0 ] ) + ’\ t ’ + s t r ( row [ 1 ] )

i f p a i r i n commonPairs :
ou t2 . w r i t e ( s t r ( row [ 0 ] ) + ’\ t ’ + s t r ( row [ 1 ] ) + ’\ t ’ + s t r ( row [ 2 ] ) +

’\ t ’ + s t r ( row [ 3 ] ) + ’\n ’ )

ou t2 . c l o s e ( )

f1 . c l o s e ( )
f2 . c l o s e ( )
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A6 Script for Node Homogeneity and Ratios of C-, S- and D-Scores
per Node

The following script was used for computing the ratios of C-, S- and D- scores, as well as
the node homogeneity, textitH, for all nodes in the CSD network:

i m p o r t pandas as pd

#Open CSD network ( t h r e e columns : Gene1 Gene2 CSD−t y p e )
ne twork = ’ CSDSelec t ion . t x t ’
f = open ( network , ’ r ’ )

g g l i n k = pd . r e a d t a b l e ( f , sep = ’\ t ’ , h e a d e r =None , i n d e x c o l =None ,
l i n e t e r m i n a t o r = ’\n ’ )

g e n e l i s t = [ ]

#Go t h r o u g h a l l g e n e p a i r s and add a l l gene names t o g e n e l i s t once p e r gene
f o r row i n g g l i n k . i t e r t u p l e s ( i n d e x = F a l s e ) :

i f s t r ( row [ 0 ] ) n o t i n g e n e l i s t :
g e n e l i s t . append ( s t r ( row [ 0 ] ) )

i f s t r ( row [ 1 ] ) n o t i n g e n e l i s t :
g e n e l i s t . append ( s t r ( row [ 1 ] ) )

columns = [ ’C ’ , ’S ’ , ’D’ ]

#Make d a t a f r a m e wi th CSDra t i o s f o r each gene
df = pd . DataFrame ( i n d e x = g e n e l i s t , columns = columns )
d f = df . f i l l n a ( 0 )

# I t e r a t e t h r o u g h g g l i n k , c o u n t t h e number o f C , S and D l i n k s p e r gene
# and add number t o r e s p e c t i v e columns i n d f
f o r row i n g g l i n k . i t e r t u p l e s ( i n d e x = F a l s e ) :

i f s t r ( row [ 3 ] ) == ’C ’ :
d f . a t [ s t r ( row [ 0 ] ) , ’C ’ ] += 1
df . a t [ s t r ( row [ 1 ] ) , ’C ’ ] += 1

e l i f s t r ( row [ 3 ] ) == ’S ’ :
d f . a t [ s t r ( row [ 0 ] ) , ’S ’ ] += 1
df . a t [ s t r ( row [ 1 ] ) , ’S ’ ] += 1

e l i f s t r ( row [ 3 ] ) == ’D’ :
d f . a t [ s t r ( row [ 0 ] ) , ’D’ ] += 1
df . a t [ s t r ( row [ 1 ] ) , ’D’ ] += 1

# Find t h e node d e g r e e and d i v i d e t h e e l e m e n t s o f t h e C , S and D column by
t h e r e s p e c t i v e d e g r e e

d f [ ’Sum ’ ] = df . sum ( a x i s =1)

d f [ ’C ’ ] = df [ ’C ’ ] / d f [ ’Sum ’ ]
d f [ ’S ’ ] = df [ ’S ’ ] / d f [ ’Sum ’ ]
d f [ ’D’ ] = df [ ’D’ ] / d f [ ’Sum ’ ]

# Find node homogene i ty
d f [ ’H’ ] = df [ ’C ’ ]∗∗2 + df [ ’S ’ ]∗∗2 + df [ ’D’ ]∗∗2
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#Remove degree−column and w r i t e t o f i l e
d f . d rop ( ’Sum ’ , a x i s = 1 , i n p l a c e = True )

d f . t o c s v ( ’ CSDra t io s . t x t ’ , sep = ’\ t ’ , h e a d e r = True , i n d e x = True )

f . c l o s e ( )
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A7 Signal Plot for σ338
3

Figure A2 shows the plot of the correlation variability, σ338
3 , for 28 gene pairs as a func-

tion of the number of sub-samples from which it is calculated, S. The wholeblood gene
expression data set with 338 data points per gene was used with an allowed sub-sample
overlap of 3 data points.
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Figure A2: The function g(S) shows the σ338
3 signal for 28 gene pairs as a function of the number

of sub-samples from which it is calculated, S. Each graph represents one gene pair.
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A8 Networks with Alternative Importance Values
Figs. A3 and A4 give a visualization of the CSD networks obtained with importance levels
of p = 10−4 and p = 10−6 respectively. The links are colored according to their link
type (C-type links are blue, S-type links are green and D-type links are red). The network
obtained with p = 10−4 has 7554 nodes and 36 873 links distributed over 178 components.
The giant component contains 7101 nodes, and the network has an average degree of
kavg = 9.8. The network obtained with p = 10−6 has 426 nodes and 360 links distributed
over 98 connected components. The biggest component has 104 nodes, and the average
degree of the network is kavg = 1.6.
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DBR1 
ZBTB33 

TRIP12 
KIAA1033 

ARL8B SCYL2 
MSH3 MSMO1 DR1 

ITFG1 

ECHDC1 

C3orf38 

ZC3H6 

UPF2 

ENOPH1 

STRADB 

ABCB10 
CDK7 PPP4R2 

AK130294 

COPB2 CPSF2 CD47 

KIAA0020 

TTLL7 
NCK1 

DKFZp564G0982 
NFIB 

IDH3A 

APOO 
PDIK1L 

SRP54 
RAC1 PAPOLG 

SNAP23 

SLC25A24 TEAD1 

FAM228B 

PBX1 

ATP6AP2 

GNAI3 

GLOD4 

PGM3 CBFB XRN2 

NBN 

CSTF1 

TBK1 
DARS 

RNF13 
IDE 

CNOT7 

SCFD1 

PSMD6 

CBX3 

AP5M1 
MRPS22 HSPA4 

CCDC43 

YY1AP1 

NOL11 
PLRG1 

Nup88 

MFF 

GPD2 
BC053669 

EMCN 

GRSF1 

NAA50 

DPH3 

SNX3 TMEM167B 
RAVER2 

TIMMDC1 

UBQLN1 UBE2A 

YME1L1 

MRPL3 

CCNT2 

RABGGTB 
BTF3L4 

ACER3 

PSMD1 

RNF6 

ETF1 

DENR 

LYRM2 

MICU2 COPS5 

AK025140 

DNM1L 

GFM1 

API5 

VDAC2 

HIAT1 

GNPAT 
DENND2C 

TRAPPC13 

AMOTL1 
CACYBP 

TAX1BP1 TYW3 
BNIP2 

CHCHD3 

ACTL6A 
HSPA9 

ACSL4 

SETD3 
PSMC6 

RAB5A ATG5 
XRCC5 

YWHAB 

ARMC10 

ETFA 
PEX2 

EIF2S1 

GDE1 

CHMP5 

ABCE1 

DECR1 

RHEB 

AIMP1 

AK3 
GABARAPL2 

KRR1 

TTN KATNA1 

NUP54 

TSN 

USP16 KIAA1429 

ACTR10 
IBTK ATP5A1 

SMAD9 

TOP2B 

ERBB2IP 

NAE1 

PSMB2 
SUGT1 

GRPEL1 

PAPOLA 

NDUFA1 AK309533 

ARV1 

SCP2 

AF119915 
DHRS7 

TRMT10C 

ZCCHC17 
MICU1 

PNPLA8 

EMC2 
WDR43 

RPRD1B 

SCOC 

RFC4 
DNAJA2 

RWDD3 
MOB4 

LOC202781 

NDUFA5 

SSB 

STAU1 OLA1 

EIF4E 

CCDC90B 

DYNC1LI1 
BCAS2 

RPF1 

SDHD 

DDX20 

FH 

MITD1 

PSMA1 

HAT1 

PSMC1 

APIP 

PSMD10 CAPZA2 
FAM122A 

MKI67IP RARS 

PRDX3 
POLE3 

GHITM 

FAM103A1 

TCP1 

COMMD8 

HADHB MRPL35 CWC15 ATP6V1E1 
PSMC2 

CCT6A 

NAA20 

MRPL50 
TAF9 

C18orf32 

ATP5F1 

DRG1 ATP5C1 DPM1 

ERH 

BTBD1 TXNL1 PDCD2 

UBA3 

PAK1IP1 
MRPS35 UTP11L 

SNRPB2 

ACP1 

ATP5B 

TMEM126B 

GOLGA7 

FYTTD1 FRG1 
TIPRL 

UQCRC2 

LRRC66 

LAMTOR3 
OCIAD1 

PDHB 
SUCLG1 

ASNSD1 
MAK16 

SLC25A46 

ZFAND6 
MRPS10 

LGALS8 

RBM18 

ARPC1A 

SRP9 
FAM35A 

MTIF2 

DNTTIP2 HADHA 

CALM2 

PCMT1 

VTA1 

VAMP7 DERA 

TSG101 

COPS4 

TBCE 

MRPL1 

KLHL15 

PAIP1 

FOPNL 

C4orf46 

ACO2 

ZNF24 

TXNRD1 SLC30A6 
RMND1 

MCEE 
UBE2W 

DDX3X 

MRPL16 

YWHAE 
ORC3 

COPS8 

SCARNA5 

CASD1 

SLC38A2 

POLR2G LAYN 

UBE2V1 

MRPS21 SPDL1 
RP11-477N3.1:ENSG00000272156 

CCDC66 

RSL1D1 GNG10 
POLB 

EFCAB1 
SUV39H2 

DAPK3 

ING3 

LOC100294145 
NT5E 

ZNF57 

HSPH1 

CTU2 FAS 

ZNF770 

SS18L2 

ZXDC 

GCNT4 

OSTC 
ITGB3BP 

AK090904 

CANX 
PFDN2 RALB 

FUCA2 

JAGN1 

CAB39 ZNF382 
MALT1 PIGF 

FAM47E-STBD1 

PPID 
RBM34 

ISCA2 C16orf87 

ZNF184 WDYHV1 

HOXA5 

LIPA 

RNF11 

MORF4L1 

SCARB2 
NDUFA10 SRRD GCC2 SATB2 

PSMA3 
PSMA2 

SDHB 

INTS12 C3orf37 

SDHC RP11-488L18.10:ENSG00000259865 GTPBP8 STX12 

COMMD1 
MTCH2 

SPPL2A 
PSMD14 

MRPS15 

ELP3 

MRPL47 

PSMG2 

NDUFV2 

FKBP3 MYL12B 
BLOC1S2 CLNS1A 

PSMA7 

PSMB4 

TFB2M 

PSMD8 

PPA1 

SUMO1 

PRDX1 C1orf43 

UCHL3 

VDAC3 UBE2N 

PPP1R2 

NAA35 

PSMB1 

SNRPD1 PSMD7 

TXNDC9 

COPS3 YIPF5 

NSMCE2 

EIF1 

GPN1 

LOC401397 
PDZD11 

ANXA1 
PYROXD1 

CLCN4 

MRPS7 

GGCT 
SRP19 

UFC1 
ZBTB11 

ADSL 

CCT8 
SNRPC 

MOB1B 

MRPL44 

PTPMT1 

GAS5 

RAN 
TRIAP1 

CDC123 
NDUFB10 

EXOC6 

USP13 

COX5A 

ARF4 

CCT3 

TUBGCP5 

TUBE1 

DAP3 

LRRC70 

C12orf23 

TXNDC17 

UBP1 

ZNF658 

SELRC1 

PTDSS1 

RP11-159D12.2:ENSG00000264112 
ELTD1 
NOC3L 

STS 

COPS6 

C1GALT1C1 
POP4 

PSMA5 

BCCIP 

GTF3C6 

TSEN15 

EIF3I 

HSPA8 

ZNF559 

LRRFIP1 

TCRBV17S1A1T 
ACOT9 

OSTF1 

UTP6 
ZNF484 

NTN1 

hCG_1995134 

RIMKLA 

AKAP5 

FBXO25 

DCUN1D5 

TMED2 

TMEM183A 

LYSMD3 

TMEM57 

HMGN1 

RP11-274B21.8:ENSG00000270810 ITGA11 

AK300656 ECM2 

RP11-432I5.4:ENSG00000260612 

ZNF671 

DPP4 

METAP1 

MFSD1 
GRAP2 

NEBL 

RNF130 

AKR1C3 ACSL3 HTATIP2 

MCL1 STARD7 
BUD31 

BST1 

HAS2-AS1 LEPR 

NIPA2 
GEMIN6 

USP7 

AK000807 

CDH13 HIBCH 

KCTD6 
C7orf60 

TRIM24 

TRIM69 

DESI2 ATP6V1A 

RAB8B 
LPAR6 ATG4A 

CD63 MBD2 

FHL1 

LOC729970 
SRSF3 

SERPINB1 

PLBD1 
FAM98A 

C8orf76 

HMGN2 

GNL3 

DAZAP2 

DERL2 

NUDT2 
NEK4 

TMX1 

SNUPN 

NIP7 

RPAIN 

CAT 

POGLUT1 

C5orf22 
GNA13 

VCP 

CCDC117 
USP28 

MRPL14 WDR41 

PRUNE 
RP11-122G18.5:ENSG00000235477 

GSKIP 

TDRD7 

RTCB 

URB2 C18orf25 
PIK3C2A 

WDR12 

KCMF1 

LIG4 

NDUFA9 

ARL14EP 
ZNF32 

SDHAF2 
ERGIC2 

SELT 
CDC42 

SENP1 AMD1 
MTM1 

SNX6 

MRPS18B 

RP11-250B2.6:ENSG00000272129 

SMC2 

ILF2 
RHOA 

PSMD12 

NOP58 

PCNA 

CCDC91 

KRAS 
KDM1B 

DNAJB1 AK057604 TSPAN6 
C14orf119 

MPHOSPH6 DCTD 
PRPF4 

ARPC5 
CHTOP 

WEE1 

AURKA 

LACTB 

ABCF2 

ZNF727 

ARPC3 

SHROOM4 

RAB5C 

LRP4 
SIAE 

SLC25A5 

SDCBP 

TSPAN31 ZUFSP 

WDHD1 
TSGA10 

PPIA 

CDYL 
ATP6V0E1 

CCDC53 

NUDCD1 

CCDC112 

SAV1 PPIL1 
TPMT 

MRPL22 

HEXB 

RP11-709B3.2:ENSG00000261425 
UBAP2 UBE2F 

KB-1000E4.2:ENSG00000260640 

HECA 

BC040327 

FIGNL1 

LOC100133445 
MED7 

ZC3H12C 

GNG5 

B4GALT6 

HFM1 

FOXN2 

PRRG1 
TMEM2 

RNF145 

SESTD1 

PLEKHF2 RAP1GDS1 LMAN1 
AX748273 

ELF1 

TFCP2 

DYNLT1 
PGM2 

ANKS1B AL137535 
PRNP 

FAM49B 
MAP6 
MYCBP 

TPP2 DCK C12orf4 

DKC1 
NUP37 

LOC100505676 

CMTM6 

RP11-732M18.3:ENSG00000236537 
PGR 

RMDN2 PMS2P5 
DHX33 

VRK2 

EPRS 

ZBTB8A 

SNX5 

LGALSL EXOSC9 

RORA 

GNAL 

MAT2B 

PGAP1 
TMEM50A 

RP11-111K18.2:ENSG00000261019 

LRRTM3 HSPD1 

ERI1 

YPEL5 
TOB1 

HNRNPC 
CPSF3 

TMED10 SUZ12 

DRAM2 
CMBL 

CSTF3 
CSNK2A2 

LATS2 

SHOC2 

RNASEH1 

ANGPTL2 

CAP1 
SERTAD4 

DSCR3 MAOA 

LEPROTL1 

FAM13C 

USP15 

EIF4E2 

MAP3K1 

FAM118B 

SLC11A2 

TAF5 

VPS25 

ACTR2 

TLN2 

ARPC2 

RUVBL1 RBM24 

JAK1 

TM2D2 

PITPNA 

PCDHGA10 

TRIM32 

EIF3J SLC25A19 
CMC2 

ZNF101 C12orf42 

FXYD1 

PYGO1 

KIAA0895 

CTD-2349P21.9:ENSG00000266490 C1GALT1 

CRYAB 

KHDRBS1 

IARS 

SPRY3 

MOB1A 
HIVEP2 

FASTKD1 

EIF4A3 
ARHGAP18 

TXNDC12 

TARS 

MANBA 

IL17D 

FASTKD3 

FAM114A2 
MIS12 PARL HSPB11 

MTRR 
BTG1 MLX LIN9 

HSPA14 

ERP44 

AK055370 

SNX2 
TMEM123 KITLG 

MTERFD1 

TATDN3 

AZIN1 

NUDT5 CYB5R4 

CAPZA1 

TAB3 
TANK 

PTPRM 

PRKD1 IQGAP1 

PDCD6 
SUB1 

MTOR 
TLR4 

STT3B 

MAPRE1 FPGT ACTR3 
SEC22B TMX2 

EPDR1 
BRMS1L 

ATG3 PPAT 

SNRNP40 

CD58 TM9SF2 KDELC2 
PSEN1 

COPZ1 

METTL12 

DDX56 

AX747770 

HMGCL 

BAZ2A 

GMFG 

AC008746.12:ENSG00000267838 

FAM222B 

PIAS3 

SLC1A1 

UBE2Z 

BX538221 

SLC25A28 

CYB561D2 

HSD17B3 

TNS1 
RP11-290F24.6:ENSG00000267940 

RPL32P3 

DUS2L 

TRPC4AP 

SDC4 

IFFO2 

AK310041 

SRRM2-AS1 

CDK3 

MSH5-SAPCD1 

PHC2 

AX747325 

STK36 

LYRM9 
PSEN2 

CR627225 

ARHGDIB 
FRMD4A 

ANLN 

CEP55 

SERTAD3 

TMEM170A 

FAM24B-CUZD1 

HIST1H1B 

LOC338817 

DNAJC9 

HYDIN 
AC026150.8:ENSG00000260693 

AGAP5 

MFSD5 
BC063675 

MCTP2 

RP3-406A7.7:ENSG00000260418 

CTD-2587H19.3:ENSG00000269873 
CLK4 

ZZEF1 

C3orf35 

VNN2 

AK128707 

PRPF38B 
LOC401320 

UNQ2560 

ZNF563 

IP6K2 
KDM6A 

RP11-6I2.3:ENSG00000254288 

AL137445 

TK2 

ARSG 
KIF22 

HTRA1 

MLLT4 RBFADN 

AX721280 TTC40 

PRKX RPN1 DKFZp686G1344 

NR2F2-AS1 

SRGAP2D 

CTD-2587M2.1:ENSG00000249476 

PATL1 

CCDC8 
AK091028 

HRH1 

ANKFY1 

SLFN11 
MAD2L1BP LOC100129034 

ZNF317 

AK057887 

NCAPD3 CAPNS2 
CLIC5 

BTN3A2 

ZNF790-AS1 

SLC1A3 

DKFZp666K117 

INPP4A 

LINC00663:ENSG00000266904 

TRAFD1 

LRP8 
CASC5 

B3GNT1 
TPGS2 

CSNK2B 

RP3-449M8.9:ENSG00000270000 

SV2B 
HSD17B13 

SMIM12 

PDGFD 

LINC00032 

ATXN7L1 

BTN3A1 

FLVCR2 EMC1 C14orf64 FDPS 
CD300E 

FAM63B 
RARRES3 

FAM87B:ENSG00000177757 

GANAB 

GPR108 

ATP6V0D1 

PPP1CA 

TMEM206 

FGD5 

LARS2 

SOX5 

ZNF208 

CH25H 

MVD 

SNX12 

WSCD2 

LOC283692 

GUSBP3 

RIPK3 

PAPSS1 

PIK3R3 

SEPT5-GP1BB 

HSPA5 
TRAF3 

FBXO5 

TCFL5 

NUMBL 

GATA3 

LOC100294362 

PHRF1 
NOC4L 

AAR2 

NBL1 

ERVK13-1 

AP2M1 

DUSP10 

AGAP4 

CD99P1 

AK310665 

TBC1D2 
CSNK1G2 

BC045731 ZNF589 

GMNN 

RFX5 

ITPKB 

CCDC159 

CCDC94 

FBXO17 ARFRP1 
PPP1R37 

POLRMT PQLC1 

LILRA1 

SMYD4 

PIGV 

NMT1 

MMS19 

MARCH8 

LINC00926:ENSG00000247982 

DL492557 

RAB40AL 

Ig_kappa AK128652 

AK128525 

AK311282 

CTC1 

LOC100506023 

abParts 

UBQLN3 

JSRP1 

IGHG1 

DKFZp667J0810 AX748265 

IGLL5 

ZMYND8 

METTL17 

BC068088 

DKFZp686O16217 

FCRL5 

HINFP 

NARF 

DGKG 

LAMC2 

AX746885 

ACAD10 

SEC14L1 

ITGB3 

TMSB4Y 

KDM5D 

RP11-424G14.1:ENSG00000260197 

UTY 

TTTY15 

LINC00278 EIF1AY 

DDX3Y 

NCRNA00185 

TTTY10 

TTTY14:ENSG00000176728 

RPS4Y1 

USP9Y 

TXLNG2P 

SWSAP1 

MICA 

IKBKE 

LLGL1 

AK128563 

ZFHX2 

TNIP3 

UNC5CL 

EARS2 

LOC731275 

KIAA0226L 

PRDM10 

TEKT3 NUBP1 

PFKFB2 

WDR37 

AX748287 RP4-704D21.2:ENSG00000234225 

EDEM2 

SART3 
IPPK 

WDR85 
ADAP2 

SHANK2 

KCNAB2 

C11orf45 

SLC26A6 
MTUS2 

RGS19 

PPP1R10 

CD163 

COPS7A 

OTUB1 

IGJ 

PPP4C 

AK095210 PTPRH 

RABL2A 
ACTR1A 

VOPP1 

L3MBTL1 

ZNF385B 

ATG7 

C10orf105 

TMCO3 

FERMT3 

PI4K2A 

PCDHGC4 

WDR91 

FFAR4 

MTSS1 

RP11-346C20.4:ENSG00000272250 
PTCH1 

STX3 

RPUSD1 

STARD13 

PCYOX1L 

C1orf174 

LOC145474 
SERTAD2 

AC016735.2:ENSG00000231826 

MERTK 

AC006272.1:ENSG00000269483 

TYW1 

MYZAP 

AX747952 

PDIA3 

LOC100128993 PSMD9 

NOXRED1 

SLC23A2 

SMAD3 

RBM26 

ARMC2 KIF24 

UNC5C 

SMCR7L 

AK022382 

FBXO39 

FP15737 

TLR1 

CHEK2 

WNT2B 

RALY 
HAVCR1 

NOTCH2 

SLC25A37 

CTC-297N7.8:ENSG00000273290 

RP11-285A1.1:ENSG00000260988 

EYA3 BC008049 

MKI67 

ASPM 

TAS2R4 

RP11-141B14.1:ENSG00000270019 

CRYM-AS1 

BTN3A3 
LINC00184 

TOP2A 

DAB2 

KIF11 

LINC00665:ENSG00000232677 

IRF2BP2 

RBM15 

OR51I1 
IRAK2 

MARVELD2 BC035125 

HSD17B7P2 

SASH1 
BX641154 

RP1-224A6.9:ENSG00000271840 

VIMP 

AF063596 

FEN1 

LPIN2 

ATPAF2 

CENPF 

OR52N4 

RP1-90L6.2:ENSG00000223704 

DFNB31 ANKLE1 ANKRD10 NELFB NFKBIZ NOP2 DPY19L2P4 DQ573668 DQ658414 DUSP22 ARFGAP2 PABPN1 EIF1AD ARMC12 ELOF1 ENO4 PF4 PIN1 POLR2A POM121 FADD FAM106A FAM106CP PPP1R18 FAM115C PPP4R1 PRAME AURKC AX747192 FAM86B3P AX747721 AX747741 AX747983 AX748339 AX748340 AX748417 PTCH2 BAIAP2-AS1:ENSG00000226137 PTPN9 BC009838 BC022431 BC034802 BC040358 BC045735 BC087857 BC136808 

RP11-523L20.2:ENSG00000261231 LINC00282 FAM96A LOC283070 MGAT4B TTC17 HOXA4 RUNDC1 RP11-335L23.5:ENSG00000272784 PFKL C1S RP11-480A16.1:ENSG00000260261 STRN4 VPS4A PPIAL4G ISPD MCM3AP PTPRVP TONSL RP11-890B15.2:ENSG00000254842 HCAR3 KIF16B PHYHD1 ITGB4 RP11-259O2.1:ENSG00000248994 TEAD3 LOC653739 PLK1 SAMD12 EPHX1 UBE2D4 PTPRE LOC283922 P4HA2 YIPF2 SERPINB6 HSP90AB4P PCK2 TRIM41 EVA1B RP1-122P22.2:ENSG00000233895 FAM212B ZNF99 SALL1 ZNF862 DIO3OS:ENSG00000258498 LOC100128076 POLR1A PPP1R11 PPBP TSR3 SEC16A POM121C HLA-F-AS1 USP32P2 USP32P1 NPTXR SMG9 LDHA KIT LPIN1 PCGF2 

BTBD6 

cytochrome_b 

PMPCA 

ZNF772 

MTND5 

DCAF4L1 

STRF6 

TMOD4 

MBD1 COL6A2 NADK 
LOC100129917 

AK094929 
CHMP7 

ODF3B ZBTB9 

AX747628 AX747828 AX747081 

COQ4 C19orf60 

FKBP10 

DHX58 

SDF2L1 

WRAP53 

PCDH1 

C8orf82 

ATF6B 
GRAMD1B 

SLC24A3 

DKFZp434J194 

SCARF2 SNHG7 

U2AF2 

APBB1 

SPAG5 KDM2A MMRN2 CERCAM PUF60 FBXL19 CNTNAP1 ITPR3 COL6A1 DHODH SKIV2L NFKBIL1 MRPS28 

LEPREL4 

CDH5 

MADD 

KIAA1671 
KIAA1201 

TARS2 

HIST1H3J 

STUB1 NCAPG TRIM3 ZNF672 UST 

BC041363 HIST1H2BH 

HBA2 

GPS1 BCL6 CACNB1 C22orf34 ITGBL1 

LEPREL2 ACOT11 LINC00685 LOC100129534 LOC100505761 COL1A1 COL4A1 LOC100507334 MRPL20 MRPL17 AK123889 MORC2 AK097934 AK128656 AK128734 MVK AK311257 AK310794 MVP AC002064.5:ENSG00000225498 AC007557.3:ENSG00000227021 LA16c-OS12.2:ENSG00000268836 ACAA1 CES1 LOC257358 ADIPOR1 AF090939 CORO1B LRRC48 CPT1A CR627049 AGPAT3 MAPK8IP1 MAZ MED12 AK023159 AK025288 AK027091 MGC57346 AK055250 A1BG-AS1 KIAA0930 ABCA3 ABCC3 ABCD4 CDC42BPB KLHDC4 AK056490 AK074396 AK091102 AK094916 AK095179 AK096549 MNS1 

ZDHHC1 TRAF7 NUP214 C11orf65 HBA1 DTL NDUFV1 RP11-403B2.7:ENSG00000260409 

HBB 

HIST1H2AJ RNF215 PTGES2 TRMT12 STON2 CELF2 RNH1 VRK3 LOC441493 LINC01070:ENSG00000260102 TSPAN17 RP11-157J24.2:ENSG00000272279 FAM134A TMEM63B ZNF90 MED12L RP11-1186N24.5:ENSG00000270580 STX1B PTP4A3 NAB2 RPS6KA4 RP11-130L8.1:ENSG00000270100 SLC6A13 RDH13 TNRC6C VPS53 CHST1 BANP WDR45B POU5F1P3 SCUBE1 DKFZp434P0216 PHF2 NFATC4 NAALADL1 TTC7A NEK8 BC131755 AF116693 SEMA5A MRC2 MROH7 MTMR3 YIPF3 RP11-127B20.2:ENSG00000273156 COL5A1 COL4A2 ZFX CTRL USP12 CYTH1 ROCK1 SP110 DQ574806 

PLIN1 
CIDEC 

GPD1 

TUSC5 

THRSP 

PLIN4 

ADIPOQ 

AQP7 

TMEM132C 

CARD10 

ROBO4 

SHANK3 

CDK18 

TCIRG1 

USHBP1 
ADCY4 

FCER1G 

CIDEA AIF1 

SEMA3A 
ARAP3 

FABP4 
ESAM 

LST1 

ARHGAP27 

C9orf139 

VAMP8 
KLB 

TYROBP 
LOC100507472 LY86 

RASIP1 

TIE1 

ARHGEF15 

CCM2L 

ATG16L2 

DUS1L NCF1B 

NCF1C 

NCF1 

PELI3 

RASL12 

SSNA1 

PIP5K1C 

FAM127B 

ZDHHC8 

WIZ 

SYVN1 

USP5 

PYROXD2 

BC132896 

AX747598 

BIVM 

PTMS 

GMPPB LINC00899 PMP2 PKN1 SLC1A4 ZNF835 LRRC57 RPS15AP10 HOXA6 RP13-516M14.1:ENSG00000260563 MAMDC2 LOC253039 SMIM1 C9orf170 WASH7P 

RNASEH2C 

TSEN54 

TOMM40 

PITPNM2 

ASIC3 

GNL1 

ALG12 

AK074469 

ZGLP1 

SLC39A11 GABRA4 

B3GNTL1 NYNRIN 

GABRB1 MLKL 

CLSTN1 

DCAKD 

FAM228A 

SCLY 

COL3A1 

PES1 

USF2 

DOK2 

COL1A2 CRYBB3 

IRF5 

AC005304.1:ENSG00000233852 

CTBP1-AS1 

FAM63A 

ISLR 

MARVELD1 

ERRFI1 

RP11-543C4.1:ENSG00000247970 
CTD-2659N19.9:ENSG00000267212 ANKRD52 

ALKBH6 

ITGB8 LRRK1 REEP4 

TMEM196 

ADAP1 

RFXANK 

COL6A3 

COL5A2 

SPI1 

BC090059 

IKBKAP CAPN1 CACNA2D2 CAMK1D CCDC137 CCDC147 IL1RL1 CCNG2 ITGA10 ITPRIPL1 GRHPR BX647792 GYPE HGS C1R C20orf96 C2orf40 HOXC10 GATAD2A RNPS1 BHLHE40 BHLHE41 GCN1L1 GDPD5 GJC2 GPI BCAM RHPN2 RILP GALNT8 GAS8 

NLE1 

GLCCI1 

C19orf12 

KDM4D 
ADAM12 

MAMLD1 

ZNF815P 
VAC14 

KDM8 

LOC554249 

CYP2E1 

IL18BP 

AX747238 

NAV2 

CELF6 

STAG3L2 

SRC 

GPR173 

CTD-2127H9.1:ENSG00000249740 

CABIN1 

SRGAP2B 

AX746653 

FKBP2 

LOC100129617 LUC7L3 
CR749689 

SETD5-AS1 
AC138035.2:ENSG00000238035 

HKR1 

ZIK1 

ZSWIM3 
LOC100506124 

ZNF417 
ZNF594 
ZNF415 

SAAL1 

MGEA5 

PRR4 

CERS2 

ZNF805 

SPIN4 

CTNND1 

C9orf91 CPEB3 

GIMAP4 
BC032407 

CCDC176 

TNRC6A 

ABCA11P 

RNU12:ENSG00000270022 

STK31 

ZNF141 

ZNF721 

LINC00260 

WDR76 

PHF20 

CRLF3 
MTA3 AK123263 

DJ031144 ULK4 

HENMT1 
ATP6V0A2 

GALNT4 

SLC12A6 

FAM171B 
HNRNPH1 

CLUAP1 

ZNF74 

TIGD6 
CPS1 

BC043601 

CCDC150 

ZNF491 

BC036311 

FARS2 RP11-288H12.4:ENSG00000270949 COX10-AS1 
EXT2 

SRGAP1 

TRAM1 
ST3GAL5 

ENTPD4 
MDN1 

STK24 

AX746622 

GAS5-AS1 

CHTF8 

STX11 

HSP90B1 GGACT 
ZNF407 

IFIH1 
NIPSNAP3B 

CTD-3023J11.2:ENSG00000269619 

OAS2 

RP11-358L4.1:ENSG00000261712 NME6 

TRRAP 

HCG18 TMEM243 
AL049935 

BX648501 

AREL1 
POU2F1 

CEP152 

CDH6 EPSTI1 
BOD1L1 

RAD51B 

CCNA2 

VTI1A 

AL137522 

TMCC1 

ACPL2 

U80764 TDRP 

RNF148 

INTS9 

ZNF333 

LOC399715 

BCDIN3D 

MANF 

MTCP1 mir-223 
AK026502 

TMEM194A 

LINC00847 

CASP2 SCARNA9 

ADCY10P1 

ZNF443 

CLMP 

ZNF763 

ARHGAP42 

POGZ 

F3 

HAUS4 

OR51E1 
ARID4B 

PHC3 

RP11-317N8.3:ENSG00000257272 TMEM133 

CCDC3 

HUWE1 

ZNF765 

USP40 

CHKA C1orf50 

ZNF318 

FW340024 
DKFZp779K0112 

FNTB TNKS 

SNORA53 

KLF8 
SMARCAL1 

DNM1P41 

ANKRD36B 

DQ576756 

SON DZANK1 

SEC24D 

SLC5A6 

EZH1 

BC033983 

AK301093 

AL050000 

SPATS2 KDM3B 

MARC2 

AK123654 

THAP6 

ZNRD1-AS1 

GUCD1 

SNRNP200 

SLC35D2 

SLC38A6 

ZNF439 C20orf197 HIST1H1C 
CTD-2044J15.1:ENSG00000248677 

TP53 

MAP3K8 

SYS1 

LINC00674 

AK091624 

DPPA2P3 

RP11-271M24.2:ENSG00000260509 DBIL5P2 ERGIC3 

DDX31 AK098491 

FLJ31306 RP11-326I11.3:ENSG00000271646 
LRRC28 

RP11-574K11.29:ENSG00000272140 

SNX11 

TMEM42 

RASGEF1B 

SERPINB8 LOC100506804 PCDHGC5 ZFAND2A 

BC014138 
AX748292 

DPAGT1 

AK297683 
BCL2L15 

MAP2 
AX746605 

LOC441204 

LOC90784 

LRRC37B 
PTCHD3P1 

CA13 
APOL6 

HSPA13 

SFT2D2 
RP11-141M1.1:ENSG00000227911 

IRAK1BP1 

SNORD97 

CYP3A5 

PRDX4 

C2CD3 

BC010186 

TEX21P 

MCM9 

ZSCAN30 

ERP29 

HECTD4 
PHF17 

STAT3 

PISD 
TMEM107 

POC5 

COPG1 
GOSR2 

FAM13A 

AK097119 LINC00476 

ZNF2 ADPRH 

LOC100130691 

MGAT2 

JHDM1D 

ZNF792 

ZNF182 

TAS2R50 

BMS1P1 

AK128697 
KIAA0753 

FOXP2 

RP11-797D24.3:ENSG00000273454 

GIMAP5 

GIMAP2 

ZNF18 

RP11-509J21.2:ENSG00000237359 

ERV3-1 

MCC 

ZXDB 

SND1 

ZNF621 CCDC84 

KIAA0907 

PCNXL2 AX747193 
QRICH1 

TMEM185B 

CTA-228A9.3:ENSG00000272720 

AX747766 

SUMF1 

PSAP 

BC047605 

MRP63 

GK5 

AK093534 

RP11-7F18.2:ENSG00000271966 

ANKRD26 

MSTO1 

SUSD1 

MYO19 

GS1-124K5.3:ENSG00000223473 

CTD-2227E11.1:ENSG00000270933 

PHF21A DGCR11 

HOXC6 

PPCDC 

CLN8 

AK124197 

PMM2 

RPSA 

CLPTM1L 

NCOR1 

AX746690 

PSENEN 

AX747333 

MGAM 

SCFD2 

STK35 

WDR45 

AX746869 

AX748283 

RBL1 

POMGNT1 

LOC388692 

TMEM81 

AC012531.25:ENSG00000260597 

SETDB1 

WDFY2 

DKFZp451F083 

CHD8 

NPIPL3 

CCDC36 

SLC22A15 

ARHGEF9 

ANKLE2 

ZNF304 

EXOSC10 

DCP1B 

DRG2 

SRPR 

CYFIP1 

MX2 
SEC61A1 

STAM 

ZNF292 
ZNF230 

ZNF761 

METTL3 

ZNF782 

GDAP1 
ZNF506 

ZNF623 

AL953854.2-002 SPESP1 
U50535 AK055967 

ZC4H2 

DCAF13P3 

FANCD2 

LINC00339 FRG1B 

PGBD4 

MEIS1 

SETBP1 

USP48 

DQ570835 

EXOSC1 

ZNF160 

AX746989 

FBXW8 

LOC100134259 
EWSR1 

PDE1C 

ZNF547 
SMA 

FADS1 

FAM120C 

GJA1 

BCAS3 

LOC731424 DIAPH2 
SYCP2 

RSPO3 

KBTBD7 

LOC100507424 

CACNA2D4 

CTSC 

AK303572 
ACTG1P4 

DDX55 CNPY2 

DEPDC5 
RP11-250B2.5:ENSG00000260645 ENOSF1 

TSPAN15 

POLN DOCK5 

LRRC37A3 FLJ45445 

PIP4K2C 

SRGAP2 

POLA2 
DOCK4 ANKRD45 

ZSWIM6 
AX746677 

H2AFJ 

SND1-IT1 

CREB3L4 EPG5 
RRN3P2 

SH3BP5-AS1 

TRAPPC1 
R3HDM2 
STARD4 

BCL9 

DCUN1D3 
KLHL18 

ANKRD36 

C1orf220 

EBP 

ACSM5 HLCS 

PGAP2 

FTX 

SLC25A13 

ANAPC5 

NCOA2 

PIGL 

SECISBP2 

ICA1 

SLC4A5 

GPX4 

BC034623 

WIBG TRAPPC10 

AK092331 

LINC00610:ENSG00000196559 BACH1-IT2:ENSG00000228817 

LOC644961 

HM13 

MEGF8 

ABTB1 

ARRDC1 
ZBTB7A 

CBX7 GMEB2 
IRF3 

MTG1 

PRR14 FBXO46 

PPM1F 

ZBTB17 

CNTROB SIGIRR 

VPS37C ANKRD11 

TCF3 

ADCK5 

CSNK1D 

HDAC10 

CCDC106 

SPHK2 

MAP3K11 

PML 

MIER2 

ZBTB46 

LURAP1 

CTC-338M12.9:ENSG00000248103 

MED16 

SOLH SBF1 

AC010525.7:ENSG00000267018 

TNIP2 

VPS37B 

CDK1 

OSGIN1 

BC045757 

SLC52A2 

RHBDF1 

TECPR1 

DKFZp586E1322 

RP11-1246C19.1:ENSG00000273230 

CCDC12 C7orf43 

DLG5 

AF072097 

C16orf86 

ABCA2 

PIH1D1 

DOM3Z 

EVC 

SLC12A4 

PRPF31 

KCND1 BRAT1 

LRCH4 

RAB35 AIP 
CERS4 

BSG 

LOC100272216 

LOC100499227 

ARVCF 

MTSS1L 

ATN1 

AK296146 

RECQL4 

FKBP8 

C17orf70 
FAM73B 

CYTH2 
SLC16A13 

TPRA1 
UBXN6 

ARHGEF40 

ACBD6 

GSDMD 
NDOR1 

PCNXL3 

PNKP 

AX747178 

NCLN 
CBX4 

ARFGAP1 

FDX1L 
FBRS 

TYK2 

NOXA1 

AP5Z1 

RHOT2 

RAVER1 

TMEM259 

GAK 

ARHGAP33 

IER2 

SNORA57 

NOTCH3 

MAPK8IP3 

LOC284454 

MIRLET7BHG 

FLJ00285 

CEP170B ABTB2 

BAHCC1 

FAM193B UPK3B 

C17orf61-PLSCR3 

TMEM129 

AX747182 

FAM160B2 

ZNF692 

KDM6B 

NDUFA13 

JMJD4 

B3GAT3 

ZFYVE28 

LOC100289019 

TMEM8A 

ATG2A 

ARHGAP23 

DTX2 C19orf52 

BRMS1 

TRABD 

NACC1 

SNORA5C 

ZDHHC12 
AX748261 

RP5-902P8.10:ENSG00000230415 

TMEM134 

NAT9 

AX747521 

NDUFA11 

CDK10 

BC024732 

AX748411 

ANAPC11 

NUDT18 

TCEB2 

BC160930 

ZNF213 

B4GALT7 

AK128252 

LOC643699 

FAM189B 

MFSD12 

ZNF212 

QTRT1 

LRPAP1 
YJEFN3 

ANKS3 

C14orf79 

CHCHD2 

hCG_1980662 

MYBBP1A 

ENO2 

SRCAP 

CRELD2 

KMT2D 

GMIP 

GNG7 

CAMTA2 

PDZD7 

CDC25B 
DGKZ 

FAM65A 

RNF166 SLC12A9 
PPP6R1 

NCDN 

CTBP1 DEF8 

DNAL4 BRD4 

C12orf44 

R3HCC1 

MLLT6 

ARHGEF18 

MALSU1 

SIPA1 

DRAP1 

FUZ 

SPSB2 

PKD1 
TYMP 

TOR4A 

TRADD 
PPFIA3 

GLIS2 

RRP7A 

RPS11 

A4GALT 

LTBP3 

NUDT22 

RAI1 

AK304826 

GLTSCR1 
AHDC1 

ADAMTS7 

WDR90 

ADAMTS1 

ABCA7 

RPL12 

RPL32 

COMMD4 

DMWD 

ULK1 

ANKRD13B 

DLL1 
RPL36AL 

ADAMTS10 
UGDH-AS1 

KIAA1614 

D2HGDH 

EMC10 

SETD1B 

RPL41 

RPH3AL 

FGD1 

REXO1 

TAF1C 

METTL21A 

ZNF865 
TRAF2 

FLJ00157 

BCL2L12 

SLC25A22 

SCNN1D 

ARHGEF17 

BLVRA 

RAB24 

LOC283335 

IMPDH1 

TSSC1 

MIIP 

C19orf24 

CCDC120 

ZNF395 

FLJ00322 

YDJC 

AK128777 FOXP4 

CDC42EP1 

SEC22C 

COMMD3 

GLUD1 

GPC2 

NUCB1 

HDAC1 

ZDHHC24 

RHBDD3 

LOC100130987 

NPHP4 

MPDU1 

SDF4 
HAGHL 

DOT1L 

RPL11 

LOC100653515 

LYPLA2 

STARD3 

PLA2G4B 

NFKBID 

LINC00672:ENSG00000263874 

GLUD1P3 RPL13A 

PFDN5 

AK307246 

NUDT16L1 

FAU 
RPS5 

ZMIZ2 

PARP10 

RAB11B 

STX4 

GOLGA2 

C7orf50 

TRIM73 

INPP5E 

RELB 

KMT2B 

FAM195B 

RRP9 

SCAF1 
FBRSL1 

MEF2B 

AK095700 

BC140723 

SPPL2B 

CIC 

LOC619207 

PRR12 

LOC155060 

ZFP41 

BRF1 

RUSC1 

RP11-320P7.2:ENSG00000257139 

SETD1A 

RPS15A 

RPS13 

SCARNA17 

RPL19 

GNB2L1 

RPL7A 

SNRPD2 

RPS24 

KIAA1932 

EEF1G 

RPLP0 

NCOR2 

RPL24 
RPL17 

PPP1R35 

RPS3A 

RPL26 

RPL27 

RPL10A 

RPL21 
RPS27A 

EEF1B2 

RPS8 

BREA2 

SNX29P1 

STX5 

KIAA1308 

CCDC134 

ATP8B2 

BC045769 

MUC1 

CIB1 
PYCR2 

ATAD3C 

LPPR2 

ZSWIM4 

PCDHGC3 

RTKN 

LMAN2 

RARG 

ARMC9 

PCDHGA12 

CTC-459F4.3:ENSG00000267575 

COPE 

ERN1 

C9orf89 

UBE2J2 

WDR73 

FLJ14346 

MOV10 

CCM2 

PPM1M 

WDR13 
MOGS 

MDC1 

KXD1 

UBA7 

ARF1 

PRDM11 

TSEN34 

HARS 

CCDC51 

PABPC1L 

PTGES3 
TMBIM4 

CLIP1 

ATP11C 

LINC00562:ENSG00000260388 

DGKA 

C8orf59 

VASN 

SLIRP 

TMEM14C 

LSM4 

AK308561 

FAM50A 

CHMP2A 

C6orf163 C19orf70 
C6orf106 

MGST3 

SNRPE 

ATP5J 

UQCRH 

GRK6 

LAMTOR5 

COX7C 

SNRPG 

NSA2 

UQCR10 

MRPL36 

AK096230 

USMG5 

GPR52 

PTCD2 

FAM35DP 
COX7A2 

RPL7 

NACA 

EIF3L 
HINT1 

RPL6 

EEF1A1 RPS23 

ZNF513 

CXXC4 

C17orf76-AS1 
RPS20 

PAOX HSPE1 

RPL14 ATP5J2 

RPL15 

RPL5 

CROCCP3 

NDUFA12 

RPL4 

RPL9 

RPL23 

TNRC18 

LSM3 LINC00310:ENSG00000227456 COX5B 

MRPS18C TOMM22 

COX6C 

ZCCHC2 

RBX1 

CNIH 

NDUFA4 

NDUFA2 

RDH14 

C4orf27 

ING2 
C14orf142 AHSA1 

ORC5 

NDUFA6 

NDUFB4 

UBL5 

UBE2Q2 

RPL26L1 

DYNLL1 

HNRPLL 

ZMAT2 

TATDN1 

RWDD1 

ZFP3 CHCHD4 MRPS33 

TOMM6 

COX4I1 

TMEM60 

NDUFS5 
STIP1 

SNAPIN EIF3H 

BRK1 
BTF3 

SEC11A TIMM8B 

COX7B 

ATP5L 

COX7A2L NDUFB6 

MRPS36 

LOC643723 

COA3 

TMEM150C 

SRP14 

FAM78B 

COA4 

EIF3E 

TMEM14B 
UQCRQ 

NDUFB3 

C14orf2 

SRI 

EFCAB14 
PLXNA2 C4orf3 

SH3BGRL 

LSM14A 
TIPIN 

DYM 

SOD1 

TM2D3 

MRPS17 

SEH1L 

STX8 

RNF214 

TAF1 

MDH2 

ADRB2 

FKBP1A 

ANGPTL5 

MARCH6 
IDH3B 

NAA16 

MAPK8 

NCBP2-AS2 

TBC1D1 
ARIH2 

ATG4C 

ZCRB1 

GLRX2 

CEMP1 
MPC2 

RPL23P8 

SLC25A11 mir-29b-2 SENP2 

KDM1A 

TMEM230 

EIF4B 

FBXO2 

ZNF703 

SLC35A1 

GUCY1A3 

MRPL24 
METAP2 

IL33 

VPS33A RTFDC1 

TVP23B 

GMFB 

PSMC3 

SARS 

ALG6 

ATP5E 

MRPL39 

ZCCHC10 

NFU1 

RP11-12D24.10:ENSG00000272866 

NDUFB2 

C18orf21 

FKBP4 

PHB 

BNC2 

PPP6C 

USP10 

PPP1R12B 

TIMM21 

BBS1 

EIF2S3 NUDT15 

WHAMM 

SARDH 

AGA IPW 

TCAIM 

ORC4 

MFN1 

MRPS31 

GCFC2 
PPP1R21 

MAPK6 

FANCM PRKRA B3GALTL 
FRRS1 UFL1 

ECD 

AF520792 

PICALM 

CBLL1 
CEP170 

PTPN4 

PRDX2 ISCA1 

QSER1 

PCMTD1 

DNAJC21 

BOD1 

OIP5-AS1:ENSG00000247556 
BX648073 

EIF4H 

DENND3 

GAB1 

EMD 

MITF 

KIF18A 

RMRP 

MPC1 

MTMR9 

TRIP11 

AC005618.6:ENSG00000272070 

RBAK 

DNAJC6 

RNF20 

MBNL2 

C5orf51 LOC553103 

AAMDC EFCAB7 

PHKB 
ZNF613 

AMZ2P1 

USP34 

NEDD9 

ZNF684 

OARD1 

BC050599 

ADH5 

ZNF624 

ALAS1 
RIOK1 

TRAPPC3 

PDE6D 

TM6SF1 

LAMTOR2 

EXPH5 

RAB32 

AX747187 

FBXL8 

KRBA1 

AX747730 

C12orf55 

MICALL2 ATP5G1 

CCDC17 

NUTF2 

SDR42E1 

PARP1 

PTBP2 CCNY 

HAX1 

ADAM9 

UFM1 

OAZ3 

AK124680 

KAL1 

PSMD13 

TMEM147 

CHTF18 
BC035067 

JTB 

NAT1 RPS6KA5 

DEPTOR 

MAMDC4 

MRE11A 
ERF 

BOP1 

CREG1 

ARF6 

ASUN 

AP1S2 

FIZ1 

CLIC1 
FAM32A 

AGTR1 

TSPAN13 

TIGD4 OSTM1 

NMRK1 

SNAP29 

RFK 

ANXA2 

FILIP1 

ESD 

ZMYM6NB 

XPO1 

FBXO48 BBIP1 

E2F6 

UBE3A 
ALDH5A1 

PDHX GBAS 

ZC3H7A 
LANCL2 

CTBS 
SIRT1 

TUFM PRPS1 

MRPL32 EVC2 
ACADM 

ANKRD46 

ZNF614 

RABL3 

SNRNP48 

AK022915 

GINS3 
PRKD3 

ENY2 

ZNF639 

FAM204A 

VAPA 

TMEM68 

RPP14 

UBE2V2 

RAB9A 

SLMO2 

RWDD4 GFM2 
DCTN6 SKP1 PQLC3 

EAPP 

BC042022 

RAB14 

RPRD1A 

TOMM20 
GTF2H5 

STXBP5 ANAPC10 

BLOC1S1 WDR61 

FAM3C 

ALKBH8 
AKAP6 

MOCS2 

TIMM8A 

TMEM170B 

SMIM8 

GLIPR1 

USP14 

XPA 

C7orf25 

UQCRC1 

TXNDC16 
RCN2 

C16orf80 
ISOC1 

SMEK1 

CETN3 

C6orf203 

THAP9 

ADNP 

AX747158 

LAPTM4B CSDE1 

DUSP3 

HAUS1 

RNF139 

RP11-63E9.1:ENSG00000259828 

HIGD1A 

THOC7 

METTL5 

PDP2 

AGPAT4-IT1 

TOMM5 POLR2K MFSD11 

ISCU 

CCDC47 

CCDC59 DPY30 LYVE1 

RPF2 

BECN1 

NDUFB5 

PWAR6:ENSG00000257151 

ZNF277 

SMIM20 

WDR36 

TCEB1 

SUMO3 

IER3IP1 

VBP1 EMC4 
SLC25A3 

PSMD4 SUMO2 

ZBTB6 PCBD2 
EIF2A GGPS1 

GLO1 

LMBRD1 

WHAMMP1 
DNAJC7 

TCEANC2 

OSBP 
SLC4A7 

NADSYN1 

BC038210 RP11-284F21.8:ENSG00000260460 
VEZT 

TTC27 

ADIRF 

NTPCR 

MAPKAPK5-AS1 

RMDN1 RPA2 

USP1 

RP11-11N5.3:ENSG00000272218 
EIF4A2 

FAM69A 

MAPK1IP1L 

STK38 

AX747648 

TRMT11 

AC007551.3:ENSG00000228878 

IFIT5 

MRPL27 

ARPP19 

AK124523 

RBM7 

GOSR1 

ST13 

CCNG1 

BC030152 

AK309215 BC150162 

OSBPL5 
CDH26 

OGFRL1 

AK022993 

DNAH1 SNW1 
LSM1 

TSC22D1 

PSMB3 

GYG1 

F2R 

COX6B1 

H2AFZ 

CLP1 

TXNL4A 

NHP2L1 

C1QBP 

DAD1 

PHF5A 

PSMB6 

CENPH 

UBE2E1 

NDUFB9 

NDUFA8 

EIF3M 
PSMB5 

ICT1 

LOC728407 

C19orf53 

COQ10B HSPB2 
OTUD1 

LLPH 

RP11-258C19.7:ENSG00000270189 

COX16 

EIF3K 

POMP 

STOML2 

ZDHHC4 

PARK7 

RNF7 

MED1 

PDCL3 

VIP 
RNF2 

PSMC4 

TMEM200A 

TMEM59 

FGFR1OP2 
RNF141 

MAPKAPK5 
GTF2H2 

DBI 
ZNF652 

C11orf54 

UQCRFS1 

C14orf166 

PSMB7 

DHX32 

TMEM70 

SNRPD3 
ATP5H NDUFAB1 

MRPS23 

MRPL40 

GPN3 

XPOT MRPL13 MMADHC 

MIOS 
ATP5G3 

SSBP1 

TMEM126A 

B4GALT5 
ATP5O 

NEDD8 

NDC1 

LSM5 

NDUFB8 

LIPT2 

C11orf73 

PLCL1 

ADD3 

EBPL 

SF3B14 

POLR2C 

PPA2 

GYPC 

CCT7 
HSBP1 

GTF2A2 

RSL24D1 

SUPT4H1 

TBCA 

FUNDC2 

PPFIA1 

NDUFS4 
METTL9 

YWHAG 

DOCK9 

PPWD1 

POLI 

FAM178A 

NVL 

LINC00641:ENSG00000258441 
ZBED5 

N4BP2L2-IT2 

STEAP4 ERMAP 

WNK3 

NUDT19 
PARP2 PUS10 

DPH6 UBIAD1 
MYLIP 

AK055384 

TMEM135 

CNOT4 
NUDT13 

TNFSF10 

VCL 

AP4E1 

CHMP1B 

C1orf51 

DROSHA PUS7 

USP46 

RAPGEF2 
TCF4 

STX18 

MBLAC2 

MYO5C YY2 

TRIM16L 

CYYR1 NEDD4 

KIAA0430 

PPTC7 
NDUFA7 

CHAC2 

HSD17B11 

CCDC69 

RBM41 

PWWP2A 

PAK1 

GEMIN5 

DIRC2 

FMR1 

HUS1 

XRCC6BP1 

ALG9 
OTUD6B 

CLK1 

DEDD 

SETMAR 

GS1-166A23.2:ENSG00000272361 C17orf75 

ZNF773 

RP11-333I13.1:ENSG00000260977 

BC131773 

NCOA1 

KIN 

LUC7L2 

CCDC77 

AKR7A2 

NUFIP1 

KIAA0586 

NIPAL2 

AHCYL2 

UTP20 

RALGAPA2 

WARS2 

WBP4 

CD164 

KIAA1549 

AK126717 LETMD1 

CTB-167B5.2:ENSG00000264868 
ZNF571-AS1 

CDADC1 

TRIM33 

MIA 

BC152379 

SLC25A15 

PUM2 

TCEAL1 

AX747586 

HACE1 
DQ572964 

PRICKLE1 

DQ591995 

EID1 

ATP7A 

ZFP30 

KLHDC2 

CPQ 

INTS2 

EPM2AIP1 

MTFR1L 

NR3C1 CYSTM1 

RANBP9 

SCAPER 

EPM2A 

C5orf30 

PCF11 

BC065766 

CCPG1 

SCAF8 BC016015 

EIF1B 

FOXJ3 

PCGF5 

SFT2D1 

BCL2L1 

ADPRM 

FDFT1 UPRT 

RBM12 

PLK1S1 TIPARP 
USP46-AS1:ENSG00000248866 

DBT 

FAM162A 

PRKAR2A 

PTGFR LNPEP 

ANKRD40 

EQTN 
CSNK1G3 

GCSH 

LOC100505495 

SAR1B 

DKFZp451J181 

NIPBL 

UACA 

FBXO11 

ZSCAN12P1 

HIPK1 

APLF 

VWA8 AGPAT5 

FBXO21 

PPP1CB SMNDC1 

KAT2B 

RBBP6 

LCOR SNRNP27 

PIGP 
RMI1 

BDP1 

RMND5A 

ERMP1 
ZNF844 

FBXO3 

ATAD2B 

SP4 

MTAP 

CHIC1 

PRPF18 

NAMPT 
BTBD3 

COX15 

KIAA0922 THEM4 

C6orf120 

DTNA 

CHPT1 

AK128593 

FAM200A 

SLC25A16 
UBR5 

ANKRD13C 

LOC100216546 

RCHY1 

GUF1 

DPP8 
ENPP4 

XPO4 

ACYP1 
MBNL1 

L26953 

IPO5 

SLC25A33 

DTWD1 

EIF1AX 

CCNB1IP1 
BC071797 

FSIP2 
SYPL1 

PIAS1 

ANAPC1 

SLC39A9 
HSF2 

HERPUD2 

ELP4 

ELK4 

CETN4P 

LURAP1L FRYL 

MED28 
BC022892 

CAMK2D 

AKTIP 
CAMKMT 

CLOCK 

POLA1 

BC034827 

ECI2 
CCSER2 

PCGF3 

SAMD8 
RAD50 

GTF2H2C 
IPMK 

SUPT7L 

TAS2R3 

EXOSC3 

NHEJ1 LA16c-380H5.5:ENSG00000272079 

ARHGAP24 

ZNF736 

HP 

CCDC7 

AK092541 
RP11-676J12.4:ENSG00000262228 

RABGAP1L 

GZF1 

SEC63 

TTC14 

BC069792 

TUG1 

CALCRL 

AK021537 

AVEN 

INO80 

USP3-AS1 

DDI2 

KIF9 

SETDB2 

PTPRK 

GLRX5 

KLHL7 

RP11-332J15.3:ENSG00000251365 
PLEKHG1 

LINC00987:ENSG00000237248 

TMEM117 

LOC730102 

SRSF10 CNST 

RABGAP1 

KIF9-AS1 
RP11-19N8.4:ENSG00000260141 

AK054837 

DYRK3 

BC040572 

SMG1P1 

C12orf73 

TBC1D5 

HSPA1L 

ZNF717 

ANO1 

TTC30A 

SMARCD1 

CDH19 

LOC257396 

AK094156 

AX747167 

BCKDHB 

NPC2 MRPL49 

PLXNC1 ANO10 

ZBTB43 

RFTN1 CBWD2 PFKP 

CCNJ 

ASAH1 
PDE4D 

SFMBT2 

AF127936.3:ENSG00000232884 

PA2G4 

CTB-43E15.3:ENSG00000253686 DTD2 
TPK1 KCTD16 GNPDA1 

AZI1 

C20orf24 

PLEKHA8P1 

OSBPL6 

MAPK10 

SARNP 

HDGFRP3 

TMEM56 

RNASE6 
AK094188 

ABCC4 
RP11-483P21.3:ENSG00000260523 ZNF562 

NT5C3A 

COLGALT2 

TGM2 

UBA6 

MAST2 

HSPA2 

TCTN3 

FAM105A 

CCDC88B TP53RK 

IQUB 

ZNF569 

CD79A 

SENP3-EIF4A1 
ANKRD20A5P MAP3K13 

PDCD6IP 

LAPTM4A 

SREK1IP1 

LIMS1 DNAJC27 

C16orf52 

CCP110 
DHX40 
ELOVL7 

ZHX1 DYNC1I2 

ZNF80 

PPP2CB 

GSTCD 

TOPORS 

CWC22 

CCNC 

ALDH1L2 
DCAF6 

RP11-30K9.6:ENSG00000245975 PJA2 

CTR9 

MDFIC 
ANKRD49 
IFNAR1 

FGD5-AS1 

CHMP3 
BAG5 

PKN2 

RABL5 
LRRC4 

GTPBP10 PTPLAD1 

ZNF281 SECISBP2L NFIL3 

MIB1 VPS45 

FCHO2 
KRIT1 

RRAGC 

PSME4 MKLN1 KLHL20 
ABCD3 

CCDC170 

TRNT1 

SP1 

PLIN2 

MAP1A 

DDX42 

PLEKHB2 

TAS2R19 
C8orf44-SGK3 

RP11-458N5.1:ENSG00000272048 

ACTR8 
GPR141 CDK5R1 

NT5DC3 

PNO1 

SDF2 CREBL2 
LAMA2 

AGMO 

SMYD2 PRRX1 
CCT6P1 

HSD17B10 CRY2 RAB12 RTKN2 

RP11-202G18.1:ENSG00000227531 

MYO5A KIAA0408 
ZBTB10 PHF11 

ATP6V1B2 

TMEM161B 
SH2D1A 
GPC4 

DNAJA1 

CISD2 AKT3 

WASL 

ATF7IP2 GPR171 PCDHB14 

TMEM144 

DCN 

CCDC113 

ARL6IP1 

MEAF6 EXOSC8 

PPP1R36 

PRSS16 

HOXA9 
APEX1 

C2orf43 

AC005754.8:ENSG00000272108 

AP1S3 SPAG17 SGCD 
RCN1 CEP112 

TMED5 

DDX59 
UBL3 ANKMY2 

KIAA1731 
NUP155 

SIX1 

SCAF11 

SH3GLB1 
TAOK3 

PIK3R4 

FAM221A 
CD46 

PRPF4B 

PEX3 

DHX36 
TET1 

RHOBTB1 

PCYT1A 

MCCC1 

ASH2L 

CDC42EP3 

AF088041 

XXbac-BPGBPG55C20.2:ENSG00000272316 

REST SLC25A2 

NIT2 
DHX57 

MRS2 NARG2 
PPM1A 

PRDX6 
ACSS3 

TMEM19 TSKU 

HRIHFB2017 
PPP2R3A GABPB1 LOC100505679 PRKAA2 

RBBP5 
CERS5 

RBMS3 

EHBP1 

LRP6 

MTUS1 AK023040 CSTF2T ZNF81 MPDZ 

BC073897 
MEIS3P1 

DYNC1I1 

KCNT2 
NRD1 

BTG2 

SPOP 
RYBP 

ZNF410 
MARK1 SEPT1 

VRK1 
NOL8 

CEPT1 

AFTPH 

BC026240 

SAMM50 
NIF3L1 

U2SURP 

ARHGAP29 

PHF1 
SPTLC1 

ACAP2 

NR1D2 

HIST1H2BD 

CREB1 
GAPVD1 

LARP4 

WDR11 
DQ592954 

BCAP29 

GNPTAB 

ATP2C1 

LEPROT 

ARID5B 
PCNXL4 C17orf85 

RPS6KC1 

RP5-1098D14.1:ENSG00000273384 

CPED1 SPG20 

POLD3 

R3HDM1 

TMX4 

NME7 
OAT 

COG2 

PAPD4 

ZNF195 

RC3H2 

IKZF2 

RTCA 

AP1G1 

RCBTB1 

RBM22 

CNIH4 

TSFM EXOC1 

KATNBL1 

TANC1 
PHF10 

SLC30A4 

RP11-646I6.5:ENSG00000269921 
CD6 

CA5B 
CCDC138 

NDN 

LINC00528:ENSG00000269220 
MANEA 

LOC100128398 
BC033739 IFNGR2 

FAM107B 
RP11-375I20.6:ENSG00000260633 

SPN 

HGSNAT 

BC043356 TNFRSF18 RABGEF1 

C9orf3 

ZNF501 
GRB10 

SCPEP1 
MARCH1 ZNF391 

HIF1A 

RP11-523G9.3:ENSG00000273193 

PPT1 
RUNX1-IT1 FAT1 

NCEH1 

MCOLN2 

EMR2 RPS6KA6 

RRP15 C15orf41 

SNX27 
ORC2 

ATE1 
IKZF5 

COA5 SPCS1 

EPC1 

LOC100506710 

RAB11A 

ARSK 

FRMD3 

ABHD13 
C11orf74 

CSPP1 

SOS2 

AVL9 
METTL10 

KCTD18 

KLHL24 

TTC33 

CTC-444N24.11:ENSG00000268205 AHCYL1 

ABCC9 DLST HNRNPD 

SOD2 

FBXL4 H2AFV 

HIBADH 
CHML KPNA6 

RINT1 

PON2 

HS2ST1 

HAUS6 

DIS3L AGL 

MSH2 
RAB30 

IMPAD1 

ZNF189 

IAH1 

MRPL19 
ZRANB3 

PPP6R3 

ZNF675 BFAR 
SETD7 

MBD4 

OTUD4 

C9orf41 
RDH11 

NDFIP2 KANSL1L LYST MAN1A2 
UGGT2 

FTSJD1 

ARID2 

LOC646719 
RIT1 

DDX52 NSMCE4A 

TIMM23 ZNF521 KBTBD6 ZDHHC6 
ABCA8 

ETNK1 
KIF2A 

ZNF22 

CDV3 

NFAT5 

EDEM3 
PLEKHA8 

DUS4L 
PPIG 

RP3-462E2.3:ENSG00000257877 
TFAM 

TNKS2 

PURB 

CASP8AP2 

CLIP4 SLC35F5 

LMBRD2 

TXLNG 
YTHDC2 

IL6ST 

RDH10 
PAXBP1 

METTL21EP ZMPSTE24 

CIR1 ZNF451 

UBR3 
HNRNPU 

B3GNT5 

SCARNA9L 
NAA38 

STX7 

MORC3 

AGAP6 

TUBA1C 
PGAM1 

TAPBP 

PPIB 

WASF2 

SIL1 

ELL 

C1QTNF6 

TMED3 

ERBB2 

AK123878 

TBC1D22A 
LPAR2 

C19orf25 

CINP 

WISP1 

TOMM34 

GATAD2B 

APOL1 

SPEN 

ENO1 

FOXJ2 

SNORD3A:ENSG00000263934 
PRRT2 

CREB3 

BAIAP2 

HLA-H 

FBXL18 

DGCR2 

NOP10 

MEG3 

MRPL11 

GABARAP 

NARFL 

FPGS 

DGKQ 

FAM102A 

AX747795 

DCAF15 
IL17RC 

ATAD3B 

WDR5 

CLASRP 

SIRT7 

TMEM175 

ADRBK1 

ASPRV1 

TSNAXIP1 

THOC6 

POU5F2 

ARHGAP4 

CTD-2555C10.3:ENSG00000259230 

MIR23B 

HMHA1 

MUS81 

MGAT1 

ARMC6 

IRGQ ZC3H4 

MRFAP1 

EP400 

DDX49 

NFKB2 

DNAJC5 

AX746478 

EXOSC7 

NLGN2 

GNB3 

SH3BP1 

KCTD13 

CSK 

GTF2H4 

NPIP 

ENTPD6 

FAM203A 

CCNL2 

CCDC22 

IMP4 

CCS 

UNC13D 

EHMT1 

BRD1 DNASE1 

MINK1 
IFFO1 

RBM10 

CLCN7 

AK057719 

E4F1 

PLXND1 

BCORL1 

AP3D1 

GLI2 
C1orf159 

CC2D1B 

LOC115110 

MROH1 

PPARD 

EHMT2 

MED15 

PUSL1 

MUTYH 

PLD2 

CCDC88C 

ABCD1 
GGA1 

DIDO1 

ZBTB47 

USP2 CAD 

PPP6R2 
MEF2BNB 

COX19 

GPN2 

KIAA1967 

GNPTG 

AMDHD2 PNPLA6 

HPCAL1 

PLEKHO1 

AGAP2 

IL12RB1 

TMEM120A 

PSD4 

DEF6 

CD37 

CDK6 

LIMD2 

GPC5 

UBA5 

DOCK3 

MEG3:ENSG00000214548 

TBX21 

TMC8 ZNF831 

EFTUD2 

PRC1-AS1 

PARVG 

SNORD10 

TBC1D10C 

CREBBP 

FGD2 

PTPRCAP 

PRPS2 

ACAP1 

STYXL1 

DHRS4 

NEAT1 

BVES-AS1 

LOC729683 

DENND1C 

RBM33 

AFG3L1P 

RGL3 

LIX1L 

CLU 

DKFZp586G0322 

FNBP4 

TRAPPC9 

PSMD6-AS2 PITPNM3 

BC090058 

FER1L4 

FAM110A 

AX747565 

EPOR 

WAS 

PCED1A 

FLJ45513 

BC032795 

APEH 

NUP210 

GPR132 

ARHGAP30 

LHFPL2 

B3GALT6 

S1PR4 

RASAL3 

CBWD3 

CARKD 

DLGAP4 ZC3H12A 

NEAT1:ENSG00000245532 

L01117 

UNC119 

GFER 

CDIPT 

RAP1GAP2 

SRRM2 

BC095475 

POLD1 

AK001533 

RANBP3 

MLF2 

ARPC4 

LEMD2 

APH1A 

SLC43A2 

PGAP3 

LRRC27 

SNX17 

OXLD1 TMEM115 

CFL1 

PCSK7 

SCARNA2 

RAD9A 

RANBP1 

LOC100506190 

TMEM222 

GNB2 

RENBP 

SELO TMEM9 

TADA3 

MECP2 

ZC3H3 

LAMTOR1 

SYMPK 

E2F4 

MTA1 

FLJ00278 

SLC35C1 

RNF26 
ARHGAP1 

RIC8A 

AL389983 

LCAT 

AX746967 

C19orf48 

ZNF618 

VPS18 

MAPKBP1 

ACSF3 

AGFG2 

ATP13A1 

ZYX 

CCDC13 

ARSA 

FRMD8 

TBC1D10B 

CHERP 

ATXN2L 

RELL2 

SPRYD3 

ABCC10 

MKL1 

MGRN1 

SH3TC1 

HCFC1 

WDR81 
CORO7 

LRRC23 

PRRC2A 

ERCC1 

PTPN23 

RNF4 

MFSD10 

CHMP1A 

PRRC2B 

DTYMK 

CORO7-PAM16 

MEG9 

SPNS1 

TSC2 

NLRC3 
RLTPR 

RPS6KA1 

CORO1A 
C19orf38 

SPOCK2 

RGL1 
GPR137B 

MS4A6A 

SEMA4A 
NFE2L3 

PLXDC2 PET112 
SEMA4C 

RASSF6 

FAM46B BTK 

AX748336 

DOCK2 

CNTNAP3B TFEC 

TNFAIP8L2 

BLK 

CYBB 

ZNF493 

CSF2RB 

SIAH2 
HAVCR2 

RPS16P5 

KLHL29 

CD86 PIK3CD 

PCED1B-AS1 BLNK 

MAP4K1 

ARHGAP9 

BC065231 

AF086132 

STARD5 

FUT7 
ARSB 

RNASEH2B 

C3AR1 

TNFSF8 
RHOF POLR2H 

LPCAT3 

GAS1 

ZAP70 

CD68 
AMPD2 

NCKAP1L 

AKR1A1 

C1orf85 

CSF2RA 
PIK3AP1 

PDIA4 

CFB 

C8orf15 

FCGR3A 

ADAMTSL3 

CHST11 

NECAP2 

GM2A 

C1orf162 

FCGRT 

RBM47 

ARL11 

INPP5D 

MSR1 

ZNF577 

P2RX4 

FPR3 

DERL3 
MSRA 

C17orf62 

VSIG4 

TLR8 

CD84 COTL1 CTSB 

LOC613037 

SLC7A7 

GPSM3 

WDFY4 CDK20 

CTSZ FGD3 
PARM1 

CCR1 

COMT 

STK10 

FCGR2A 

SIGLEC9 

MAN2B1 

HLA-A 

HCK 

VASP 

ACP2 

CNPY3 

ZMIZ1 

C1QC 

AP1B1 

C1QA 

STXBP2 

CSF1 

CMTM7 MYO1F 

GALNT6 

CHID1 

TEX264 
ITGB2 

C1QB 

IFI30 

LAPTM5 

NPL 

PTAFR 

FAM134C 

LILRB4 

POU6F1 

TXNL4B 

LYZ 

LOC100505702 

HYPK FAM214B 

GRN 

TRIM47 

PASK 

RBFA 

ZDHHC18 

ARRB2 

ABHD16A 

PLEKHO2 

RHOG 

SLCO2B1 

NCF2 
ATP6AP1 

ITGAM 

TPP1 

PLA2G15 

SIRPB2 

TRPV2 
CD4 

ABHD12 

ZDHHC7 

HLA-DOA 

HLA-DQB1 LOC100506472 NAGA 

HLA-DPB1 

BX648961 

HLA-DRA SLC29A3 

HLA-DRB1 

COLGALT1 

CD14 

FKBP15 IL10RA 

FGF1 
MTF1 

PKDCC CD74 

HLA-DQA1 

GBA 

HVCN1 

INTS5 

HLA-DPA1 

SMUG1 

SULF2 

IRF8 

GDPD3 

LFNG 

TNXB 
CDIP1 

PREX1 

RIMS3 

CD1D 

HLA-DMB 

HLA-DMA 

VAV1 

SKAP1 

IQSEC2 

ADAM19 

ALOX5 

TEC 

RP11-45M22.5:ENSG00000266498 

SUSD3 

CTDP1 

AK130759 

RBCK1 

UBAC2 

ARFIP2 TBRG4 

ADAT3 NFKBIE 

GRIA1 

HCLS1 SOX9 

FAM66C 

LAT2 

FAM226B 

FAM92B 

DSTNP2 

HLA-B 

PHLDB1 

LAIR2 

ZNF860 

ANO3 

ARF3 

FKBP11 

PLEK 

FLJ13197 

SLC2A6 LHFP 
EPS8L2 MICB 

SNX33 
PTPN6 

FAT3 

HLA-F BC014180 

MAD1L1 

SYK 

PTPRO 

HIP1 

TIFAB 

PTPRJ 

PIGZ 

AX748268 
PCTP 

ANKRD18A 
ZBTB7C 

RP4-555D20.2:ENSG00000261786 

HN1L 

TRAIP 

NAAA 

CALR 

ABI3BP 
FIGN 

LAIR1 

ZNF585B 

ENDOU 

GABRE 

NPC1 
DHRSX 

PDGFC 

LRRC8D 

NAIP 

MTFP1 
WAC-AS1 

SCN7A 

TOE1 

DSCAML1 

ZDHHC3 

SNX9 

KDELR2 

DDOST 

CASP4 
OCLN LY75 

LOC550112 

KCNJ3 

PDE1A 

TPTE2P5 

DQ591785 
PMS2P4 CBR3-AS1 

PRORSD1P 

AK098481 

ARMCX6 

PIGC 

FLI1 

RP11-448A19.1:ENSG00000273329 

BC094703 

BC011243 

SLC33A1 

GBP4 STPG2 

LRCH1 ABL2 

AK9 

NKG7 

SEC14L1P1 

LOC100506497 
TMEM55B 

ALG1 

SGMS1 

FAM105B 

SEC13 
MACF1 

FAF2 

PRPSAP1 

RPN2 
AX746823 

STT3A PSIMCT-1 

ZNF432 CDC42SE1 

RNGTT 

ABI2 
RP11-134G8.8:ENSG00000224818 

PRIM2 

AK128013 

ZBTB21 

FANCI 

AK124399 
STAT1 ZBTB25 

CCDC30 

AAK1 
PGBD2 

CAPRIN2 AK094990 

COA1 

AK021977 

MAT2A 

PANK2 

CCNL1 

TTI2 

SPARCL1 ZC3H12B 

CHN2 
RPL22L1 

XPNPEP1 TIGD1 
RUFY3 

RP11-1060G2.2:ENSG00000271382 

ZNF211 

S100PBP 
EP300 

GORAB 

ST7-OT4 TMEM62 HELLS 

DKFZp686M11215 

CCDC6 
TDP1 CTC-360G5.9:ENSG00000269486 

PIGM 

MLEC 

B4GALT4 

ZFP2 

PLA2R1 

GAREM 

RP11-180N14.1:ENSG00000272511 

PCDH9 

CNDP2 

RAMP2-AS1:ENSG00000197291 

SAMD9 

CYP4X1 

MTMR4 

DQ573949 
RP11-111A21.1:ENSG00000258526 TET2 

ASS1 
AK127087 

FW339973 

ALG2 

ZNF221 

SCMH1 

CCSAP UAP1 

GSS 

RP11-806O11.1:ENSG00000253671 
GPR84 

SAE1 

ANAPC7 ESYT2 CCDC171 
ZCCHC6 

LUZP1 
SERINC5 

BRIP1 

TIMP4 
PER3 

POSTN 

THNSL1 

TLR2 

CEP68 

PHKG1 

ADAM22 

TRPM3 

ZFP37 

NRBF2 EXOSC2 

ZDHHC13 
CRYL1 

ZNF217 PTPRG 

GPR183 

C6 

ALCAM 
NSD1 

SLC50A1 

BC069782 

RNF150 

DNM3OS 
WDR52 

KIF1B 

ADPGK 
CCDC144CP 

CDK5RAP1 
PLSCR1 

ATP2B4 

LOC374443 ELMO2 
AC017074.2:ENSG00000227359 

AK126318 
CARD8 

APAF1 
CCZ1B 

FOXP1 
AK126213 

RANBP3L PMS2L2 

DDX60L 

RACGAP1 

TMEM140 

ANKRD32 

RP11-138H8.7:ENSG00000267539 A2M-AS1 

CSGALNACT2 

AK093256 
AK096982 GOPC 

LINC00863:ENSG00000224914 
ARID1A 

D28359 

HSPA12A 

USP51 ITPR2 
CUBN 

YIPF1 

KPNA2 
NUP62CL 

ETV6 

FOXO1 

FNIP2 

AK123872 

SLC16A6 
CCDC93 

PTPRA 

INTS4 

C22orf39 
METTL6 

UNQ6501 

GAB3 

N4BP1 
EXO5 

MET 
TGFBR1 

PDIA6 

RFX3 

ENTPD7 

ZBTB39 
GSAP 

RFWD3 

GPR1 AP4B1 

DNAJC16 SAYSD1 ANP32A-IT1 
MALAT1 KDM3A 

RPL23AP32 

WDR19 

RP11-84C13.1:ENSG00000271359 

RP11-356O9.1:ENSG00000258414 

SNHG1 

MED27 

PARP9 

ZNF534 

FAM111A 

NFKB1 

APOL3 

CATSPER2 

LOC100270804 
TMEM231 

AX747172 
DCLRE1C 

SPEF2 

MAPRE2 
ZNF259 RFFL ZNF568 

NEK3 

UBQLNL 

RP4-535B20.4:ENSG00000272506 

MAGED2 
GCA 

MARS 

C15orf57 

GRAMD3 
U47924.30:ENSG00000272201 

CR933660 
CDK12 

HIVEP1 
ZNF468 RP11-196G18.24:ENSG00000272993 

AX747269 DDX10 
RP11-172E9.2:ENSG00000230058 

GPR89B 
AK124970 

LOC149134 

GSR 

FAM13A-AS1 

XPO5 

ZNF200 

LINC00598 

RCBTB2 

EXOG 

AF157115 ADCY2 

ACAD11 

TTC18 

AX746867 

IFT122 

PSPC1 
MRPS31P5 

LARP4B 
LOC729603 

DESI1 

ZNF841 

STAT2 
BTBD7 

DQ574852 

RP11-16E12.1:ENSG00000259448 

CTD-3096M3.2:ENSG00000266288 

DPY19L3 

CHURC1-FNTB 

RP11-15H20.6:ENSG00000213971 

APTX 

LOC284950 

PGD 

FUT10 

PARP14 

ZNF75A 

HEG1 

AKR1B10 

PKD1L3 

MAP3K5 

BC035094 

PAICS 

APLP2 

LOC100131564 

RP11-206L10.9:ENSG00000237491 

ZNF728 

ELOVL1 

LOC389641 
TUBA4A 

BHMT2 
KDELC1 

HTR2A 

SASH3 TRIM68 ZFYVE16 

RBM44 

MED8 

ELOVL6 

C1QTNF7 

TTC28 

DUSP14 TRIM27 

MEIS2 
GPR160 

PTPRF 

CMTM1 

WLS 

IFT172 

ADAM10 

MCM10 

STAMBPL1 SIK1 
LYN 

RUNX3 

UBXN8 LPP 

TRAF3IP2-AS1 

CLSTN2 
ZNF132 SLC7A11 

SSR4 
GALNT11 

RP5-857K21.4:ENSG00000230021 
UBE2L6 
KIAA1683 

AF339817 
AF007147 

NTN4 

SENP5 

IGF1R PTPRS 

XRCC2 
AUTS2 JAK3 

ETV7 
CP 

GPR114 

KALRN 

MMP19 
CTSL1 

LIMD1 

SAT1 

DHDDS 

TBC1D14 

ZBTB32 

NBPF24 

LINC00548 

F11R 

AGPAT6 

NCSTN 

AF420437 
RPL21P44 

CABLES1 

COLEC12 

LOC730101 

PRR14L 

WBP5 

MGME1 

MTCH1 DENND5A 

ZBTB3 

CXorf65 

TIFA 
CHD7 

CENPI 

LOC401321 

RNF216P1 

SLC35B1 

PDGFRA 

HN1 

SRPRB 

SSR1 

CEP104 

BCAP31 
NEK6 

DCAF7 
ZFP90 

AC009404.2:ENSG00000236255 

NIPSNAP1 

SPATA18 

AK092380 

SMA4 

SSR2 
AX747641 

CBL 

CNTRL NUP93 DTD1 

ALPK1 

ANKRD42 
NPYY1 GPRIN3 

MESDC2 
RBPMS 

CDKN2B-AS1 

TP53BP1 

C5orf54 

VAV3 

SLC35F2 

B4GALT3 
CASP1 

ZNF283 RP11-804H8.6:ENSG00000273356 TRMT13 

ARHGAP5-AS1 

COQ2 
ZBED6CL 

KYNU 

TTC26 
ZNF530 

FAM49A 

FAM115A 

DBF4 

ANKRA2 DPYSL2 

ZNF345 

TLR6 LOC157273 

BC035465 

COMMD7 

FGD6 

LTBP1 

PNMA3 

PON3 

PROS1 

AVPI1 

TAF11 
HMGCLL1 

NUP205 

RP11-434P11.2:ENSG00000273245 

MPHOSPH9 

WDR3 

CIAO1 CEP70 
PIR 

SPCS2 TNFSF4 

WDR74 
UBE3C 

RAB22A 
NUCKS1 BBX DAAM1 

KIAA0825 TMEM128 NSL1 
KIAA1551 

FNIP1 

TOP1 NUP160 

DKFZp547A023 RNF170 

AC083843.1:ENSG00000259820 IFT80 
PREPL MSS51 

USP24 
RAPGEF5 RAB11FIP2 

C21orf91 

AGFG1 RPS6KA3 

LPGAT1 

STXBP3 

WDR82 
SEC31A 

ZC3H14 
TBCK CALCOCO2 

SMEK2 
IREB2 

FAM135A 

STAG1 SKIL 

GNN 
MTX3 

FBXO34 
CDC42SE2 GCSHP3 

LCORL HMGB2 SPIN1 INTS6 

SEPT2 

GPR155 

PALB2 

HNRNPU-AS1 

CTC-428G20.3:ENSG00000248175 
ZNF70 

ZNF148 

ARHGAP12 

AF127936.7:ENSG00000235609 

DHRS7B 

CEP57L1 DHRS4-AS1 
CDKL3 RNFT1 

WSB1 

LRRK2 
APOOL 

MYSM1 

RUFY2 

WSB2 

PHACTR2 

XPR1 

CEP44 FAM41C ZNF571 

CROT ANXA2P2 
HERPUD1 

SLAIN2 THOC1 

KTN1-AS1 
ZNF329 
MTMR1 

NUDT7 
CCNH 

DQ594967 

C6orf57 

SENP6 

KIAA1704 

DNAJC19 
NOL10 

LZIC 

AP3M2 

ZNF655 

GFPT1 CNOT1 
LACE1 

LBR 
METTL4 
DOPEY1 

CCNT1 

TCEANC 

APITD1 

BC039168 RBL2 

MTMR10 

DDHD2 

IL10RB 

KIAA0368 

PIAS2 TDRD3 
RIC8B 

ANAPC16 

FAM149B1 EGLN1 

PLA2G12A 

KLHDC10 
FAM200B 

AK023457 MARCH3 RAD18 

OXNAD1 

TSTD2 

PTPRB 
PELI1 

RP5-1068B5.3:ENSG00000226920 
COQ7 

RAB28 
N4BP2L2 

AASDH 

MAOB 
LINC00240:ENSG00000224843 

KIAA0232 

APC VPS8 
AK025117 

ZC2HC1A 
PHF20L1 

MED14 

AK024936 

SNX25 
PUM1 C5 

PEBP1 

CENPC1 

FAM179B NR2C1 

FGD4 
METTL15 

CAAP1 

CAST 
FAM199X 

BPHL 
SREK1 

ZNF565 STRN 
NCAPG2 

ACADSB 
METTL1 

ZNF442 
ZNF596 

IFT88 

WRN 

AL049948 

SMAD2 

SMC6 

LOC100996634 

ASH1L 

NDUFAF6 

ACAT2 
GEN1 

MAP4K5 

NMD3 
DPYD 

AIDA 

YOD1 

AHCTF1 

CEP350 FAM120AOS 
ANAPC4 

CNOT6 
GSTM2 

FNDC3B C5orf28 

NGLY1 

TMEM168 

AJ420595 

CDC73 

GPR180 
C14orf39 DEGS1 

MTERFD2 

PRELID2 

C5orf24 
ELF2 

ITSN2 

EBLN2 

WBP11 
DENND4C 

CALU 

SORT1 

TRUB2 

BBS4 

PGRMC1 

AK123675 
DERL1 

RHBDD1 

PRMT1 

LPCAT2 

LRP12 

TMEM184C 

PRKCI 

CEP192 

FRS2 

AK055197 

LRBA 

ARFIP1 

SRPK1 

PIKFYVE 

DYRK2 

ZNF507 
ZNF280D 

LINC00667 
SCAI 

ARNTL 

N6AMT2 

GTF2A1 MLLT10 
SMAD4 LRRC8B 

TMTC3 
SYAP1 

RIF1 

KLHL28 HEATR1 

NHLRC3 

HCFC2 
PDSS1 

APH1B 

STRN3 

MCM8 

LOC644617 
FEM1C N4BP2L1 

FAM73A 

OSBPL11 
IFT74 

NEK1 

DDB1 
BBS10 

KLHL8 GGNBP2 
PLCL2 

AK094621 
DENND6A 

FOXN3 
RNF146 

ZMYND11 HLTF 

JMY 

PSIP1 

PAFAH1B1 
PHIP 

PDP1 

VAMP4 CEP57 

MTPAP 

TCTEX1D1 
RP11-255C15.3:ENSG00000260743 DNAJB4 

BCL2L11 
ZNF205-AS1 NUBPL 

RRM1 
HELQ 

SERINC3 WDR7 
CPNE3 

LRRC58 

UBE2J1 
TBL1XR1 FAM214A 

RALGAPA1 

GNAQ DOCK7 MAP2K6 

FBXL3 

CRYZL1 

GTF2IRD2 

LANCL1 

DICER1 
EIF4EBP2 RP11-459I19.1:ENSG00000272555 

FBXW7 
EI24 

AK096159 

NHLRC2 
VEZF1 

CXorf23 

LOC100288842 

VPRBP 
TRDMT1 

SLC35A3 

RNLS 

LOC96610 

STL 

WDFY3 
CEP95 

EXTL2 
C6orf165 

PRPF39 EPB41 
TEX12 

TMEM106B 
ALG13 

FRA10AC1 

MTHFD1 

BAG2 

ALG10B 

AK090844 

EEA1 

TAOK1 

KLHDC1 
C1orf52 

TMEM181 NSUN2 

CDC16 

DQ586540 AK2 

STIL 
LONRF1 

AX748175 

ERCC6 

HMGXB4 

PREX2 

RP11-498E2.7:ENSG00000269979 

RGMB 
C1orf131 

COQ6 

PIH1D2 HDAC8 

AK124233 

PPP2R5E 

TEK 

MAPK14 

CALM1 

ZNF510 

ARL6 

AGK 

PTCD3 

CUL4A 

AK297919 

MYCT1 

TBC1D15 

KIAA1143 

MAPK9 

NUDT9 

ARHGAP10 ARHGEF6 

AK074476 
RP1-193H18.2:ENSG00000267194 

DDX5 DQ594001 

MARK3 

FAN1 

CEP85L 

KPNA5 

PEX11A 

ATP8A1 

AK057657 

PPP3R1 

UBE2E2 

TXNRD3 

ZNF302 

CREBZF 

ULK2 

ODC1 SSH2 

ACOT13 
FAM160B1 

AKAP9 

RNF133 

DNMBP 
DENND2D 

HLA-DOB 
CXCR7 

TCRVB LRP11 
CD226 

SYNE1 

B3GNT2 

XG 
KATNAL1 

PLAC8 
HOOK1 LINC00882 HOXD8 

PVRL3 

GZMK 

XRCC4 EPB41L5 PARD3 
MGC12916 AV1S4A1N1T 

ARHGAP15 

SLC27A2 

CPEB1 
GPR64 BOLA3-AS1 

TESPA1 GSN LRRC49 
ARHGEF10 

ANK2 

GULP1 
SLC35G2 

NELL2 

AK125001 
MATN2 

PRUNE2 

LIMCH1 
SLC16A2 

TOR3A 
CR1 

GPSM2 

AKR1C1 
LOC100127983 

FBXL2 NPAS3 

RBFOX2 

DST 

TMEM156 AX747832 
LINC00632 

RASSF8 
PPAP2B 

IKZF1 
KIF13A 
TAP1 

RASGRF1 

SLC15A2 
ZFYVE9 PARD3B 

GLDC SNX20 

CDON 
ID4 
EMP2 

PARVA 
ANGPTL1 TRGC2 

HYAL1 

LARP6 SRSF7 

AX747104 

FAT4 

KLRG1 
SP100 PCDHB16 

AKIRIN1 

AX748345 

SOWAHC 

JAM3 

CREM 

RGS17 
OSCP1 

PCOLCE2 

NPHP1 
SPECC1 

ADAM32 

EOMES 
DNAH5 

FGFR1 IGSF10 LRTOMT 

NOV 
PER2 

AK098067 

ALS2CR11 

TOM1L1 
CILP RAD17 

TACC2 

DTHD1 

LCA5 

DOCK1 
STON1 

TC2N 

TCP11L2 

NXPE2 
R3HCC1L 

PLAGL1 

ZNF365 

LOC100506834 

TENM1 
MAGI3 

MYO6 TNFSF14 7SK:ENSG00000260682 MAP7D3 

SIK2 

PSD3 PID1 
PSME2 

C14orf132 

DIP2C 
RPP38 

TGFB2 STAT4 
RP5-1028K7.2:ENSG00000266088 

LOC100507463 

KMO 
CREB5 

LMNB1 SPATA6L PCDHGB5 

SNCAIP 
SH2D4A CD8A 

RECK 
KCNA3 

CDO1 

STARD9 

CD40LG CCR5 
TCRGV 

BC035106 

GIT2 PCDHGB6 

LINC00426:ENSG00000238121 

TNFAIP3 ARHGEF3 MTMR11 

ZHX3 

DLC1 
ENPP1 

TGFBR3 
IPCEF1 

ANKRD6 AK055601 

CC2D2A 
PCDHGA9 

TRABD2A 
TCF7L2 

PCDHGB2 
RAC2 

UNC13B 

DDR2 

ZBP1 EAF1 HSF5 

PCDHB12 

SLC25A53 

PCDHGA4 

KLF9 PURA HSPA4L 
RGPD5 

PMP22 CDC14B 

RFTN2 FAAH2 LPAR4 CRTAM 
RNASE4 

SLAMF6 
CD2 

RP11-284N8.3:ENSG00000259834 FASLG 
AIM2 
ITGA4 AOAH 

BC065763 
TRPC1 CTLA4 

IKZF3 
CDKL5 

KLHL13 

TMEM47 
DUSP5 
ZNF704 MORC4 

LAX1 

SLAMF7 PLCE1 
PTPRC ANKRD36BP2 

FAM46C 
CD48 ADAM28 

BLM 

BTLA SLAMF1 

CD274 

CCR4 

TTC3P1 

FCRL3 

NAALADL2 

IL7R CXCL9 

ITK 

IL2RG CD96 
PIM2 

SIRPG 

SPRED2 
SEPT10 
CD80 

ASAP2 

PRDM1 CXCR6 NQO1 

PAG1 

CYFIP2 

SLFN12L 
AK126253 

CYTIP 

LOC285419 

CIAPIN1 
BUB1 

SLC31A2 

AX747913 

PLAT 
MIR181A1HG 

ATIC 
ZNF586 

BC070391 

TIMP2 
SCML4 

TTC13 

CERS6 
QTRTD1 

CASP3 

PTRH2 

SLC2A13 
RUNX1T1 CACHD1 

ATXN7 

LOH11CR1I 

NLK 

ANXA4 

EPHA3 KLF4 

PTGR1 
FANCF 

SEC23B 
SRSF2 

MIR17HG 
PSMB8 IDH2 

ZNF35 

CCDC39 

SLC47A1 PCDHB3 

SEMA3E 
CORO2B 

SYTL4 

MIR155HG 

MAATS1 AK023507 
RP11-468H14.2:ENSG00000249258 

PVRL3-AS1 

C8orf46 

ERMN 
TMEM136 

RAB11FIP4 
PCDHGB3 

AX747798 

PTPN7 

PCDHB9 ICAM3 

DNM1 DZIP1 

PTK2 

UBTD2 

PSMB9 

NSDHL EPS8 TMEM67 

PHLDB2 

TMEM100 

XBP1 CD3D 
TXNDC11 

CRISPLD1 
DMXL2 

ST6GAL1 

LINC00478:ENSG00000215386 ZFP1 

ATL3 
AL132709.5:ENSG00000225746 MCOLN3 

CLEC4E 
ZNF483 SLC30A7 

SH3RF1 SULF1 

LOC728819 
FBXO6 

DOCK10 

PCDHB11 INTU 
PCDHB19P 

TRIM2 
ROBO2 

LPXN 

PRF1 AK124066 
DCC CCR2 LOC100506776 
GPR174 

ARRDC5 

SP140 

CXorf21 

RASSF5 

BCL2A1 

BMP4 
TBC1D8B 

NDEL1 
EBF3 

PCDHGB1 FHL5 

PCDHB13 
DAPP1 

ZNF880 
IL2RA 
IRF1 SOBP 

AK4 

RAB39B 
PCDHB10 

CXCR4 

CNTNAP3 

TBX18 

PTPN14 
KLHL6 PRICKLE2 PRKCB 

LRRC16A 

ACSL6 PEG3 

THEMIS MPV17 

TRAF3IP3 

TBX15 

GZMA 

RERG 

IRF4 

SLFN13 

RP11-79H23.3:ENSG00000261618 
AF268386 

TRAT1 

MAGI2 

CD3E 
PRDM5 

SAMD3 

CCDC89 

PLCG2 
PHYH 

CYP51A1 FAM188A ABCA10 

NRAS SPATA6 

MSRB3 C1orf21 C5orf15 

PTPRD 

RBM39 

PDLIM5 KLHL5 
LRMP RP11-177G23.2:ENSG00000272137 NEO1 IDI1 

SUPT20H 

FAM60A 
RP11-722E23.2:ENSG00000272338 

INSIG2 

TADA2A 

AR VWA9 

ARFGAP3 

MDM2 

MIS18BP1 HIATL1 

CAV1 SOX6 
DIP2B 

PIBF1 
HMGCR 

ERAP1 KIAA1715 

ZFP69B 

AK056623 
BBS7 

ADAM1A 
FAM92A1 

EIF5A2 ARHGAP5 LINC00883 

BORA 

AC006129.4:ENSG00000270164 
ICK TMOD1 
KBTBD8 

AIG1 BAZ2B 

ZFPM2 

FAM177A1 

RP11-332H14.2:ENSG00000272994 

TADA1 CENPJ TDG ARHGAP32 LRRC8C DENND1B 

HLF 

KLHL2 

FAM134B 

AAGAB 

PTPN3 
ALG8 

CASC4 

CNOT6L SBNO1 TMEM66 

ZNF25 

BUB3 
PRRC1 

PCNX 

RNF8 

DYNC2LI1 
TNFAIP8 OPHN1 
C7orf10 MPPED2 

ARHGAP21 PFN2 

C6orf62 PCYOX1 
CTD-2292M16.8:ENSG00000258768 RP11-138A9.1:ENSG00000271204 

SPG11 PTPN12 ATR 

CACNA2D1 WDR35 

ZNF75D 

MST4 UBQLN2 

YTHDF2 

AL833181 ARFGEF2 

GSTA4 

BC045578 

ORMDL1 
EZH2 BDH2 

ERO1L 
DCTN5 

RAB23 

BET1 ATM 

GALK2 

NKTR 

C18orf8 SUN1 

LOC150622 

ZNF33BP1 

CTCF 

PHTF1 

DQ593252 
MKRN2 

SCLT1 KIF20B ASCC3 

LOC256021 
NUB1 
KLF7 OCRL 

FAM65B 

GNG12 
SEMA4D 
FAIM3 

P2RY10 

RASGRP1 
PCDHGA8 

MGP 

NDFIP1 

SIDT1 
NECAP1 

TULP3 
REV3L 

LINC00426 

PTPDC1 
TOX 

AX747844 

GVINP1 

TIGIT GFI1 

MICU3 
C7orf41 

SRGN 
KCNJ10 SH3D19 

UHRF1BP1L 
RASSF8-AS1 

PLSCR4 
GCH1 

PCDHB4 

DLG2 LINC00861 

LRP2BP FKBP7 

IL17RD 

GBP5 

NOVA1 MAGI2-AS3 

FAM229B 

IFNAR2 
EDA 

TOPBP1 
KIAA0391 GTF2E2 

HPS3 
CYLD 

NTRK2 

FAM20B 
AK095439 ABCA5 NUMB 

NT5C2 

INTS7 

MLF1 
NCBP1 
NUP98 SLK 

TGS1 JAK2 

FAM104A LOC81691 

CNOT10 

LINC00906 PDCL 
RBMS2 

EED SLC39A1 
CCDC18 

FER 

SRBD1 

CTAGE5 
HNRNPL 

LHCGR 
CCDC82 

ZBTB14 

SSBP2 

KANSL2 

LRIF1 AKAP10 
ZCCHC7 

TTC32 

CDK8 
AK092048 LIFR ZNRF3 

ATP1B3 

UBE4A 

SLC16A7 

NBEAL1 

MSL2 

PLA2G4A 

MED13L 

RP11-323I15.5:ENSG00000259336 

CPSF4 

SMCHD1 
MTHFS 

IKZF4 

CSNK2A1 
AKAP11 AK097288 

NANP 

RP11-677O4.6:ENSG00000267143 

ICMT PGK1 REEP3 

C11orf30 OSBPL1A 

EXOC2 

DCUN1D4 
MLLT1 

IPP 

LZTFL1 

EIF2B1 IQCB1 

NR3C2 

RP11-274B21.10:ENSG00000271553 

STAMBP 
PREP 

ZNF781 

LOC100507557 

FNBP1L 

TNPO3 

NPIPL1 UGCG 

ARL13B 

AK093026 
DNM3 

SBF2 

INTS1 ZNF268 

CLTC 

MOCS3 

AX747806 

EIF2AK4 TMEM254 

GBE1 

MGC70870 

ADHFE1 

CCDC28A 

BEND7 

AK130904 
NBEA 

GTDC1 

KLF3 
ASB7 

ATF7IP 
QRSL1 

MS4A1 
AMPD3 SEL1L3 

ICOS CD38 
ZDHHC15 
BIRC3 

KIAA1377 

PYHIN1 
FERMT2 

LRIG3 

RP11-214O1.3:ENSG00000266378 
CLDN12 

RP11-81H14.2:ENSG00000251301 
PDE8A 

SGCB TPD52 

FGF2 

CYBRD1 

MLIP IGIP 

COBL 

IL18R1 

NCKAP1 
DSEL 

AASS 
CTDSPL 

GU228584 C15orf48 WTAP 

SPAG9 

EMP1 

BC022047 

PPIL6 DNAL1 AK001394 MID2 

EAF2 

ZNF677 

GTF2E1 

SMURF2 

MTMR2 PLEKHH2 MIPOL1 HYMAI 

ENDOD1 

KCTD3 
KCTD9 

CD109 

CAB39L PALMD 

TIGD2 
SMARCA1 

CLEC2D 

SPTLC2 

PLS3 YAP1 MIR548F5 CAMSAP2 
ATP9A 

DIXDC1 SEC23IP 

BMPR1A 
AC006946.16:ENSG00000273203 

SRFBP1 

UBD 

TMEM237 
RP11-553L6.5:ENSG00000259976 

PKD2 

ACOXL 

CEP41 
LAMB2 
CDH1 

XYLB 

KLRC1 BCL2L2 CD247 

TMEM199 

PPP3CA 

LINC00346 AX747197 

TAP2 
PCDHGB7 

PSME1 
TMEM220 

CAMK4 

ZNF487P 

LOC400927 

LY9 

STOX2 

ARHGAP25 
AK304759 

MB21D1 

CD40 PCDHGA5 

LOXL4 

ADAMDEC1 

NLRP2 
IL27RA 

LCP2 
ZFHX3 

RAB11FIP1 

KIAA1456 

CCDC104 
SCARA3 RAB27A 

NUAK2 

SDC2 

USP4 

DCBLD2 

BC036778 

CARD16 

CTD-3195I5.5:ENSG00000262194 
MOK 

MBNL1-AS1 TRAF1 RP11-324L17.1:ENSG00000272551 

RP11-441O15.3:ENSG00000224934 
HNRNPA2B1 

NUGGC LOC729950 

DENND4A 
YES1 

SLA 

FAM161A 

PCDHGA3 

CD3G 

ZNF214 

CDC6 
DQ570096 

CD72 

LOC728175 
LILRB1 

TJP1 

APOBEC3H C12orf66 
MANSC1 

POU2F2 
PIGW 

PIK3CG 
GZMH 

PCDH19 
PCDHGA7 ARHGEF26 

GNLY 

IGFBP5 

CECR1 

LINC00649 

PCDHGA11 
OTUD7A 

IGF2BP3 CPNE5 OXGR1 FAM188B 
IL21R 

SLC25A21-AS1 

PRKCQ-AS1:ENSG00000237943 
GFRA1 SHOX2 

IL15RA 

LOC727896 

SLAMF8 
SLC13A4 MXRA7 

ITGAX 

LRR1 

DNASE2 

CD53 

SRSF1 

TRA 

TMEM248 

TBCEL 

MR1 

SIGLEC10 

CTD-2541J13.1:ENSG00000260578 

LL22NC03-N27C7.1:ENSG00000270041 CD52 LINC00422:ENSG00000224429 
NOL9 

ARL3 

YEATS2 

EFS 

SLC25A40 

TCRBV2S1 
PCDHB5 

MYBL2 

CDK2 TBC1D19 
ITGB7 

UBE2G1 

RNF25 

PCDHB7 SIT1 

SUSD5 

CTSW CHST3 

LRRC1 

SPG21 

CD180 

HPGDS 

CD9 

COL19A1 

THAP9-AS1 

DNAH6 AGPHD1 

P2RX1 
ZNF140 

HMGN4 STEAP2 BATF 
BMP2K 

ACER2 

MOXD1 

NUPL1 

PTBP3 

IL2RB 

ZBTB20 

RUNX2 
DSC2 

C14orf182 

PSMB10 

HNRNPF 

OLFM1 

ZSCAN21 

AK093356 SULT1A3 GLB1 ISG20 

SLC31A1 
BC067907 TMEM69 

GRIA3 SELL AGAP1 

THSD4 

PCDHB18 

EVI2B 

HEXA 

RNF180 

PRKG1 

IL18RAP 

RIPK2 

AX747406 WWC2 

HOXA10 

PLCXD2 

TOR1B 

FAM180A GPRC5A 
CD83 
C16orf45 

RPL23AP53 

HCP5 

AXL 

TCRA 
PEA15 

EPN2 BCL11B 

PCDHGA6 

ZC3H12D 

BC029255 

SNX24 

AJ004954 

TNIK 

PCDHGA2 

TCEA3 

CRLF1 

ZCCHC14 

TUB 

TPM3 

INSIG1 

HELB 

CYP27C1 
SNX7 

DSTN 

SPTY2D1 
SLC19A2 

JRKL 

M6PR 
LCP1 

MEI1 TNFRSF11B 
ITGAL CCL5 

SYBU 

FAM117B 

DOCK8 

ME2 

PTK2B 

PAPPA 

SLC2A12 

ADORA2A EIF6 

SLC30A5 

RNF112 
SEC16B 

LMCD1-AS1 
TXK 

NIN 

MAPRE3 

RELT 

BC039452 

RP11-129K12.1:ENSG00000272334 
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Figure A3: Visualization of the CSD network obtained with an importance level p = 10−4. The
network has 7554 nodes and 36 873 links distributed over 178 components. The giant component
contains 7101 of those nodes, and the network had an average degree of kavg = 9.8. The links are
colored according to their link type: C-type links are blue, S-type links are green and D-type links
are red.
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Figure A4: Visualization of the CSD network obtained with an importance level p = 10−6. The
network has 426 nodes and 360 links distributed over 98 connected components. The biggest com-
ponent contains 104 of those nodes, and the average degree of the network is kavg = 1.6. The links
are colored according to their link type: C-type links are blue, S-type links are green and D-type
links are red.
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A9 The C-, S- and D-networks
Figs. A5, A6 and A7 visualize the separate C-, S- and D-networks, respectively. Apart
from the smallest components which are moved closer to the giant component, the links
are placed according to their original position in CSD network.

Figure A5: The C-network: A visualization of all C-type links and the nodes that they connect in
the CSD network.
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Figure A6: The S-network: A visualization of all S-type links and the nodes that they connect in
the CSD network.
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Figure A7: The D-network: A visualization of all D-type links and the nodes that they connect in
the CSD network.
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A10 Full Results of GO Enrichment
All biological process categories that were enriched (with a false discovery rate < 0.05)
in the full CSD network, as well as in the the extracted C-, S- and D-networks, are given
in four external tables that were too long to fit in this Appendix. The number of genes in
the reference list that belongs to each category (#ref), the number of genes in the given
network that belongs to each category (#genes), the expected number of genes to be found
in a random selection of the same number of genes (Exp), the fold enrichment (FE), the
raw p-value and the false discovery rate (FDR) are also found in these tables. The tables
may be found at https://goo.gl/PwV4sU.
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