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Summary

In this project, a method was developed with the purpose of using variant data, primarily
SNPs, to perform knockout metabolic modeling, in an attempt to predict diseases caused
by the SNPs in question. This approach would not only allow detection of disease-causing
SNPs, but also describing the mechanism behind a given disease. The data used was from
2548 individuals from the 1000 Genomes Project, as well as PheWAS data. Combinations of
genes for knockout were generated based on SNPs present in the individual, and for PheWAS,
SNPs associated with each other. There was a primary focus on nonsense SNPs as they are
more likely to cause loss of function. For the individual data, some 2600 such SNPs were
identified. These combinations then formed the basis for which genes would be knocked out
when performing flux balance analysis (FBA). A number of Humanl based tissue specific
models were used for the analysis. Additionally, metabolic tasks were used to further analyze
the effects of the knockouts. The purpose of these tasks is to test specific biological functions
within the models, and they proved instrumental in detecting issues caused by the knockouts,
including many that would have otherwise gone unnoticed. To conclude, for several cases, the
approach was successful in predicting disease, with the results matching what was expected

based on existing literature.

Oppsummering

Fgremalet med dette prosjektet var utvikling av ein metode for bruk av variasjonsdata til a
selektere gen for fjerning i metabolsk modellering. Motivasjonen er moglegheita til a kunne
oppdage sjukdomsframkallande variantar, samtidig som at mekanismane for sjukdommen kan
bli beskrive. Variasjonsdata fra 2548 individ fra 1000 genom prosjektet, samt Phe WAS data
blei brukt i seleksjonen. Hovudfokuset var pa SNPs, og spesielt ikkjesynonyme SNPs som
produserer premature stop-kodon. Dette grunna deira meir destruktive natur, som vidare
gir breiare grunnlag for fjerning av genet. For individ variantane ga dette 2600 SNPs som
blei brukt til a produsere gen kombinasjonar for fjerning, basert pa SNP kombinasjonane i
individa. Ei rekke organ-spesifikke modellar basert pa Humanl modellen blei brukt til FBA
analyse. Spesifikke metabolske funksjonar blei testa gjennom bruk av konkrete oppgaver.
Disse oppgavene viste seg a vere sveert nyttige i a avdekke problem forarsaka av mang-
lande gen, med mange resultat som ikkje ville ha blitt oppdaga utan. I sum var metoden
i ei rekke tilfelle vellykka i a reprodusera effekten av ein SNP, basert pa allereie observert

sjukdom.



Abbreviations

SNP: Single Nucleotide Polymorphism
SNV: Single Nucleotide Variants

WT: Wild Type

LoF': Loss of Function

GWAS: Genome-Wide Association Study
PheWAS: Phenome-Wide Association Study
EMRs: Electronic Medical Records

GEM: Genome-scale metabolic model
tINIT: Task-driven Integrative Network Inference for Tissues
GTEx: Genotype-Tissue Expression

FBA: Flux Balance Analysis

FVA: Flux Variability Analysis
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1 Introduction

One can argue that our genome is what we are. Our DNA is our blueprint, with each of us
carrying a unique code, that from a single first cell, is used to build us up. The uniqueness
of our individual code is in part what makes us different from each other. It gives us certain
traits, physical as well as psychological !, that whether we like it or not, we must live with.
However, even though we know that our DNA gives us our form, we do not have a complete
understanding of how it all works. Why do some people get heart disease, while others have
a healthy heart into old age? Why do some people suffer neurodegenerative diseases, while
others maintain a sharp mind until the end? Undoubtedly, many of our differences when
it comes to such diseases, are due to our lifestyles and other environmental factors.!? It is,
however, also apparent that genetics is an important risk factor for various diseases. ! Due to
our genome having such a big impact on our health, and subsequently our lives, it is a field

of intense study; which variants leads to, or increases the risk, for which outcomes.

One approach to gaining knowledge on variants is through genome-wide association studies
(GWAS). These studies attempt to associate certain diseases with certain variants through
population studies.* People who have a certain disease, as well as similar people without
the disease are studied for common variants. If certain variants are consistently found in
the diseased group, and less so in the non-disease group, that variant may be associated
with the disease. While most variants are benign, this method has been successful in finding
numerous variants causing or increasing risk for various diseases. Unfortunately, it does not
say anything about the underlying mechanism with which the variant has a causal relationship
to the disease. ¥ Of course, once a variant has been associated with a disease, it can be further
scrutinized in that context. Disease causing variants will often be associated with a gene,
and it may be that the variant damages the expression or functioning of the gene, or even
knocks it out completely. However, even with this information about the direct effects of the
variant, it may not be apparent how damage to a certain gene causes a disease; the complete
functioning of the gene may not be known or understood. Another possibility is that a
variant which damages a gene only causes disease in conjunction with damage to another
gene. In this scenario a variant may be associated with a disease, but the fact that it only
causes said disease in combination with certain other variants, is not uncovered.?® Again,
such relationships between variants can be uncovered after the fact. In any case, a more
holistic approach is needed to get the complete picture of variant(s) to disease, whether only

a single gene, or multiple, are involved.



With ever advancing data collection technologies and computers, we can collect and process
ever increasing amounts of biological data. And as the amount of knowledge on the func-
tioning and relationships between individual components of the human body has increased,
they have been systematized into networks and models. %) The purpose of these models is to
emulate the functioning of the human body, or other organisms, in a computer. By chang-
ing the inputs or making changes to the model itself, it is possible to predict real world
outcomes of those changes, by running computer simulations.”) To this purpose, metabolic
models have long been developed, with ever increasing complexity and detail. These models
attempt to emulate human metabolism, wherein metabolites undergo reactions, the reactions
are facilitated by proteins, which again are tied to genes. A simple analysis of a metabolic
model is the flux balance analysis (FBA).[® This analysis treats the model as a mathematical
problem in which an objective is maximized. The objective is usually biomass production,
although it can be any reaction in the model. Depending on inputs, reactions will have fluxes
through them, representing the quantity of metabolites that were consumed and created in
the reaction. One use of FBA is to perform knockout analyses, in which FBA is run on a
perturbed model, usually the deactivation of one or more genes.!”) By comparing the results
of such an analysis to an unperturbed model, it is possible to make a prediction on how those

knockouts would affect the real organism. This can then be used to

In this master’s project a pipeline has been developed with the purpose of identifying disease
causing variants, including combinations of variants, through the use of metabolic modeling.
In this setting, an unperturbed model may represent a healthy individual, while a perturbed
model may represent a diseased individual. By using variants to select the genes for knockout
FBA, underlying metabolic mechanisms for diseases, or risk of disease, may be uncovered.
This is because the genes, and their products, are put in the context of each other. Thus, if
a variant is damaging to a gene, the larger ramification of that damage will become apparent
through analysis of the model. With this approach, the concrete mechanism of the variant(s)
on a particular disease may be described, at least in the larger context. In addition, because
multiple genes can be knocked out at the same time, multiple variants can be studied at
the same time, as specific combinations. This allows for the discovery of variants whose
detrimental effects are only present in combination with other variants. Determining which
genes to knockout is done through filtering out variants with potential gene damaging effects,
and using the combinations of these variants present in actual individuals. Because it is
based on variant combinations present in individuals, the combinations can be quite large

without requiring insurmountable amounts of FBA runs to run all combinations of that



size. The individuals essentially act as filters for which larger gene combinations will be
used for knockout. An alternative approach also explored, is to use variants associated with
disease through GWAS, and try to identify underlying mechanisms for their association with
said disease. Combinations can also be generated here, this time based on associations.
SNPs associated with the same disease can be used in combination. In sum, the aim of
this project was to develop a pipeline that can identify disease causing variants,
and their underlying mechanisms for causing said disease, through knockout

metabolic modeling.

2 Background

The background for this project is two part: first, genetic variation and how it affects the
human body, second, metabolic modeling and how it can be used to predict real world
outcomes. For the first part, a detailed look is given on genetic variation, particularly SNPs
and how they can affect a gene and subsequent organism. Some insight is also given on how
disease-causing SNPs have traditionally been discovered, through high penetrance mutations
causing obvious disease, or through GWAS using population studies. Some thought is also
given to the advent of individual genomes and personalized medicine. The second part gives
insight into the function of metabolic models and various analyses used on them. The main
analysis used is Flux Balance Analysis (FBA). Another topic heavily featured in his project
is metabolic tasks, whose purpose it is to test specific functions within the metabolic models
using FBA.

2.1 The Genome and its Variations

All genetic information is encoded in DNA by the sequence order of the four nucleic acid
bases: Adenine, Thymine, Cytosine, and Guanine. The human genome has a length of about
3.1 billion bases, or double that if both copies of the chromosomes are counted. ' Scattered in
the chromosomes are genes, which encode for functional products, such as proteins. Although,
while most of the genome does not directly encode functional products, much of the non-
coding parts are still thought to have function, for example in gene expression regulation. '
When a genetic sequence encodes a protein, it is translated by reading three and three bases,
which are referred to as codons. Each codon translates into either an amino acid or a stop
codon. (Figure 1) Which codon translates to which amino acid is governed by the genetic

code.



Ancestral Variant Synonymous Variant
Genetic sequence: ATG - AGA - CAG ATG - CGA - CAG
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sequence:

Missense Variant Nonsense Variant
Genetic sequence: ATG - GGA - CAG ATG - TGA - CAG
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Amino acid
sequence:

Figure 1: Different SNP types and their potential effect on amino acid sequence if located inside
protein coding regions. In each case a single base has been exchanged for another. Ancestral:
The variant seen as ancestral in that it has persisted in its initial state. In contrast, the other
variants are considered divergent in that they have change from the initial state at a later point.
Synonymous: This variant type does not change the amino acid sequence due to the codon still
coding for the same amino acid. Also called a silent mutation. Missense: This variant type causes
a change in amino acid sequence. Not depicted here is the initiator codon mutation, which is when
the start codon (ATG, coding for Methionine) is changed to a different amino acid, and the stop
lost mutation, which is when the stop codon is changed to a codon that codes for an amino acid.
Nonsense: This variant type leads to a premature stop codon, which causes the protein to be
truncated.




Genetic variation refers to the differences in base sequence between individuals or popula-
tions. ™ On any given locus, a specific position known for variation, there will be an ancestral
allele, and one or more divergent alleles. A variant is ancestral in that it has persisted in its
initial state, while the divergent variants have changed away from this initial state at some
point. It is however possible for multiple alleles to coexist, and different populations may
have different alleles as their most common on a given locus, which depending on time frame,

could be viewed as ancestral in that group.

The most common genetic variation is the single nucleotide polymorphisms (SNPs). % (Fig-
ure 1) As the name suggests, this is when a single base is exchanged for another one. Single
nucleotide variation (SNV) is the general term for SNP, with SNP referring to a variation
that is present in more than 1% of the population. Nevertheless, SNP is commonly used
regardless of it fulfilling that criterion.!!3 SNPs can be divided into several categories with
the first two being whether or not it is located within a protein coding region. If a SNP
is located in a coding region, there are several sub-categories: synonymous, missense, and
nonsense mutations. Synonymous mutations, also called silent mutations, is when a change
in coding sequence does not lead to a change in encoded amino acid. Missense mutations is
when one amino acid is substituted for another, while nonsense mutations refer to a prema-
ture stop codon. The indel is another common variation type, referring to small insertions or
deletions. > If such a mutation occurs in a coding region, and it does not consist of three
bases, there will be a shift in the reading frame. A shift in the reading frame will result in
a completely different amino acid sequence, and depending on location, rendering the gene
non-functional. If the indel occurs towards the end of the protein, the functional parts may
still be intact, and the protein as a whole may still function. When a variant does render a
gene nonfunctional, or causes a reduction in function, it is known as a Loss of Function (LoF')
mutation. ['%] (Figure 2) LoF can be caused by any mutations, even synonymous ones !9 or

those located in intergenic regions. 718!

2.2 Loss of Function and Genetic Disease

Genetic loss of function, either complete loss or reduced, can be disease causing.* (Figure 3
These variants are also not particularly uncommon as it has been shown that all individuals
may harbor over 100 potential LoF variants, with potentially over 30 being homozygote. 3]
However, the frequency of any one variant is still usually low, which means few individuals
will be homozygote for that particular variant?”, although there are exceptions. For exam-

ple, LoF variants do not have to cause disease, even when homozygous. A study from 2009



functional gene -~
—s e

nonsense SNP .-~

e “h
" N~ ’a
Y e [ T
A

frame-shift indel .-~ .

P
"d ~a, d” ‘\~

it
- .,
- ~,

S Jo— — T T 7]

Pl
. ~
- ~,

\'!
S — — [ .

~,
S~

AG|TTC..cea...|6T

\\ ’I ﬁ,‘
S — — [

A
Splice Site SNP ',f'.‘s /,"“.\\

— o ——— — .
A
exon deletion

" — — .

whole gene deletion
—_—- - - - - — — no transcript produced

Figure 2: (Acquired from D. G. MacArthur and C. Tyler-Smith ['9) Different variant types causing
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of the transcript, which is downstream of the variant, is lost.
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Figure 3: (Modified from M. S. Bramble et. al.?%l) Example of how a SNP can impact protein
structure showcasing the in silico predicted change in structure of follicle-stimulating hormone
receptor protein (FSHR) due to a SNP. On position 408, aspartate in the wild type has been
substituted with tyrosine in the mutant. The substitution is predicted to cause a significant change
in secondary structure upstream of the mutated amino acid. This apparent small change has been
implicated in primary ovarian failure and subsequent reduced fertility.

found that a group of humans differed on average by 24 genes caused by nonsense SNPs
alone, indicating that deactivation of certain genes may have no detrimental effect or even
be advantageous.?!) Indeed, some genes are known to have a high frequency for nonfunc-
tional variants, with research indicating deactivation may be advantageous. One example
is CASP12, a gene that through positive selection, has become predominantly inactive in
humans, likely due to reduced sepsis severity.?>?3) Another example, which is much less
prevalent in the population, is SLC30A8. The lack of function in this gene, as when inacti-
vated by LoF mutations, is known to reduce risk of type 2 diabetes.?) Taken together this
means that many genes will not cause any issues when inactivated or reduced in function.
Although, apparent loss of gene functionality without negative consequence may also be an
indication of biological robustness, where certain genes are redundant in their function. 2"
In this case specific combinations of variants, where multiple genes are affected, may be still

cause disease.

Any mutation can cause LoF, however, particularly prominent in causing disease, due to their

disruptive nature, are the nonsense mutations.!'>?*2! (Figure 2) They are not uncommon



as the cause of monogenic diseases.?28 A genetic disease is monogenic when it is caused
by a reduction, or loss, of function in a single gene. This type of diseases will typically
have Mendelian inheritance, with offspring either being affected, carrying the disease, or be
unaffected. These will typically be high penetrance diseases, due to the variant alone having
a significant impact on phenotype. However, in most cases having one functional copy of a
gene will be enough for a variant caused disease to be recessive, even with high penetrance.
Penetrance is dependent on how certain it is that a particular genotype causes a particular
phenotype.??) Another way to look at penetrance of a variant is as that variant being a risk
factor which increases the risk for a disease. If a particular genotype appears to cause disease
in some individuals, but not in others, it might have a moderate or low penetrance, where the
outcome is dependent on other factors as well. With moderate to low penetrance variants in
monogenic disease, it may be more ambiguous how offspring is affected, but they will still be
carriers if the variant is inherited. Other factors contributing to a monogenic disease, can be
both environmental and genetic. In the case of contributing genetic factors, the disease is still
monogenic in root cause, with the effects being exacerbated or reduced by other variants. 3!
Although, in the case of LoF caused dominant disease, one defective gene copy is enough to
cause the disorder, a phenomenon referred to as haploinsufficiency. ®! In such cases, the one

functioning gene copy is insufficient to produce the wild-type phenotype.

There are many well-known monogenic diseases, such as sickle cell disease or Huntington’s
disease. Huntington’s in particular is a good example of varying penetrance. The disease
is caused by a single faulty HT'T gene copy, with a homozygote being non-viable. A repeat
of CAG trinucleotide, leading to a polyglutamine addition to the protein, is the underlying
mechanism for the disease. The number of CAG repeats is variable and with higher number
more likely to cause disease.’? A moderate number of CAG trinucleotide repeats have a
medium penetrance for the disease, with some individuals developing disease while others do
not. At a medium penetrance it is clear that even though the disease has a monogenic root,
with mutation of the HTT gene being required, there are other contributing factors to the

progression of the disease as well. %%

In contrast, complex traits or diseases do not have clear patterns of inheritance.® In these
cases no single gene or variant is the root cause of a disease, but rather certain combinations
cause the disease. Many of the most common disease types, such as heart disease, immune
disorders, and psychiatric disorders, are typically rooted in complex genetic disorders. With
complex diseases, heterogeneity is common.®® This is when a disease has multiple distinct

root causes. In genetic terms this means different genotypes give rise to the same or a similar



phenotype. A disease may have a monogenic cause, due to rare high penetrance variants, or
a polygenic root, where multiple variants each carry a risk that accumulate. 8! For example,
heart diseases may be caused in a monogenic manner through rare variants, but usually occur

as complex disorders with multiple factors. 37!

2.3 Genome-wide Association Studies

One important question when it comes to disease causing variants, is how to identify them. In
the case of rare variants causing obvious symptoms, case studies might be used to identify the
root cause through sequencing for those variants. 8! However, perhaps the most prominent
tool disease causing variant discovery is the Genome-wide association study, which aims at
identifying loci which are correlated with disease though the use of statistics.[ If a loci
differs significantly between a case group and a control group, the studied loci might have an
influence on that case. While this has been successful at discovering many associated with
various phenotypes, the predictability of the discoveries has been proven to be rather limited
than first thought in the early days of GWAS. [ Instead of the underlying cause of a disease
being high effect variants, many diseases have been shown to instead be best explained by
many low impact variants. GWAS identified variants also tend to be regulatory in nature,
with most being located outside the coding regions, sometimes without it being clear which
genes they are linked to. The regulatory influence might also be subject to cell-type, with

certain cell types being affected more than others. **!

Another consideration are the mechanisms behind the perceived effects. If it is not even clear
which gene a variant is linked to, it is obviously not straight forward how the variant causes
its effect. However, even when the gene is known, the underlying mechanism might not be
easily discernible. Functional genomics seeks to shed more light on the specific biological
effects underlying the associations uncovered by GWAS. ! To highlight this need, Boyle, Li,
and Pritchard 4 made the point that, with ever increasing cohort sizes for GWAS studies
it is, through the interconnectedness of the regulatory networks, likely that more and more
loci will be implicated to disease, with smaller and smaller effect sizes. This will get to a
point where, in cells associated with a disease, every locus associated with a gene expressed
in those cells, will be implicated with the given disease. This points to the possibility of
GWAS reaching a limit of sorts, where heaps of variants are implicated through genes with

no direct effect on disease.

To get a better understanding of direct effects of variants, a more functional approach is



needed. [*142] These approaches promises to uncover mechanisms behind the variants disease
association such as functional network studies. Another limitation of GWAS which may be
alleviated through more functional approaches is the problem of epistasis effects.*3 While
detection of these gene-gene effects has improved considerably, there are still difficulties
surrounding it. To this end, the aforementioned network approach can be useful, as it
allows for uncovering cases where effects might be masked or aggravated based on gene

relation. 44

Another method that has come out of the GWAS approach for discovering disease associated
variants is the phenome-wide association study (PheWAS). 546l This approach uses electronic
medical records (EMRs) or other richly phenotyped data sets, in which genome data is linked
to phenotype data (medical data), to perform a sort of reverse GWAS. In essence, for a given
genotype, the range of associated clinical phenotypes are determined. Compared to GWAS,
where a disease is linked to a wide range of variants, the PheWAS approach can say something
about the range of diseases a given variant is associated with. Additionally, phecodes are used
to group genetic variants to certain phenotypes with specific phecodes representing clinically
meaningful phenotypes.*” This makes it easy to identify a set of variants, and associated

genes, for investigating a specific disease or phenotype.

2.4 Individual Genomes and Personalized Medicine

Personalized medicine seeks to tailor treatments for each individual based on a variety of fac-
tors, including their genome. (Figure 4) With complex, heterogenic, diseases being common,
it is clear that more research into rare functional variants would be useful to this end. "
Especially as GWAS is better at identifying common variants, with rare, high impact, vari-
ants being more challenging to pinpoint.*? As whole-genome sequencing is becoming more
common, more rare variants with potential disease impacts are discovered. %51 As previously
stated, common disease might have uncommon causes in that different individuals have differ-
ent underlying genetic causes. Diseases like diabetes and cardiovascular have many hundreds
of implicated genes and associated variants, each individually or even collectively having lit-

[52]

tle predictive power.®* In addition, due to every individual having unique combinations of

variants, with potential epistasis effects governing the genotype to phenotype relationships,

[53]

the risk contribution of any one variant will vary.!>?! If use of individual genomes in person-

alized medicine is to be achieved at a high level, not only will knowledge of the general risk
contributed by a variant be necessary, but also how the impact of that variant is modulated

[30]

by other variants that individual might carry.'”” Knowing the exact underlying mechanisms,

10
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Figure 4: (Modified from J. Barbeau. ") Top: Current common medicine where one treatment
fits all. This can lead to patent groups getting no benefit from a treatment, or even cause adverse
effects. Bottom: With personalized medicine, different patients may get treatments tailored to their
specific circumstances, producing an optimal treatment outcome for the individual.

including variant interactions, in an individual can help with selecting effective treatments for
a given disease. (Figure 4) Additionally, better knowledge of which mechanisms exist, could
help identification of targets for drug development. "% A deeper mechanistic understanding
could also allow for drugs which would have otherwise been discarded due to negative effects.
For example, if a drug targets protein in a given pathway, and an individual happen to have
a LoF variant in that pathway as well, there could be adverse effects. (Figure 4) If such
cases can be predicted, an adverse effects due to rare variants could be avoided, as well as

additional drugs that would otherwise be discarded, might instead be put to use. [0

To get a deeper understanding of individual genomics, having whole-genome data available for

studying is necessary. One such important source of whole-genome data for a large number of

11



individuals is the 1000 Genome Project.['*58 This data enables researchers to study genetic
biallelic variants of the whole genome from several thousand people, from multiple population
groups. In this data set, more than 86 million variants have been identified including their
haplotype for different individuals. As a result, unique variant combinations, including their
haplotype, existing in real people, can be used for research. One downside, however, is the
lack of phenotype data, which is not readily available for the available genotypes. However,
many SNPs do already have direct phenotype associations through different sources, for
example ClinVar.® Additionally, affected genes that are studied might also have existing
literature on their functioning and disease. Even if the variants being studied are not the

same, the end result of them might be the same or similar.

2.5 Metabolic Modeling

Models are valuable tools for getting a deeper understanding of functional genomics. There
are different types of models, with the two main ones being regulatory networks, and metabolic
models. Particularly the metabolic models have been extensively built into Genome-scale
metabolic models (GEMs) for multi omics data analyses.[%) Metabolism is an integral part
of our biological functioning, and many inherited diseases are metabolic in nature.®! This
could be due to the body not being able to produce metabolites necessary for normal function.
Or alternatively, it could be a buildup of intermediate metabolites that the body struggles to
deal with, or even a combination of the two. The root cause of such issues is often a protein
not being expressed, or a LoF mutation, reducing the function of a protein through primary

structure change. 2362

The newest GEM for humans is the Humanl by Robinson et. al.ll To create this model,
previous parallel modelling efforts in the Recon and Human Metabolic Reaction series, were
unified, including incorporation of new research. This resulted in a model of 13,417 reactions,
4,164 unique metabolites, 10,138 total, and 3,625 genes. This is a generalized model of all
metabolic functions possible within a human, and as such this model alone will likely have
properties that is not possible in a human due to tissues being specialized. To generate
context-specific models, Task-driven Integrative Network Inference for Tissues (tINIT) 6% was
used with Genotype-Tissue Expression (GTEx)04 data. (Figure 5) As the name suggests,
tINIT uses (essential) metabolic tasks to validate the model. The concept of these tasks is
explored in detail in section 2.7. For now, these tasks represent specific metabolic functions,
and in the case of generating tissue specific models, tasks considered essential are used to

validate the model. Because they are considered essential, the tissue specific models must be
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Figure 5: (Modified from J. L. Robinson et. al.l%l) First the generic Humanl metabolic model
is used to generate cell specific models through tINIT. tINIT uses RNA-Seq profiles, for example
GTEx data, to determine which genes are active in which tissues. Additionally, a number of basic
(essential) metabolic tasks are used to ensure the created models have certain essential capabilities.
Essential genes for the different tissues are then predicted through the use of essential metabolic
tasks, which are also used to validate the models. Different cell types may utilize different genes to
accomplish the same task. Not shown here is validation of predictions through CRISPR knockout
screens.

able to perform them. One important aspect of these essential tasks is that they allow for a
more in dept analysis of essential genes, as any single gene, that when knocked out, causes

an essential task to fail, can be considered essential. [6%!

2.6 Flux Balance Analysis

Flux balance analysis is a method of analyzing a network, where flow through the network
is calculated.!® It works by treating the network as a mathematical problem and finding the
solution that maximizes the flux through an objective reaction. The system is constrained
through reactions having a maximum allowed flux, which in turn makes the solution space
finite. The analysis then balances, or distributes, flux on various reactions with the propose of
maximizing the flux through the objective reaction. (Figure 7A) It is commonly used to study
GEMs. When using a GEM, the objective is typically a biomass producing pseudo-reaction,
which consumes various metabolites and turns them into a pseudo-metabolite representing
biomass. The biomass metabolite represents all metabolites which the cell either needs to

get from the environment, or produce from other metabolites it absorbs, in order to grow or
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maintain itself. 66

The accuracy of the flux predictions to real organisms is dependent on the constraints imposed
on the model. The reactions’ flux limits will always be constrained to a certain point, typically
an arbitrary number, as well as whether they are reversible or not. When they are constrained
with arbitrary (large) values, the model is said to be in an unbound state. In this unbound
setup the models are most useful for purely network-based analyses as it cannot give fluxes

that are in any way representative of real fluxes. (¢!

With humans, or other multi-cellular organisms, properly constrained GEMs are not easy
to produce. ¥ This is due to humans having multiple tissues, each with their unique model,
requiring unique constrains in behavior and in quantity of resources available. Getting the
data required for this is incredibly difficult, particularly as human cells do not do well outside
the human body. GTEx data and other data sets are available for determining which genes
are active in different tissues, but it does not place uptake constraints on the model. Uptakes
are generally important flux constraints for constricting a model, as they determine the
resources available. This allows for the study of how the behavior of a model changes when

different resources are available.

On exception for human cells is various cancer cell-lines, which have been thoroughly stud-
ied in wvitro. Detailed data on different cell lines have been used to create more constrained
models, including enzyme constrained models. %! (Figure 6) These enzyme constrained mod-
els have enzymes added as a pseudo-metabolite which is used in reactions, thus putting
constraints on how much flux a reaction can have. The constraint is based on enzyme abun-
dance and turnover, and was in the case of Humanl, implemented using GECKO. [ These
models are internally restricted, which can be useful for various analyses, especially growth
prediction. However, when uptake measurements are available, these internal constraints are

less useful. (Figure 6)

A common use of FBA is knockout analysis, where genes are selectively or systematically
knocked-out. (Figure 7B) Such an analysis will give varying results depending on the ob-
jective and the knocked-out genes relation to the objective. In some cases, there might be
no change in outcome. This could be due to redundancy in the genes function, or it is not
directly involved in producing flux through the objective. Alternatively, there might be a
reduction in objective solution compared to non-perturbed solution. In this case the system
is forced to abandon certain pathways, or use alternative, less optimal pathways, to maximize

the objective. Finally, the knockout might cause complete breakdown and reduce the solution
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Figure 6: (Modified from J. L. Robinson et. al.[%) Predicted growth versus added constraints in
two set of GEMs. Light blue represents a group of enzyme constrained cancer GEMs. Dark blue
are the same GEMs, but unbounded, with the exception of the listed constraints. Boxes represent
error rate, with unbound being unquantifiable. Media indicates uptakes were restricted to only
nutrients available in Ham’s medium, which is used to grow cancer cells. In addition, glucose,
lactate, and threonine had measured exchange rates cumulatively added to them. Threonine is one
of the essential amino acids, and had its uptake restricted to measured levels. and is alone enough
to restrict growth as it is needed in ratio with the other amino acids for protein production. It
is clear that cumulative constraints of certain select metabolites can bring an otherwise unbound
model to the same growth prediction as an enzyme constrained model.
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to zero. In this case, the system has no way of producing flux through the objective reaction.
A gene that when knocked out causes a solution of zero might be considered essential if the

objective represents an essential function.

Indeed, flux balance analysis lends itself well to the identification of essential genes.% A
gene is considered essential when loss of its function renders the organism nonviable. " In
FBA this means when the flux of the objective approaches zero, or deviates sufficiently from
optimal, given that the objective can be considered essential. For example, if the typical
objective of growth is used, then a gene knockout that produced zero as solution can be
considered essential. If that knockout were to occur in the organism, the organism would be

non-viable as it cannot grow.

There is also the possibility of uncovering synthetic lethality, which is when a combination of
two or more gene knockouts causes cell death, but neither individual knockout is lethal nor
essential.[®] This could happen when two genes represent redundant functionality of each
other, producing genetic robustness. If they both function in the same metabolic pathway,
that pathway may still function with only a single gene knocked out, but with two genes

knocked out, it will break down completely.

Related to FBA is the flux variability analysis (FVA). %) In this analysis one or more reactions
are looked at for their ability to vary without changing the objective flux. Essentially, the
found solution is not necessarily unique, and there may be a larger solution space that still
supports the optimal objective flux. In a knockout analysis, FVA can be used to determine
changes to the solution space, even when the objective flux has not changed, which can be

useful for investigating underlying issues not directly influencing the objective.

2.7 Metabolic Tasks

Metabolic tasks represents specific metabolic functions, and are used to produce context-
specific models. 93 When producing tissue specific models it is important that the resulting
model is capable of certain functions which are known to occur in that tissue. There are
also a number of metabolic functions that can be considered essential to the functioning of
a human cell, with few exceptions, which the model must be capable of. Knockout of genes
which cause failure of these functions may not always be detected through common biomass
optimized FBA. (Figure 8B) This is due to not all essential functions being directly related to
growth. Although, biomass production was included in the 57 basic metabolic tasks used to

generate tissue-specific models, which means growth cannot be zero without at least one task
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Figure 7: (Modified from D. Segre et. al. [9}) A simple model for visualization purposes. Reactions
are represented by arrows, while metabolites are represented by letters other than R. The thickness
of an arrow visualizes flux, which is also shown as a number on the arrows. (A) Optimal solution
found by FBA, with the objective reaction Rg being maximized, and input reactions R; and Rs
capped at 10. In this case the optimal solution is 20. (B) In this case reaction R4 has been knocked
out and can no longer be used by the model. The reason behind this could be a LoF mutation in
the gene that codes for the protein that catalyzes Ry4. The new optimal solution for the model is
now a reduction to 10, with the previous restriction for Ry still being 10. In this case, alternative
possibilities for the same outcome as a knockout of Ry is if the metabolite E is no longer available
or reactions Ry or Ry is knocked out. What is apparent is that no single knockout of an internal
reaction is enough to bring the solution to zero. A combination of at least two knockouts is needed,
for example Ry and Ry;. This shows that the model has a robustness to it, as it can sustain some
damage without breaking completely.
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failure when using that task set. Due to model differences, different models have different
genes considered essential to perform these functions. (Figure 5, 8A) Indeed, knockout of

the same gene can cause a task to fail in certain tissues, but not in others.

A Task Knocked out gene/protein Task Failure
Liver Heart Brain Muscle Lung Blood
FAD synthesis from riboflavin GLDC . ‘ . . ‘ ‘
Inositol uptake SUCLG1 . . . ‘ . ‘
Beta oxidation of unsaturated fatty acid (n-9) ACOX1 . ‘ ‘ . . .
Aerobic rephosphorylation of ATP from glucose =~ COX6A2 . . . . . ‘

Solution space

Obj. sol. 90 84 90 80

000-
0000-

Figure 8: (A) Examples of task results with specific gene knockouts for different tissues. Green
is pass; red is failure. With certain knockouts some tissues pass a specific task, while others fail.
As a result of this, a gene which is essential in one tissue, is nonessential in another. (B) Different
possible solution categories for running FBA with a number of tasks. For each column a different
gene (-combination) was knocked out and run through FBA. If only essential tasks are used, it is
enough that any one task fails for the cell to be considered non-viable. This gives six possible result
categories. For the tasks, either any one task fails, or all passes. For the objective solution, it is
either max, 90 in this case, reduced, or at zero.

Usually, the solver will be free to add or remove metabolites in the extracellular environment
however it finds optimally. In this state the model is said to be open. However, when checking
if the model is capable of performing specific functions, functions it might not otherwise use
during FBA, the model is put in a closed format. When FBA is performed, only specific
metabolites will be allowed in or out of the system. (Figure 9) The cell will in most cases
need to extract or expel the metabolites from and to the extracellular environment, although,
in some tasks, metabolites will be available for addition or removal directly from cytosol or
organelles. This allows for testing the production of a metabolite without requiring the cell

to be able to excrete it. Some, but not all, of the tasks also have a reaction that get added
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Figure 9: Two metabolic task examples: One with an added metabolic reaction (A) and one
without (B). In this case, as both tasks are considered essential to most cells, failure means the
model cell is non-viable. (A) The essential metabolic function of aerobic phosphorylation of ATP
from glucose and oxygen. In this task only glucose and oxygen can be consumed by the system,
and only water and carbon dioxide can be removed from the system. In addition, a reaction for
consumption of ATP, with a minimum flux of 1, is added. This forces the model to produce ATP
from only inputs of glucose and oxygen. The added reaction ensures that there is mass balance
as all additional metabolites consumed to produce ATP will be released in the added reaction,
essentially creating a circle of ATP production and degradation, fueled by glucose and oxygen.
Because only carbon dioxide and water is allowed to exit, complete aerobic breakdown is necessary
to achieve the required flux. (B) Cholesterol de novo synthesis. In this essential metabolic task,
the model is tasked with producing cholesterol, using only glucose and oxygen as inputs. The only
allowed outputs are cholesterol, carbon dioxide and water. In this task there is no added metabolic
reaction. Instead, the model will produce cholesterol and an added sink reaction will remove it
directly from cytosol. The purpose of this task is to check whether cholesterol can be produced,
and not necessarily if it can be excreted as well. This reaction does have minimum flux of 1, forcing
cholesterol production.

to the system. The purpose of adding a metabolic reaction when it is done, is to allow for
stoichiometric balance when performing FBA on the model. A minimum of one input or
output, or the reaction, will have a minimum flux associated with them. This forces the
model to handle that flux, and if it cannot, it is unsolvable, as it will have no valid solution.

The major benefit of utilizing these tasks is that they add additional constraints without
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Figure 10: General overview of the approach taken. Variant data is collected and filtered for
(potentially) deleterious SNPs. These SNPs as well as individual data or otherwise associated
SNPs are used to produce gene combinations for use as knockouts in modeling. Any damaging
combinations that are found may be used to predict effects in individuals.

needing detailed exchange and/or enzyme data. As a downside, each task requires a separate
FBA run. An alternative approach might be to select a certain reaction as the objective and
require a minimum flux, but this has the downside of not having specified allowed inputs and
outputs. In such a scenario the system might simply take in a metabolite it would otherwise
not be able to produce, or alternatively excrete a metabolite it is otherwise not able to break

down.

3 Methods

3.1 Overview

To achieve the goal of using variation/SNP data in metabolic modelling a pipeline was con-
structed. (Figure 10) This pipeline takes in SNP data, filters it, then uses chosen data to
perform FBA with deletions of affected genes. (Figure 11) Everything has been coded in
Python and the pipeline has been constructed in a modular way, allowing for easy change of
input data and metabolic model. The pipeline has two slightly different modes of function

depending on whether general or individual data is used.

As reference genome data, this project used was from Ensembl, specifically all exons from
GRCh38.p13.1" No alternative scaffolds were included. Only 'Ensembl Canonical’ tran-

scripts for protein coding genes were included. The genome data was filtered to include only
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Figure 11: A more detailed overview of the pipeline, and the data and inputs used. The SNPs
are divided and filtered based on gene location and effect. A list of genes present in the model is
also used to filter the SNPs. Nonsense and missense SNPs are used for gene knockout combinations.
Not shown is the use of Phe WAS combinations for knockouts. Optionally the combinations can be
filtered for essential genes they may contain when running FBA. FBA is run on Humanl tissue
specific models. Included in this, and also optional, is the use of metabolic tasks. Any non-optimal
results may then be further investigated for the details as to why the result is non-optimal.
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genes also present in the model. The general SNP data used was form the PheWAS cata-
logue[* which was used to generate gene combinations for knockout grouped by phecodes.
As for the individual variant data used, it was from 2548 individuals of the 1000 Genomes

[13.58] Relevant SNPs were extracted and used to generate gene combinations for

Project.
knockout based on individual samples. These were SNPs thought to have a higher proba-
bility of causing LoF, and this included premature stop codons, but also start codon loss,
and loss of WT stop codon. This group of SNPs will be generally referred to as start/stop
SNPs in the remaining text. Distinctions between homozygote and heterozygote SNPs was
also used in generating gene combinations for individuals. The combinations were then used
for knockout FBA, including a number of tasks, on a variety of tissues. In general, the pri-
mary emphasis of the project was on the use of individual data. PheWAS data was included

primarily as a showcase for an alternative use of the developed method.

The model used for this project was Human1 version 1.10.0. Specifically, a number of tissue
specific models created and published by Robinson et al. using tINIT and GTEx data.l® A
set of 57 metabolic tasks considered essential was used with tINIT to produce these models.
These tasks were also used when performing knockout analysis in this project. They are
considered essential in that the function they test is considered essential to the viability of
human cells, with few exceptions. However, the nine tasks pertaining to essential amino acid
uptake were not included. The reasoning behind this being that they were not found to
ever fail, and thus to save time, were excluded. An additional set of nonessential tasks was
also included after being tailored for each different tissue due to their different capabilities.
Additionally, considering that many results were expected to be reoccurring in most tissues,
not all 30 GTEx tissue models were used for FBA. Instead, 15 of them, in part arbitrarily
but including all major organs, were selected. (Table 1) Again this was to save time on FBA,
as 15 models, including major organs were considered to provide wide enough coverage for
the purposes of this project. However, for some analyses that did not include FBA, all 30

tissue models were included.

Additional analyses, as well as more detail on the pipeline as a whole is presented in the
two sections below. A number of data files is included in the supplementary data folder. All
code is available at https://github.com/SigveLan/Master. In the Github repository the
main 'README’ file will contain details on how to use the code produced. This includes
which specific scripts or functions are used at each step. Specific sections of the README
will be referenced below as to point to the exact code used. Additionally, the code is generally

commented with a main comment of what the script or function does, as well as comments
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Table 1: The 15 GTEx tissue models used for FBA.

Tissue

Adipose Tissue
Adrenal Gland
Blood

Brain

Heart

Kidney

Liver

Lung

Muscle

Nerve
Pancreas
Pituitary

Skin

Spleen
Thyroid

highlighting settings that can be used, and in some cases, the functioning of the code.

3.2 SNP Filter
3.2.1 SNP Assessment Pipeline

This pipeline takes in lists of SNPs and assesses them based on location and effect. The two
methods used in this project is outlined in the sections below, although any list of SNPs with
the correct format may be used. The pipeline does support multiple transcripts for each gene,
as well as non-protein coding genes/transcripts. To save time and computing resources, the
genome data is first filtered by the genes in the metabolic model used for the modeling part.
This significantly reduced the amount of genome data the program has to look through. First,
the locations of the SNPs are cross referenced with genome data, which divides the SNPs
into three categories, depending on location. (Figure 12) First, SNPs inside a gene region,
but not inside a transcript. Second, SNPs inside a transcript, but not in a protein coding
section. And finally, SNPs inside the protein coding part of the transcript. SNPs in the latter
category is then evaluated for any potential effect they may have on the protein, primarily
amino acid sequence change. To do this the coding sequence is translated. Evaluated SNPs

are here divided into two categories, synonymous and missense SNPs. Included in the output
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for the missense SNPs is the amino acid change, the position of the affected amino acid, and
finally the total length of the protein. This step is accomplish by running a single script as
described in the Github README under 'Running the SNP filter’.

2479811 G/A
2508738 C/T
2509962 G/A
2510329 C/T
2519880 G/C
6221634 T/C
6532055 T/C
8949347 C/T

Raw SNP
data

R R R R RR R R

Noncoding 1 2509962 G/A ENSG00000002
SNPs 1 2510329 C/T ENSGO0000002

SNPs in

1 2508738 C/T ENSGO00000002 | ENST00000007

transcript -
1 6221634 T/C ENSG00000003 | ENSTO0000012

noncoding

SNPs in Coding 1 2479811 G/A ENSG00000001 | ENSTOO000008 | ENSE00000022
1 2519880 G/C ENSG00000002 | ENST00000007 | ENSEO0000025
1 6221634 T/C ENSG00000003 | ENST0O0000013 | ENSE00000023

1 6532055 T/C ENSG00000005 | ENST00000014 | ENSE00000023

1 8949347 C/T ENSGO00000004 | ENST00000010 | ENSEO0000027
Synonymous 1 6221634 T/C ENSG00000003 | ENST00000013 | ENSE00000023
SNPs 1 6532055 T/C ENSG00000005 | ENST00000014 | ENSE00000023

1 2479811 G/A ENSG00000001 | ENSTO0000008 | ENSEO0000022 | D/N [117 | 1416
Missense SNPs 1 2519880 G/C ENSG00000002 | ENSTO0000007 | ENSEO0000025 | Y/_ | 258 | 773

1 8949347 C/T ENSGO0000004 | ENSTO0000010 | ENSEO0000027 | T/M | 55 | 308

Figure 12: Details of how the SNP filter functions, including output examples. The raw SNP
data should be a long list where each SNP has a chromosome, position, and base change listed. Not
shown here is the SNP ids, such as a rsIDs if they are available. Raw data is divided into three
categories (files) depending on location. All SNPs that are found to be within a gene have the
relevant Ensembl gene ID added. For the 'SNPs in transcript - noncoding’ and "SNPs in coding’ the
relevant transcript 1D is added. If there are multiple transcripts, they will be added as a list. SNPs
in coding also have their exon ID added. Exons are typically not overlapping, but if they are the
SNP will get listed multiple times for the different transcripts, they will also have to be in. SNPs
located within coding regions are then further scrutinized. The relevant codon the SNP is affecting
is acquired and translated. If there is no change in amino acid, the SNP is synonymous and no
further information is added. If the SNP is found to change the amino acid, that information is also
added. Additionally, the position of the changed amino acid is included, as well as the total length
of the protein. If a SNP is affecting multiple transcripts it will at shis point get listed multiple
times, along with the potentially different amino acid and position data. The use of the SNP filter
is described in the Github README under ’'Running the SNP filter’.

Due to SNP lists potentially being quite large, multiprocessing has been implemented for the
first step to increase filter speed. Exon sequence data was chosen because they are used in

multiple transcripts, thus there would not be large amounts of overlapping genome data to
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process. However, this only manifest itself if multiple transcripts are used, and even then, it
might not matter much due to only genes of the model being used, substantially reducing the
sequence data amount. One quirk of these exons is that a few have multiple coding start or
end points depending on if it is the first or last exon in the transcript. To resolve this issue,
the coding point that made the exon, and subsequent transcript, the largest, was chosen.
The missense output also includes as ’score’, with there being a scoring function in the code.
The purpose of this was to eventually add a function to score the missense SNP based on
how likely it was that it caused a deleterious change in the protein. As an addition to the
scoring, there is an option for translating the whole amino acid sequence for the proteins.
While this functionality opens up possibilities of future expansion, they have not been used

to produce any results at this time.

3.2.2 VCF Extraction and Individual Data and Combinations

To extract relevant SNPs from the 1000 Genomes data, two scripts for reading data from
variant call format (VCF) files were developed. The first script extracts all SNPs by fil-
tering them based on which SNPs are located within the genes of the model. (Figure 13)
The VCF data is divided into chromosomes and one SNP list file is produced for each of
them. This extraction also has the option of dividing the SNPs for each chromosome into
multiple files if necessary due to limited computer resources, as this process can be RAM
intensive. However, for the 1000 Genomes data this was not necessary. The second script
is to be used after running the SNP filter. Then selected SNPs are used to extract which
samples contain them, and whether they are hetero- or homozygote for the SNP. In this
project only missense SNPs were used for this. The individual data generated can then
be used to produce gene combinations for each individual/sample. Included in here is the
option of using only homozygotes, heterozygotes or both, as well as further filtering of the
SNPs. SNPs can be filtered by any attributed included in the SNP filter results. In this
project primarily start/stop SNPs were used, although the use of all missense SNPs was also
included as a showcase. The resulting gene combinations can then be used knockout FBA. If
several combinations are found to be identical, they are combined into one combination that
represents multiple samples, which prevents overlapping FBA runs. The concrete use of this
VCF extraction and individual combination generation pipeline is described in the Github
README under 'VCF extraction’.
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. SNP Filter:

‘ SNP comblne -

Chr1 pos var l

pos var 1173931  G/A Variant Gene HG00268 HG00269 HG00270 HG00272

1173931  G/A 1173935 C/G SNP1 Genel O 1 2 1

1173935  C/G 1173939  G/A Get Individual SNP2 Gene2 1 1 0 1

1173939  G/A 1173965 G/C Data SNP3 Gene2 1 2 0 0

1173965 G/C 215055 c/T SNP4 Gene3 O 1 2 1

215072 c/G

Chr2 215095 G/A

pos var 215188 G/A

215055 /T w Homozygote Heterozygote

Combinations Sample  Combination Sample  Combination

215095 G/A HG0O0268  NA HG00268  Gene2

215188 G/A HG00269  Gene2 HG00269  Genel, Gene2, Gene3
HG00270 Genel, Gene3 HG00270 Genel, Gene3
HG00272 NA HG00272 Genel, Gene2, Gene3

Figure 13: Data flow for extracting individual SNP data from the 1000 Genomes Project. At the
first step SNPs are extracted from each VCF file, with each file being one chromosome. Applied
to this is the filtered exon genome data (same as first step of the SNP filter) to get only SNPs
that are in the genes of the model. This step also has the option of creating multiple files for each
chromosome. Then the extracted SNPs are combined into a single file for ease of use. The extracted
SNPs are then run through the SNP filter. The resulting missense SNPs are then used together
with the original VCF files to produce individual allele data. Zero means SNP not present, 1 means
one copy, and two means the sample is biallelic for the given SNP. Included in this data but not
shown is the full SNP data as provided by the filter. This step can also use other SNP filter results
than the missense SNPs. Next individual gene combinations are produced for use in knockout
FBA. There are several options here, such as which SNPs to use, and whether the samples should
be homozygote or heterozygote. In this case homozygote samples were also used in heterozygote
combinations, but that can be adjusted. SNPs are filtered by their properties. The use of the VCF
extraction and individual combination generation pipeline is described in the Github README
under "VCF extraction’.

3.2.3 PheWAS Data and Combinations

The extraction and combination generation for PheWAS data is similar to that of individual
data. A cleaned-up list that contained only the SNP data was first produced from the
phewas-catalogue. (Figure 14) The SNPs are then filter through the SNP filter. Selected
SNP outputs, is then used to create combinations of given sizes, based on phecodes. The
phecodes are extracted from the phewas-catalogue. Due to the small number of SNPs, options
for use of additional SNP filter outputs beyond missense SNPs was added, and used in this
project. Specifically, all SNPs were used even if they were not in the coding region or were
synonymous. All SNPs found for a given phecode will be included in the gene combinations set

for that phecode. The size of the set can be specified. In this project a combination size of 2
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was primarily used. Due to generation of larger combinations being slow, multiprocessing was
implemented. These gene combinations can then be used for knockout FBA. The processing
of PheWAS SNPs to gene combinations is described in the Github README under 'Phe WAS
extraction’. A general approach nearly identical to PheWAS, but that only has a simple list
of SNPs, was also included. This approach does not rely on phecodes, but rather uses the
whole SNP list given to generate combinations. No combinations generated in this manner
was used to produce results. Description of this process is listed in the Github README

under 'Combination preparation using general SNP data’.

PheWAS ‘ Clean SNP ‘ SNP Filter:
Catalogue List All SNPs

pos var
1173931 G/A
1173935 C/G

1173939 G/A Phecode Based
1173965 G/C Combinations
215055 c/T

Double Combinations

Phecode Combination SNPs

290.0 Genel, Gene2 SNP1;SNP2
215072 C/G 290.1 Gene2, Gene3 SNP1;SNP2, SNP1;SNP3
215095 G/A 291.0 Genel, Gene3 SNP3;SNP4
215188 G/A 300.0 Gene4, Gene5 SNP5;SNP6

Figure 14: First a clean list of SNPs needs to be created from the PheWAS-catalogue. This
list is then run through the SNP filter. In this case all SNPs found to be within a model gene
were used, due to the low number of SNPs in total. Finally, combinations are generated based on
all SNPs listed for a given phecode. The size of the combinations is adjustable. In some cases,
multiple SNP combinations led to the same gene combinations, all of which were included. The
processing of PheWAS SNPs to gene combinations is described in the Github README under
"PheWAS extraction’.

3.3 Metabolic Modeling
3.3.1 Context-Specific and Task Configured Model Preparation

These models were converted to Cobra compatible versions!™ from Raven version(™ in
MATLAB using Raven. Additionally, the use of metabolic tasks was previously only available
in MATLAB through RAVEN, but was implemented in Python for the purposes of this
project. This was to allow for easier use of multiprocessing, and easier use in general, when
utilizing metabolic tasks for knockout analysis. Because metabolic models are set up slightly
differently in Cobra compared to RAVEN, a process to emulate the RAVEN setup was

developed. (Figure 15) Models in Cobra are in an open format, but to utilize metabolic tasks,
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a closed format is needed. To produce models in a closed format, boundary metabolites
were added to all exchange reactions. This prevents the model from adding or removing
any extracellular metabolite. Then, for any given metabolic task, exchange reactions with
constraints were added for all given metabolites. This ensures the model is only able to
exchange metabolites as dictated by the task. Support for one special case was also added,
the "ALLMETSIN” keyword, which when placed as an input or output, dictates that all
exchange metabolites be allowed into or out of the model respectively. As an example, this is
used for the "Growth on Ham’s media essential task” as an output, which allows the model
to output any metabolite it would have been able to output in an open format. The inputs
are however restricted to certain metabolites, based on Ham’s media. Comparisons with
MATLAB results were made to validate the correct functioning of the metabolic tasks. The
process of reading in tasks and producing bound models for their use in FBA is described in

the Github README under 'Task Functions’.

3.3.2 Preparation of Additional Metabolic Tasks

Additionally, an expanded, but heavily filtered list of 256 additional metabolic tasks were
used for knockout analysis, also from Robinson et al.[6 (Figure 16) The original 256 tasks also
included a number of tasks that were already represented in the essential tasks list. These
were removed as to not have any overlap that would create unnecessary clutter and FBA
runs. The resulting list of tasks are not considered essential, and in general, any given tissue
will not be capable of performing all of them. Nevertheless, if a knockout causes a previously
functioning metabolic function in a tissue to fail, it could be indicative of a problem. The full
list also included tasks that were supposed to fail, which have also not been included here.
Those tasks exist to check whether a model behaves as it should, without abnormal metabolic
functions that should not be possible. Performing knockout would not induce such behaviors
and as such these tasks are unnecessary for this project. Additionally, one task, ’storage of
glucose in glycogen’, had attributes that were not supported, and was thus removed. The
final filtering was done on a tissue-by-tissue basis, with the first step in creating a tissue
specific list being whether the metabolites for a task was present in the tissue. Not all tissue
models had the metabolites required for a given task, and thus were not included for that
tissue. The next step was to determine which tasks each model could pass in an unperturbed
state. All tasks were run on all tissue models. Any task that failed was removed for that
model. The resulting lists of tasks were then used in knockout analysis in the same manner

as the essential tasks. The process of generating the additional task lists is described in the
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Figure 15: The model in its standard configuration and task ready configuration. To configure
the model for use of metabolic tasks, boundary metabolites were added, preventing the model from
exchanging any extracellular metabolite at will. Then when a task is implemented, exchanges for
the specified metabolites are added. The added exchanges may be added for any environment of the
model, it can be directly to or from cytosol or the mitochondria. In this case an internal metabolic
reaction is also added, to test the functioning of the cell. The process of reading in tasks and
producing bound models for their use in FBA is described in the Github README under 'Task
Functions’.

Github README under ’Additional Task Lists Creation’.

Another possibility for use of metabolic tasks is if any additional checks are wanted, a task
can be set up for that specific purpose. Using the Metabolic Atlas® as a guide, one such
task was created for valine degradation. To check the whether the task behaved as expected,
a number of genes from in and around the pathway was used for knockout analysis. The task

in question is found in the supplementary data.
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Figure 16: A visual representation for the process of assessing additional metabolic tasks for use
in FBA, full list provided by Robinson et. al.lf) Additional Tasks: The full list of tasks, not
including essential tasks or task that were suppose to fail. Metabolites Not Present: Tissues
have varying capability in producing and absorbing metabolites. Some tissues will thus not be able
to perform certain tasks as they simply do not have the necessary metabolites available. Task
Failures: The tissue is not able to process the inputs to produce a specific output. Even if a tissue
has access to the necessary metabolites, it may not contain all the metabolic functions necessary
to perform the task. Successful Tasks: These are the tasks found to pass in the various tissues.
Due to the variance in tissue capabilities, separate files have been created for each studied tissue
model. The process of generating the additional task lists is described in the Github README
under ’Additional Task Lists Creation’.

3.3.3 Essential Genes

The definition for essential genes in this project has been set to any singular gene that when
knocked out causes any one essential task to fail. Through the task ’Growth on Ham’s media’
this includes any knockout that causes biomass production to be reduced to zero. Due to
differences in the models, they will not have all the same essential genes, and as such a
separate list is required for each tissue. RAVEN was used to acquire a list of essential genes

for each tissue. An alternative approach to generate a list beforehand, is to use Cobra to
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find all genes which when knocked out cause zero biomass production. In addition, for use
with FBA, analyses were also done on the number essential genes compared to total number
of genes for the different models. This was done to highlight tissue model differences, and
how they might impact SNP based FBA analysis.

One additional analysis that was undertaken surrounding essential genes and the individ-
ual genome data, was how different SNP categories were distributed between essential, and
nonessential genes of the generic Humanl model. The four categories were all missense
or start/stop SNPs, for both heterozygote and homozygote samples. Number of SNPs as
well as the percentage of SNPs in essential and nonessential genes for each category was

included.

3.3.4 Flux Balance Analysis

The FBA has been set up to allow for a few different options. Once the gene combinations
have been selected, there is the option for which models to use. As many tissues as available
can be selected, although, one should be aware of time requirements. Then there is the
option to filter the combinations of essential genes. That way, genes that are known to cause
non-optimal results will not mask any other results if they are present. If this is not selected,
the combinations will still be filtered by the genes that are actually present in the model. If
FBA is done with metabolic tasks, there is the option of which tasks to use. The primary
options here being universal essential tasks or tissue specific lists of non-essential tasks. In
addition, to allow proper system utilization, an option for number of CPU threads to use is
also available. Due to the use of 'simple FBA’” where only objective solutions are stored, the
RAM requirements are relatively low as well. The results produced contain the sample IDs for
individual genome data, or alternatively the phecode associated with the gene combination.
The objective solution is also included, as well as if any tasks failed, which is presented as
a list of 1’s and 0’s for passed or failed task respectively. Finally, the gene combination
used for that run is included. These results will then be printed to file on a tissue-by-tissue
basis. Included at the top is also a reference run, where the model was run unperturbed.
The process and options when performing FBA is described in the Github README under
"FBA’.

3.3.5 Result Processing

Once FBA output files have been produced, they can be filtered for non-optimal results.

Any extracted results with task failures can also be additionally processed to make it clear

31



Damagin, Getall
Sample with ‘ Sub- ‘ FBA ‘ Genge 8 Samples with Get all SNPs
damage combinations . gene or gene- for samples
Combinations .
combination

ENSG0000001 ENSG0000001

ENSG0000002 ENSG0000002 ENSG0000001 Sample 1 Sample 1
ENSG0000003 ENSG0000005 ENSG0000001 rs5553678
ENSG0000004 ENSG0000001 ENSG0000005 rs133378
ENSG0000005 ENSG0000003 ENSG0000001

ENSG0000006 ENSG0000006 Sample 2 Sample 2
ENSG0000007 ENSG0000001 ENSG0000001 rs6654234
ENSG0000008 ENSG0000004 ENSG0000005 rs133378
ENSG0000009

ENSG0000010 ENSG0000001

ENSGO00... ENSGOO00...

Figure 17: Process to find which genes caused a given FBA result out of a larger combination.
Then all samples carrying that gene or gene combination is identified. Finally, the underlying SNPs
that produced the gene combination is identified for each sample. Different samples may have
different SNPs giving rise to the same gene combination, additionally there may be multiple SNPs
for one gene in one sample. The result processing is described in the Github README under
"Result Processing’.

through the task description which tasks failed for which samples/combinations. The result
processing is described in the Github README under ’Result Processing’.

In many of the gene deletion combinations found to reduce the biomass output or cause any
task to fail, only a small subset or even a single gene, caused the apparent damage. To
uncover which specific genes or gene combinations were the cause of the FBA results, sub-
combinations of the initial combination were generated and used for FBA. (Figure 17) Finally,
the deletions found to cause the non-optimal results were tied back to specific SNPs. In the
case of individual data, this additionally included SNPs that were not originally selected
for, but are nevertheless present in the individual. For general/PheWAS data, this process
was not needed, as the combinations run were small, with generated combinations having a

maximum size of 5 genes, although primarily a combination size of two was used.

Once the specific SNPs had been identified, they were further looked at through Mutation-
Taster™ and ClinVar%. MutationTaster was used for checking the direct effects of the
SNP on the transcript, whether it might cause LoF or not. ClinVar on the other hand was
used to check if a specific SNP has been linked to any diseases. These checks were carried
out in order to help confirm whether or not the approach taken could be deemed successful

in predicting disease.
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3.3.6 Flux Variability Analysis

As a showcase, FVA was performed in order to get a better understanding of what specifically
was happening in the model with regards to a specific gene knockout. To help with this,
additional constraints were also applied as they were seen fit, in an attempt to prevent the
model from simply excreting intermediate metabolites. In part, this was done to get a better
understanding of model behavior in general, as well as help uncover exact effects of gene
knockouts. The process of using FVA and some other model exploration/testing is described
in the Github README under '"FVA and Model Exploration’.

4 Results and Analysis

4.1 The Models: Essential Genes and Metabolic Tasks

While the generic Humanl model contains 3625 genes, the 30 GTEx tissue models were
found to only contain a combined total of 3007 genes. This means that there are 623 genes
not present in any of the tissue models, and subsequently not used in any gene combination
knockouts. In general, it was found that the tissue models had a higher percentage of
essential genes, the fewer total genes the model had. (Figure 18) All the tissue models had
more essential genes than the generic Humanl model, which in comparison, had 234 essential
genes, equating to 6.5% of the genes. All specific genes, their Ensembl ID, and any specific

SNPs along with them, mentioned in the results section are listed in the Appendix: Table

A.

For the additional metabolic tasks, there were at total of 194 tasks added, with each individual
tissue getting around 182. Certain tissues had more, such as the liver with 189. While others
had fewer, such as blood with 176, and spleen with 178. The added tasks mostly overlapped

between the tissues, with 173 tasks being common to all 15 tissues this was done for.

4.2 Individual Genome Data

For the initial filtering of the 1000 Genomes individual data, 16.5 million SNPs were found
to be within the genes found in the generic Humanl model. A total of 121 553 of these were
found to be missense SNPs. Of these, 2600 SNPs affected the initiator or terminator codon,
or induced a premature terminator codon. 1306 genes were affected by at least one of these

SNPs, out of the 3625 genes in the generic model. Including all missense SNPs, a total of
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Figure 18: Percent and number of essential genes in the 30 tissue types, including genes necessary
to for performing the essential metabolic tasks. Generally, the number of essential genes in a tissue
is larger the fewer total genes in the tissue.

3331 genes were affected by at least one SNP. However, due to the missing 623 genes, a total
of 19 791 missense SNP, including 405 start/stop SNPs, are not actually represented in the
gene knockout combinations used for FBA. These genes are, however, still represented in the

summary data below.

The goal of using start/stop SNPs as a crude way of selecting LoF SNPs; and keeping the
gene combinations relatively small, was quite successful (Table 2) Using all missense SNPs
lead to combination sizes in the hundreds. Even for the tissue specific models, where the
number of in-model genes affected would typically be around 50-60% of the average number
of genes affected for each sample, there would be over 200 affected genes. Filtering away
essential genes would still leave most samples in the 200 range. With the average number of
genes in the 30 tissue specific models being 2439, knocking out 200 or so genes would take
out 8 to 9% of the genes in the model. A number far too high to produce useful results on

its own due to such a large amount of gene loss is practically guaranteed to show a negative
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impact. Knowing which specific genes contributed to the negative impact would then need
sub-combination analysis, which depending on how large the sub-combinations are, could be
a huge number. Although not unfeasible, at least for double knockouts, doing this for all
samples would require a huge number of FBA runs, even if filtered to not rerun combinations
across samples. Given the 3331 genes found to be affected by at least one missense SNP, one
could perhaps simply run double knockouts for the entire 3625 genes and cross-reference it
with the samples instead. On top of this, running double knockouts would not be guaranteed

to recreate the observed FBA results.

SNP type Num Genes Non Ess Ess Percent Ess Unique Combs.
All missense heterozygote 903 856 46.3 5.1 2548
All missense homozygote 385 365 20.2 5.3 2548
Start /stop heterozygote 12.3 12.2 0.06 0.5 2538
Start /stop homozygote 4.12 4.11 0.002 0.06 375

Table 2: Overview over average number of affected genes for the individual genomes/samples, for
different SNP types. Affected genes have been divided into essential and nonessential categories.
Start/stop is included in the all missense data. This data is for the generic Humanl model, which
does have significantly fewer essential genes than the tissue specific models. Nevertheless, there is a
clear difference in which genes are affected when going from all missense to only start/stop SNPs.
Additionally, the number of affected genes included is severely reduced by the more stringent SNP
filter criteria. In terms of unique combinations, both all missense categories produced a unique
combination for every single sample. For the start/stop combinations there was a slight reduction for
heterozygote based combinations, while for the homozygote based combinations there was significant
overlap between the samples.

Of course, using all missense SNPs to get gene combinations for knockout is not likely to
be representative of LoF in an individual. Using the more disruptive start/stop SNPs, more
manageable gene combination sizes were obtained. (Table 2) Additionally it does appear
these SNPs are present in a much lower frequency in essential genes than missense SNPs in
general. (Figure 19A and B) This indicates that these SNPs are to a greater extent selected
against, and can be used as a crude selection of LoF variants. Additionally, whereas all
missense SNPs had no significant change in the percent of essential genes that were affected
between hetero- and homo-zygote, there was a large change for start/stop SNPs. The reason
for this may be that many of the disruptive SNPs that do affect essential genes are rare and
therefor primarily exists as heterozygotes. Of course, if they truly are a variant causing LoF
in an essential gene, a homozygote carrier may simply not be viable. Due to this, there is a
good probability that any start/stop SNP found as a homozygote is in actuality benign or

do not cause a complete LoF.
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Large differences were also observed between the different tissues. This was not unexpected,
as the number of genes as well as essential genes varies between the tissues. (Figure 18) As
an example, blood, had across all 2548 samples an average of 65% of the start/stop affected
genes not being present in the model. (Figure 19B) Blood also had one of the highest affected
essential gene percentages at 0.86%. This was not entirely unexpected as blood was the
model with the highest number of essential genes. The tissue which had the highest average
of affected essential genes was the pancreas, with 0.96%. (Figure 19D) As compared to blood,
this model averaged sample affected genes in the model at around 60%. As previously stated,

these numbers do include the genes not present in any tissue model.

In general, all damage observed in FBA could be explained by single genes or double com-
binations of genes. For larger gene combinations there would typically be multiple genes,
which all on their own caused some damage, that compounded into a cumulative output.
This could be seen when biomass production was not zero, as well as in the tasks, with
different task failures being caused by different gene knockouts. In other cases, the negative
effects of certain genes would be masked by other genes. This could happen when biomass
output was zero, in which case any gene knockout which simply reduced the output would
not be visible on its own. As for the tasks, it is possible for multiple genes to independently

cause the same task to fail.

4.2.1 Start/stop homozygote

No tissue had any task failures, essential or not, for this category. Three tissues, the pituitary,
muscle, and blood had zero samples with biomass reduction of any kind, and as a result, zero
samples with any damage at all. In 11 tissues, four samples: HG01844, HG01970, NA18526,
and HGO00119, all showed the same slight reduction in biomass production, caused by the
knockout of the gene CLYBL. They all had the same two missense SNPs rs41281112 and
rs3783185. rs41281112 is a start/stop SNP and causes a premature stop codon on position
259. Despite this, these SNPs were heavily featured in the data set, with an additional 102
heterozygous carriers of rs41281112. The tissue exceptions were the pituitary, muscle, heart,
and blood.

In the lung tissue, sample HG00525, was found to have a slight reduction in biomass pro-
duction dues to rs71581941 which causes a premature stop codon on position 580 in the
SLCO1B1 protein. This SNP is registered as pathogenic in ClinVar, and associated with

Rotor syndrome.
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Figure 19: Distribution over affected genes. Average number of nonessential and essential affected
genes in a sample.(A) Distribution of affected genes in samples on average for all 30 tissue types
for start/stop SNPs. (B) Distribution of affected genes on average for all 30 tissue types for all
missense SNPs. (C) Distribution of start/stop SNP affected genes in blood. Second highest in
essential genes. The majority of affected genes are not found in this tissue, highest of all tissues.
(D) Distribution of start/stop SNP affected genes in pancreas, which was the highest percentage
of essential genes.

In heart and pancreas tissues, two samples: HG02323 and HG03057, showed a slight reduction
in biomass production. This was due a premature stop codon on position 292 of the protein
ACSM3, caused by rsb2817836. While this SNP is not reported in ClinVar, it is deemed
deleterious by MutationTaster. An additional 64 samples are heterozygous for this SNP.
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4.2.2 Start/stop homozygote, including essential genes

Now including essential genes, some additional results were found. In all tissues, sample
NA19198 showed a multitude of essential task failures, as well as biomass production re-
duction. These failures were the result of a premature stop codon in position 56 of the
protein COX6B2, caused by rs138900187. It was not reported in ClinVar, while Mutation-
Taster deems the SNP to be deleterious. A further 33 samples were heterozygous for this

variant.

Also represented in all tissues is sample HG03874, with a SNP in the protein PTPMT1.
Knockout of this gene causes biomass production to drop to zero. This SNP changes the
original stop codon to a codon coding for serine. This change is however considered benign

by ClinVar. A further 22 samples are heterozygous carriers of this SNP.

In the pancreas results, two samples: NA19351, HG02870 were found to fail two essential
metabolic tasks: 'Beta oxidation of long-chain fatty acids’ and 'Beta oxidation of unsaturated
fatty acid (n-9)’. These failures were caused by the start/stop SNP rs114238154 in the protein
NQO1, which changes the start codon to a codon coding for threonine. This SNP is not listed
in ClinVar, but MutationTaster considers the change to be deleterious due frameshift. 64

other samples were heterozygous for this SNP.

4.2.3 Start/stop heterozygote

These results also picked up the nonessential genes from above, except every sample listed
as heterozygote also gave the same result. This led to a considerable increase in non-optimal
results. (Table 3)

The most notable result was three double combinations all involving the protein HIBCH,
which lead to a multitude of essential task failures depending on tissue. (Table B1) These
results were present in a total of six samples: NA21091 and NA20812 in combination with
PCCA. NA12045, NA18997, and HG03499 in combination with PCCB, and finally HG00107,
in combination with MMUT. (Table 4) None of these genes, when knocked out, causes any
reduction in biomass production or essential task failures on their own. The implicated
HIBCH SNP is rs291466, which changes the start codon of the transcript. This is however
not considered a problem, as another start codon on the same reading frame follows shortly
after. ClinVar considers the SNP benign. The majority of the samples do carry at least
one copy as well. However, HIBCH deficiency is a disease that does exists, and due to the

apparent existence of aggravating effects, a deeper look into its workings has been done in
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Table 3: The number of samples having non-optimal FBA results for all 15 tissues using start/stop
heterozygote SNPs based gene combinations. Differences for when essential genes are included is
also shown. Sorted by non-optimal results. At the bottom are average results. There is a clear
difference in how many tissues are affected by what is the same input genes. It is also clear that
the majority of non-optimal results are due to knockout of essential genes.

Tissue Non-optimal Inc. Essential Difference
Pancreas 232 488 256
Lung 162 373 211
Liver 159 357 198
Brain 147 344 197
Adipose Tissue 146 356 210
Kidney 143 345 202
Nerve 143 340 197
Thyroid 140 361 221
Adrenal Gland 138 346 208
Spleen 137 372 235
Skin 136 337 201
Heart 111 318 207
Pituitary 23 223 200
Blood 19 268 249
Muscle 19 242 223
Average 124 338 214
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section 4.4.

Table 4: Which secondary gene/protein each of the six samples which had a HIBCH based
combination had. All listed SNPs cause a premature stop codon in the protein. In the MMUT
sample, multiple SNPs were present, the rsID included is for the start/stop SNP. Included is also
the position of the acquired stop codon.

Sample Gene rsID Protein Change
All HIBCH  rs291466 M1T
NA20812 PCCA 1rs138149179 R313*
NA21091 PCCA 1s530307529 Q421*
NA12045 PCCB 1s186031457 R113*
NA18997 PCCB 1s768935968 Q403*
HG03499 PCCB  1s191375566 Y405*
HG00107 MMUT rs200596762 R228*

Present in six tissues are ten samples with stop gain SNPs in the gene XYLB. (Table 5)
Knockout of this gene led to decreased biomass production. These SNPs were not reported
in ClinVar. All SNPs were considered to be deleterious by MutationTaster. The six tissues

were in this case: kidney, liver, lung, pancreas, pituitary, and adrenal gland.

Additionally, here were a number of cases with a few or singular samples showing biomass
reduction in this result category. (Table 6) The degree of reduction was varying, but due the

model being unbounded it is difficult to say what exactly to make of these results.

4.2.4 Start/stop heterozygote, nonessential tasks

When expanding the scope of the analysis to include additional metabolic tasks, a number
of additional results were found. (Table 7) There was a total of 33 samples with at least
one failed additional task. In all but one case these failures were due to single gene. The

six HIBCH samples were also present in these results, in all tissues, with a multitude of

Table 5: Which samples had which SNP in the XYLB protein. All samples were heterozygous for
the relevant SNP. Also included is the positioning of the SNP in the protein.

rsID Protein Position Samples
rs200154272 Q19* HG03066, HG03388
rs140641713 Q450%* HG02239, HG01102, HG01431
rs79233786 R4T76* NA18949, NA19088, NA18948, NA18965, NA19064
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Table 6: A number of samples that showed a reduction in biomass production as well as the gene
associated with that reduction. In all cases the samples were heterozygous for the SNP listed. All
SNPs except rs572064049 produced premature stop codons. Instead, rs572064049 affects the start
codon causing a reading frame shift. In terms of tissues, their presence was varied. Some were in
all tissues, while others in a few. All of the samples were found in the pancreas results.

Sample(s) Gene rsID

NA19172, NA18505,
HG03565, NA20320

CD38  1s147573494

NA18560 CD38  1s139152162
NA18519 TALDO1 rs202135397
HG02186 DERA  rs572064049
HG03963 CPT2  1sh39239516
HGO00375, HG00324 NMRK1 15191532264
HGO02887 APRT 18556666445
HG03640 ABCA1 1s575627531

additional failed tasks. In most cases the knockout combinations did not cause a reduction

in biomass production.

An obvious outlier was the liver, with 26 samples failing at least one of the additional tasks.
This was primarily due to the task Taurocholate de novo synthesis from minimal substrates
and excretion, which was not present in any of the other tissues. There were actually multiple
different gene knockouts causing this metabolic task to fail. (Table 8) Also failing this
additional task (among others) was the six HIBCH samples, although they have not been
included here. The three SNPs pertaining to CYP27A1 were found pathogenic or likely
pathogenic in ClinVar, as well as deleterious by MutationTaster. The AMACR SNP was
not reported in ClinVar, it was however found to be deleterious by MutationTaster. The
two AKR1C1 SNPs were also not reported in ClinVar, but both were found deleterious
by MutationTaster. On the other hand, the HSD3B7 SNP was found to be benign by
MutationTaster, likely due to it affecting the very last codon before the WT stop codon. The
SNP was not reported in ClinVar.

A single instance of a combination of knockouts causing a task failure was found. The
aforementioned NA18519, with its TALDO1 knockout causing biomass production reduction,
would cause task failures in the brain and heart. The task gluconeogenesis from lactate and
optionally fatty acid would fail in both, with the heart also having failures in ’release of

glucose from glycogen’ and ’gluconeogenesis from glycerol’. The two latter tasks were not
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Table 7: How many samples failed at least one of the additional metabolic tasks in the different
tissues using start/stop heterozygote SNP based gene combinations. This includes the six previously
mentioned HIBCH gene combination samples, which also failed essential tasks. A total of 33 unique
samples were found to have at least one task failure.

Samples with
Tissue failed tasks

Adipose Tissue 14
Adrenal Gland 12

Blood 9
Brain 15
Heart 14
Kidney 14
Liver 26
Lung 12
Muscle 15
Nerve 14
Pancreas 13
Pituitary 13
Skin 14
Spleen 13

Thyroid 13

Table 8: All samples which failed the metabolic task: Taurocholate de novo synthesis from
minimal substrates and excretion. This task was only present for the liver, and the only task these
samples failed. Also included is the associated start/stop SNP, all of which produces premature
stop codons.

Sample(s) Gene rsID
NA20892 HSD3B7  rsh47474493
HGO01142, HGO01384, HG01378 AKR1C4  1rs191144263
HG02035 AKR1C4  1sh58287231
HGO03663 AMACR 151473596504
HG01989 CYP27A1  rs575064188
HGO02152 CYP27A1 1rs533885672
NA19771 CYP27A1 rs188850202

present in the brain model, but were present in other tissues where they did not fail. In
muscle however, the three tasks did fail, although not due to knockout of TALDO1 alone.
The additional knockout of FBP2, through the SNP rs77568573, caused the task failures
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in this tissue. This SNP causes stop codon loss, and is reported as benign in ClinVar and
MutationTaster. While the SNP itself may not be deleterious, it did highlight the situation
where a task fails in some tissues due to a single knockout, but not in others. If additional
knockouts are introduced however, the same tasks fail in those additional tissues (but not

necessarily all).

Three samples failed the metabolic task 'release of glucose from glycogen’, caused by three
different SNPs producing premature stop codons in the AGL protein. (Table 9) This failure
was observed in all 15 tissues. It did not cause a reduction in biomass production. The two
SNPs rs193186112 and rsb31425980 are both reported in ClinVar as pathogenic in association
with glycogen storage disease type III. The third SNP, rs539108137, was not reported in
ClinVar. All three SNPs were found deleterious by MutationTaster.

Table 9: The three samples found to fail the metabolic task 'release of glucose from glycogen’,
due to knockout of the protein AGL. All three SNPs produce premature stop codons, with their
position listed. The failure was observed in all 15 tissues.

Sample rsID Protein Change
NA20291 1rs193186112 Q86*
NA20542 1rs531425980 RO7T*

HGO04131 1s539108137 Q1031*

Two samples, HG01805 and HG02769, failed the task creatine de novo synthesis from minimal
substrate and excretion. This task was only found for the liver model, and was thus only
observed in the liver. Reduction in biomass production was not observed. The failures were
due to two SNPs causing premature stop codons in the gene MTR. For sample HG01805,
the SNP rs536238004 was the cause, while for HG02769, the SNP rs560603359 caused the
knockout. Both were found to be deleterious by MutationTaster. In ClinVar, rs560603359 was
not reported, while rs536238004 was reported as having uncertain significance for ”disorders

of intracellular cobalamin metabolism”.

There were several task failures only found in single samples. (Table 10) Some were widespread
in multiple tissues, with multiple task failures, others were more limited in their scope. There
were also a few carrying SNPs reported as pathogenic in ClinVar. A sample that was not
reported in ClinVar, but that failed a variation of tasks in all 15 tissues was NA19446, car-
rying the SNP rs201411926 causing a premature stop codon in the protein GPI. This SNP

was considered deleterious by MutationTaster. The failed tasks pertain to gluconeogenesis
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Table 10: Various samples which had at least one of the additional metabolic tasks fail in at least
one tissue, the gene and SNP that caused the result, and whether or not the SNP was reported on
in ClinVar. All SNPs cause premature stop codons, except rs528828174 for the gene MPI, which
affects the initiator codon, causing a shift in reading frame. Additionally, all SNPs were found to
be deleterious by MutationTaster.

Reported

Sample Gene rsID in ClinVar
NA19446 GPI rs201411926 No
HGO02462 ALDH4A1 1rs536031585 No
HG01440 CP rs200363523 No
NA20827 MPI rsH28828174 Yes
HGO00704 GNE rs189454495 No
HGO01809 SLC25A15 1rs104894429 Yes
NA12546 SLC25A19 1rs150354936 No
HGO02014 HMGCS2 rsh87727388 No
HGO03692  ACSS2  rs530201978 No
HG02410 SLCO1A2 1rs534910521 No
HGO02756 SLCO1B3 rs550941268 No
HGO00651 OAT rs200068769 Yes

from different substrates. In muscle there were additional failed tasks pertaining to anaerobic
rephosphorylation of the nucleoside triphosphates: ATP, GTP, CTP, and UTP. Additionally,

a slight reduction in biomass production was observed with this knockout.

Sample NA20827 failed the tasks GDP-L-fucose de novo synthesis and GDP-mannose de novo
synthesis due to knockout of the gene MPI. It does not cause biomass production reduction.
The implicated SNP, rs528828174, alters the start codon, leading to a shift in reading frame.
This is considered deleterious by MutationTaster. In ClinVar it is reported as uncertain
significance for Mannose-6-phosphate isomerase - congenital disorders of glycosylation (MPI-

CDG). All 15 tissues were affected by this knockout.

Another sample with a SNP reported in ClinVar was HG01809. In this sample the SNP
rs104894429 causes a premature stop codon in the protein SLC25A15. This causes a several
task failures in the liver, but in no other tissue, even though the gene was present. (Table
B2) There was also a slight reduction in biomass production. In ClinVar the SNP is re-
ported as being pathogenic for Hyperornithinemia-hyperammonemia-homocitrullinuria syn-
drome (HHH). The disease characteristics matches well with the metabolic tasks that failed,

with two of them being ornithine degradation and ammonia import and degradation.
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The final sample which had its SNP reported on in ClinVar was HG00651. This sample carried
the SNP rs200068769 which causes a premature stop codon in the OAT gene. Knockout of
this gene causes the task arginine de novo synthesis from minimal substrate and excretion
to fail in liver tissue. The task was not in use for any other tissues. There was also a slight
biomass production reduction for this knockout. In ClinVar, this SNP is reported to be

pathogenic for Ornithine aminotransferase (OAT) deficiency disease.

4.2.5 Start/stop heterozygote, including essential genes

When essential genes were included a large increase in samples with knockout combinations
showing non-optimal results was produced. (Table 3) Due to every additional result being
caused by essential genes, it is already known that the damage observed is by a single gene.
Even if there are multiple essential genes in one combination, they will each on their own
disrupt essential function. However, in this case each gene is also tied back to one or more

SNPs, and as such a few example results have been included.

Present in all tissues was sample NA18552 with the SNP rs199707836 in the protein HMGCR.
Knockout of this essential gene causes essential tasks Cholesterol de novo synthesis and
growth on Ham’s media to fail. The general solution also produced zero biomass. The SNP
causes a premature stop codon, and was found deleterious by MutationTaster. It was however
not reported in ClinVar. Also present in all samples was HG01530, with a premature stop
codon inducing SNP, rs546130184, in the protein QARS1. This knockout also caused zero
biomass production, failure of growth on Ham’s media, as well as failure of the essential
metabolic task of protein synthesis from amino acids. This SNP was found deleterious by

MutationTaster, but was not reported in ClinVar.

Finally, as an example of how wrong things can go with even a single gene knockout, is
sample HG00127. Present in all tissues, with a varying amount of task failures, this sample
is homozygous for SNP rs74315366, producing a premature stop codon in the gene SDHB.
While there is only a slight reduction in biomass production, up to 22 essential tasks will
fail depending on tissue. (Table B3) This includes tasks such as oxidative phosphorylation
and Krebs cycle NADH production. The SNP was found deleterious by MutationTaster,
and was also reported as pathogenic in ClinVar, which included cancer predisposition and

parganglinomas.
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4.2.6 All missense homozygote

Due to the now massive number of genes in each combination (Table 2), as well as the fact
that a substitution SNP on its own is a poor predictor of LoF, the results themselves are
not very interesting. Every single sample will be unique, and show some form of damage. In
most cases growth on Ham’s media will fail. The six essential tasks listed under the HIBCH
task failures also commonly occur together. (Table B1) There are outliers of course, and one

such outlier is the sample HG02078, which will be included as an example.

For brain tissue, this sample had 203 genes for which it was homozygote for at least one
missense SNP. This combination resulted failure of the tasks Cholesterol de novo synthesis
and growth on Ham’s media, as well as zero biomass production. To uncover which of the 203
knocked out genes were the primary cause of the results, all genes were run singularly and as
double knockouts, resulting in 20707 combinations. As this was filtered for essential genes,
no single gene caused any essential task failures or reduced the biomass production to zero.
There where however a number of double combinations with task failures. (Table 11) Every
combination caused growth on Ham’s media to fail on its own, however, three combinations
involving the gene DBT did not affect biomass production output. The knockout combination
of TM7SF2 and LB additionally caused the failure of Cholesterol de novo synthesis, and
reduced biomass output to zero. In fact, this combination of two genes had the same result
as the initial combination of 203 genes. As a result, the effect of these two genes alone is
masking the effect of the other deleterious gene knockouts. When it comes to the SNPs
for these combinations, all were non-start/stop missense SNPs. (Table B4) All were found
benign by MutationTaster, and ClinVar varied between not reported and benign. In this
case, due to all SNPs being homozygote, they are also actually less likely to be deleterious,

as deleterious SNPs are rarer.

4.3 PheWAS Data Results

The use of the PheWAS Cataoluge led to only a limited number of 46 missense SNPs for
the genes found in the generic Humanl model. Only three of these produced premature stop
codons. Due to the low number of start/stop SNPs, all missense SNPs were used to produce
gene combinations. Additionally, combinations were created based on the phecodes the SNPs
were tied to, which did reduced number of combinations significantly, but with great overlap
between phecodes. There were a number of essential genes in the knockout screens for the

various phecodes.
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Table 11: Combinations causing task failure and biomass production reduction in HG02078.
There are three combinations involving DBT, which all have the same result. The last combination
also causes growth in Ham’s media failure, but additionally causes biomass production of zero, and
failure of Cholesterol de novo synthesis, effectively masking the results of the DBT combinations
when combined.

Gene Combination Solution Task Failure

DBT, AMACR Opt Ham’s media
DBT, CYP39A1 Opt Ham’s media
DBT, HSD3B7 Opt Ham’s media

Ham'’s media,

TM7SF2, LBR Zero (o lesterol

As an example, some results pertaining to the gene MTHFR will be showcased. This gene
was included in knockout combinations due to the SNP rs1801133, which is a missense SNP
substituting alanine for valine or glycine on position 222, depending on exact base. This
gene, which was present in all 15 tissue models, had varying effects when knocked out. In the
heart, blood, and thyroid models, the knockout caused the growth on Ham’s media task to
fail, although the regular FBA solution remained unchanged. This MTHFR an essential gene
in those models. In the pancreas model, it led to a slight decrease in biomass production,
something that was not observed in any other tissue model. Finally, in the liver model, this
knockout caused the nonessential task of Creatine de novo synthesis to fail. As mentioned
earlier, this task is only present for the liver model. In ClinVar, rs1801133 is listed with
different significances, including pathogenic, for a variety of afflictions. MutationTaster find
the substitution of alanine to glycine deleterious for two transcripts of the gene, while being

benign for the two other transcripts listed.

4.4 Amino Acid Degradation and HIBCH, A Deeper Look

HIBCH deficiency causes issues with valine degradation. However, when running FBA with
knockout of HIBCH alone, no issues are detected for any tissue specific model. One reason
is the different models’ abilities to compensate in various ways. Even if a model is forced
to uptake valine, it may not be forced to break it down completely. One way to test for
this is to use a metabolic task, and indeed, the non-essential task list does carry tasks for
various amino acid breakdown. However, they do not appear to have a forced uptake or

excretion. When uptake is forced, the tasks fail for all tissue specific models. These tasks
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typically require complete breakdowns, which will include multiple pathways. However, any
uptake and excretion of any metabolite can be added to a metabolic task. This makes it
possible to pinpoint the task somewhat. Certain other reaction will also have to be used, such
as various uptakes, transport reactions, and ATP production as examples. As an example,
a metabolic task to test valine degradation was created and tested for the liver model. A
number of knockouts of genes somewhat arbitrarily selected from in and around the valine
degradation pathway, including the previously mentioned PCCA/PCCB and MMUT, were
performed. (Table 12) Four of the genes, including HIBCH hindered valine degradation in

this task. Double knockouts were also performed, but revealed no further damage.

Table 12: Single knockout results on a task created to test valine degradation. PCCA/B and
MMUT was previously shown to cause essential task failure in all tissues in combination with
HIBCH. The rest of the genes, except HIBCH, were partially arbitrarily chosen to test the task,
and whether it functioned as expected.

Gene Pass
HIBCH No
PCCA Yes
PCCB Yes
MMUT Yes
BCAT2 No
BCKDHA No
DBT Yes
HADHA  No

Another way is by exploring the model itself, through different objectives and constraints.
FVA can also be used to check what fluxes any given reaction can have. By running FVA
on the reactions of valine uptake and the first step of the breakdown of valine, the issues
posed by HIBCH deficiency becomes clearer. This does however require some additional
constraints on the model to work. The model must not be allowed to excrete intermediates
between the first step of breakdown and the step catalyzed by HIBCH. Otherwise, the model
was configured to optimize for biomass. While both healthy and HIBCH deficient model
could take up as much valine as permitted, only the healthy model could break it down.
Another way that was tried was to set the first or an early step of the breakdown pathway as
the objective of for FBA. This way the maximum flux through that pathway can be checked.
Again, the intermediates must be constrained, otherwise the model will just excrete those

intermediates. This is a common occurrence in many metabolic diseases, there is a buildup

48



of a certain metabolite(s). Such cases will not easily be picked up by FBA on unbound
models, as the model can just excrete intermediates without issue, or compensate through

other pathways in a way that may not be possible in vivo.

Unfortunately, which specific metabolites accumulate in a metabolic disease is not something
that could be gauged accurately by FVA. The biggest success of the FVA was showing all
the different ways the model can compensate. It did prove that the HIBCH pathway could
not be used to completion, in that valine could not be completely degraded, but that was
also accomplished through the use of a metabolic task. For example, valine could just be
incorporated into various peptides and removed, or it could just be excreted as is through

the many amino acid exchange reactions.

4.5 The Software Itself

When it comes to the performance of the code it does performs generally quite well. The
inclusion of multiprocessing and use of simple FBA allows fast processing with relatively
small RAM usage. The biggest issue at current is ease of use. Much of the code is divided
into scripts, and while nice for testing and development, may not be as optimal for usage only.
There is also a lack of proper documentation, although the code is mostly well commented.
The result processing in particular is a bit convoluted and labor intensive, however, making
it more automatic may be processing intensive due to potential large number of results and
subsequent sub-combinations. (Figure 17) The reason behind all this is that the focus for the
time available has been to produce something that works from start to finish, with a decent
number of results for use as a proof of concept. Developing the software into an easy-to-use
package for publication has not been the focus. In hindsight, there are many relatively small
changes that could have been made, that would have accumulated to a better end software
product. Then again, how the end product would look was not apparent as much of the

overarching process was exploratory.

5 Discussion

5.1 The Genome Data

For this project, only Ensembl canonical transcripts were used for filtering SNPs. This is
what will be considered the 'main’ transcript of a gene. However, the filter can just as easily

accommodate multiple transcript genes and eve non-protein coding genes. In some cases,
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there may be SNPs that affect one or a few transcripts in a gene, but not all. Being able to
detect these SNPs may be useful as different transcripts may represent different functions,
or be deferentially used in different tissues. However, canonical Ensembl transcripts were
considered enough in that the model has a one gene, one protein, setup. Although, it may

still be useful, simply to capture additional missense SNPs for use in combinations.

5.2 Loss of Function SNPs

In general, the SNP filter did perform well as a rudimentary LoF selection. The purpose of
creating a SNP filtering mechanism for this project was the characterization of SNPs that
have not yet been characterized. With the use of 1000 Genomes and PheWAS data, this was
not entirely necessary. Yet, it was found that having the tool at hand was useful, and made
for easy use and selection of SNPs in the context of the larger project. The use of start/stop
SNPs as indicators of LoF did prove fairly accurate through the use of MutationTaster and
ClinVar. This approach was labor intensive, but due to its use on non-optimal results only,
did not prove to be too much. Ideally, a more detailed assessment of LoF should be done
before FBA, allowing for a better inclusion of all missense SNPs, not just start/stop SNPs.

Although, there is still the question of complete LoF and reduction in function.

The heavy focus on missense SNPs; and start/stop SNPs in particular, did prove to work
better for the individual data than the PheWAS data. The primary reason behind this being
the small number of missense SNPs found in the PheWAS catalogue. Although, due to the
nature of GWAS, it is after all more likely to find common SNPs, while highly disruptive
SNPs causing loss of function are rarer. These more common SNPs are more likely to affect
regulation. Which is not to say that they cannot cause LoF, but it is not likely to be a
complete LoF. This means that even if a more comprehensive list of GWAS SNPs were to be
used, it would still be limited in the SNP types which would have the most direct impact in
this project, meaning how certain a conclusion can be drawn on the effect of the SNPs based

on the modeling results.

Highlighting the issues with use of GWAS/PheWAS data are the contrasting results from the
individual data. The number of SNPs was of course much higher in the individual data, but
adding to this was the fact that many of the start/stop SNPs were rare. For many, only one
or a few samples were carrying them, usually as homozygotes, exemplifying the rarity of these
SNPs. It should be noted that the number of individuals at 2548 is not massive, but is still

sufficient as an example population, especially considering the heterogeneity of the included

20



individuals. From the literature it is known that all individuals carry a number of LoF
variants, something which is seen through the SNP filter and sample combinations. Based on
this and MutationTaster results, the use of the start/stop SNPs does appear accurate enough
to predict complete LoF genes in an individual. While likely not an extensive list of LoF genes
in an individual, it is still a sufficient number of genes to produce unique combinations for
most individuals. Again, the population size of 2548 is a bit small, and for larger populations
there would probably be more overlap. However, the start/stop heterozygote combinations
produced 2538 unique combinations, with an average size of 12.2 genes. The question of
hetero- vs homo-zygosity still remains. However, if a heterozygote for an allele exists, it
is likely that homozygotes also exist, granted they are viable. One thing that was not
implemented when looking at heterozygote and homozygote gene combinations, was whether
a heterozygote for one allele, was also heterozygote for a different allele on the other gene
copy. It is possible that an individual could be homozygote for LoF through two different

alleles or variants.

5.3 Essential Genes and Tasks

When it comes to modeling it is important to be clear on the gene being essential to the
model, based on some criteria. Which genes are essential to a metabolic model, does not
necessarily transfer exactly to the real organism. If the assumption is made that a gene or
task is essential, and there is a knockout or task failure based on LoF SNP(s), then that
organism would be non-viable. This would of course only be the case when the organism
is homozygote for LoF in that gene. It was seen that likely LoF variants were less likely
to occur in essential genes, again indicating that the selection method for LoF variants did
work fairly well. (Table 2) Conversely, it also indicates that the essential genes are actually
essential, as they have a lower frequency of LoF variants. Further exemplifying this was the
clear difference between start/stop homozygote and heterozygote based gene combinations,
with homozygote SNP based combinations affecting considerably fewer essential genes than

the heterozygote ones.

For the heterozygote based gene combinations the majority of results with a non-optimal FBA
solution or failed essential tasks, were caused by knockout of essential genes. (Table 3) For
one thing this indicates that a large number of individuals carry LoF variants in important
genes, and not just genes that are redundant or otherwise not necessary for survival. Secondly
it shows that outside of these relatively few genes, there is a rather high tolerance for LoF.

Alternatively, the conclusion might be that it is the models, and modeling analyses that fail
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to capture issues outside of the essential genes. Most likely, reality is a combination of the

two.

One interesting aspect of there being different essential genes in different tissue models is
that in reality these tissues come together to form a whole organism. As such, it might be
prudent to list all essential genes together, and consider the ma unified list of essential genes
for the organism. After all, if a gene is essential in even a single tissue, it could be considered
essential for the whole organism. This may be useful for modeling as it prevents results which
include genes found to be essential in another tissue. As discussed, if a gene is truly essential,
LoF will lead to non-viability. Thus, if a gene is non-essential in one tissue, but is essential
in another, any results involving that gene in the first tissue may not be usable, due to the
gene not actually being non-functional in that individual. Of course, most of what have been
discussed here only applies if a complete LoF is assumed. If modeling were to be done with

only reduced gene function, inclusion of essential genes may still be useful.

5.4 Additional Tasks and the Models

The additional tasks did uncover several genes and gene combinations, in several tissues
with interesting results that would otherwise have gone unnoticed. Exemplifying this was
the knockout of SLC25A15 in sample HG01809 through the SNP rs104894429. In this case
the SNP was found pathogenic in ClinVar, and it was seen that the disease characteristics
matched well with the failed tasks, which could offer an opportunity to uncover mechanisms
behind the disease. Another example was sample HG00651 with OAT deficiency. In this case
however, it was not as clear how the task failure, which was arginine de novo synthesis, was
related to the disease. The reason being OAT deficiency causes arginine breakdown issues,
with reduced arginine intake as a treatment.?®! However, ornithine is also the precursor for
arginine when synthesizing it. It is possible the restricted uptakes limits which pathways can
be used; it is after all de novo synthesis. Nonetheless, if not for the inclusion of additional
tasks such cases may not have been uncovered. In many ways, these additional tasks may
prove more useful from a medical point of view, due to them not being essential. Even with

homozygote LoF, the organism may still be viable, albeit with potential diseases.

As mentioned, there are also some issues with these additional non-essential metabolic tasks,
the main two being their design and which tissues they should be applied to. With the
design, the issue is the specificity of the task. Typically, a task will only specify certain basic
metabolites, with the addition of a metabolite that is to be either degraded or produced. As
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was seen in the valine degradation tests under HIBCH (Section 4.4), simply creating a task
to test this pathway was not straight forward. Although, an apparent functioning task was
produced, there were still some questions regarding why a simpler design would not work. As
the tasks become more specific and detailed, it may not be as clear what a passed or failed

task actually means.

Originally, the tasks were a tool used by tINIT to help create tissue specific models. In this
project however, the additional tasks were determined based on what the models were able
to perform, with no regard for the tissues actual in vivo biology. The tissue specific models,
used in this project, only used the essential tasks for their creation, although, gene expression
data was also involved. Creating tissue models with additional tasks, and subsequently more
accurate representation of biology, may one improvement point for more accurate results.
Also related to the tissue specific models are inter-organic processes. As an example, some
tissues may be capable of creatine de novo synthesis, but the majority of creatine in a human
is likely produced through inter-organic processes. ™ This issue also relates to the first issue of
simple tasks as both de novo synthesis and degradation of various metabolites may involve
multiple organs. One way to get around this is to use a generic metabolic model, but as
seen with the number of essential genes, this model will generally be more robust towards
perturbations, perhaps beyond true robustness. On the other hand, it may be possible for a

different organ to compensate for shortcomings in another, at least to a degree.

5.5 Biomass Production Reduction in Unbound Model

Due to the models being unbound the specific solution numbers does not confer anything
except there was a reduction. The exception being if the solution was zero, with such a result
indicating non-viability. Although, at that point the growth on Ham’s media essential task
would also fail. Due to this, producing an objective solution may not have been necessary,
and could save some computing time if removed. In some cases, these results with reduced
biomass output and nothing else, did lead back to pathogenic SNPs. As an example, is
HGO00525 with rs7158194 in the SLCO1B protein, which was reported as pathogenic for
Rotor Syndrome in ClinVar. Rotor Syndrome is however considered a benign disease that
does not require any intervention, at least not initially.[™” Why this SNP lead to biomass
production reduction is not known, and it is entirely possible it would not lead to such a
reduction in a bound model. This may be supported by the fact that the reduction was only
seen in lung tissue, and it may simply be a quirk of that specific model, especially as rotor

syndrome is not associated with the lungs. Conversely, it may also be possible, and probably
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likely, that many gene knockouts which were observed to have no effect, would have had an
effect in a bound model. The reason for this being the unbound models having the ability
to compensate without affecting the optimal solution. Even if the approach of Robinson et.
al.[% is taken and a few key inputs is limited (Figure 6), there will still be ample opportunity
for the model to compensate in various ways in face of knockouts. This is due to the hard

limits are really only being placed on biomass production.

5.6 Mechanisms of Disease

One of the promised benefits of this approach is the relatively easy study of the mechanisms
underlying the disease, at least as long as affected genes are completely knocked out. If
there is only a reduced function, it may be possible for the cells to compensate by increasing
expression. It has however become apparent that reconciliation of results and known diseases
caused by the SNPs used and their respective genes knockouts, is not straight forward. In the
case that there is no disease to reference back on, it is even more difficult to say something

about in vivo ramifications of the results.

One such example is the aforementioned SLC25A15 knockout. Although, the specific mech-
anisms were not studied thoroughly in the model, one clear example is one of the tasks that
failed was ammonia import and degradation. In the disease HHH, the middle "H’ stands for
hyperammonemia, referring excess ammonia. The model does offer the opportunity to study
exactly why this task failed, and if done, the exact reason why SLC25A15 knockout causes
hyperammonemia may be uncovered through further study of the model. A more clear-cut
example of mechanism is sample NA20827 with rs52882817 in the MPI protein, leading to
MPI-CDG diseases. In this sample, the two tasks of de novo synthesis of GDP-L-fucose and
GDP-mannose failed. This disease is treatable with mannose intake, although complications
may occur. " When mannose is not present, it needs to be produced from glucose or fructose.
However, without MPI this is not possible. Mannose based glycosylation precursors can thus
not be produced. In terms of mechanism of disease symptoms, they are not explained by
this approach. However, as long as it is known that glycosylation issues are the root causes,
they can be tracked back to the MPI knockout.

In both of these cases there have been a known disease to referee back to. This makes it
possible to attempt to reconcile the results and the already known disease mechanism. As is
apparent, it is not straight forward to explain a disease through the FBA results, although

it varied. This does not mean it was not possible, just that the effort required in each case
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varied depending on detail required.

5.6.1 FVA as a Tool to Uncover Mechanisms of Disease

To help with understanding underlying disease mechanisms, FVA may be useful, but will re-
quire some often tedious work in establishing proper constraints. The use of HIBCH knockout
to test FVA was partly successful. This knockout did not produce any adverse effects on its
own, even though its deficiency is known to cause disease.®? No LoF SNPs were observed.
The start/stop SNP that was registered, rs291466, affected the start codon, but did not cause
deleterious damage. Nevertheless, it was chosen for a deeper look into its effects due to its
role in valine degradation. This was in part due to the given amino acid degradation tasks
were apparently not working properly. With the way FBA/FVA works, a buildup of any
kind is not allowed, instead a pathway that cannot run to excretion is simply omitted. Not
to mention, a model will only take up a metabolite it needs, in the exact proportion it needs
it in relation to other metabolites. Using valine as an example, the model will never have
an excess of valine, it will simply place its uptake to exactly match what it needs. A task
can be setup to test valine degradation, by limiting outputs and inputs, and forcing a valine
uptake, it can be tested whether the model is capable of breakdown. This was successful,
but it also does not say anything about what the in vivo results of this might be, such as

which metabolites accumulate.

The core of the issue with FBA/FVA when it comes to finding which metabolites accumulate
is that even if a pathway is forced, the model will simply use the first available opportunity
to getting rid of the excess metabolites. This may be after the first step of the pathway, while
in vivo it may continue to the last metabolite before the knocked-out step. There may also
be multiple different metabolites that accumulate. Through meticulous use of constraint and
FVA it may be possible to learn more of how the model behaves with a knockout, but it is

a tedious task.

5.7 The Approach: Known Diseases and New Discoveries

Due to this project being more of a proof of concept for a method development, focus has been
kept on what the method has been able to achieve. As such, not all results have been discussed
directly, but various results have instead been used as examples. One thing that has become
clear however, is with the focus on LoF SNPs in metabolic genes, the potential diseases

uncovered are deficiency diseases, which are typically high penetrance. In these diseases, if
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the protein is part of anabolism, some metabolite is missing, if they are part of catabolism,
there is accumulation of some metabolite. Indeed, we have already seen many examples, with
HIBCH, OAT, and MPI. These diseases have generally been well characterized, likely due to
their disruptive nature, with well-defined mechanisms. For many of the results not mentioned
so far this was also true. One example is TALDO1"™, which was the only non-essential tasks
result to show task failure as a combination. Although, in certain tissues it did cause task
failure on its own. AGL, GPI, and MTR was three other proteins with known deficiency
diseases. 3% Tt does appear that many of the gene knockouts disruptive enough to cause
non-optimal results, are already associated with disease. This is not a problem in of itself,
but instead highlight a limitation in new discoveries, at least with the use of nonsense SNPs.
On the other hand, it does to a certain degree validate the approach taken. Raw variant

data can be used to predict disease, at least in certain cases.

There are still some possibilities for new discoveries though, even for already known diseases.
New SNPs that have not previously been described may be linked to the disease. Although,
the disruptiveness would again cause a direct look at the genes known to cause the disease
if any individual presents with symptoms. This leads to an additional use case, which is
when different genotypes may cause the same phenotype. If two results are similar or even
identical, but have different knockouts behind them, it could point to a not known cause of
a disease. Then there are the concrete mechanisms. This method may uncover new effects
of a disease, through the study of model changes. However, as has been noted this is not
a straightforward task. To determine if anything new has been discovered one would not
only need to meticulously study the model results, but also already known functions of the
disease. To add to this, any potential results would also need to be validated outside of the

computer.

One of the main prospects of this method was finding gene combinations which may cause
adverse effects when knocked out. The results on these were limited, which may be due to
the limited data set. However, some combinations were uncovered, proving they are worth
pursuing. These gene combinations do open up a new set of possibilities for new discoveries,
and a larger data set may give substantially more results of this type. Diseases caused by
combinations would be more complex in nature, and may not be as straight forward to
uncover by working backwards from symptoms. As such this approach may be useful for

apparent metabolic disease that is not already characterized.

Another aspect of this approach is all the metabolic diseases that do exist, but was not
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detected. There were likely genes with LoF variants that are known to cause disease, but did
not produce any results to suggest that. One example was HIBCH deficiency, where HIBCH
knockout on its own did not produce any adverse effects. In this case, once a functioning
metabolic task to test valine production was created, it did prove disruptive. However, if not
specifically tested, it would have gone by unnoticed, even though it has disease associated
with it. The developed method was never going to be extensive, in part due to the limitations
of the models. Nevertheless, it highlights that results produced, or lack thereof, cannot be
directly translated to biological reality. Instead, results can act as pointers to specific targets

for further study.

The way the method was used with LoF nonsense mutation it is clear that disruptive and
rare diseases are the main findings. Compared to GWAS, which is suited for more common
variants, each with varying disease impacts. One of the issues raised with GWAS is the lack
of mechanisms for why a SNP is associated with a disease. While the method developed here
does have the capability to uncover mechanisms, it is clear that with the way it was used,
it cannot be said to compete with GWAS in terms of which SNPs are discovered. This was
exemplified with the PheWAS data, where there was few SNPs suitable for the current use
case. Although, some potentially interesting results were produced nevertheless. With more
refinement, the developed method may eventually be able to uncover metabolic issues that
are less disruptive in of themselves, yet still contribute to disease. A better selection of SNPs,
including SNPs which may not cause a complete LoF, as well as use of better models that

are also realistically constrained, does promises to expand the range of usable results.

5.8 Personalized Medicine

Finally, in terms of personalized medicine, there are many potential use cases. The current
state of the method is certainly not ready for use on individuals in any clinical setting, but
increased knowledge of mechanism of disease, and particularly combination may be useful.
For example, a LoF in a protein is known to be pathological if another protein is also not
functioning properly, a combination. There may be a drug that inhibits the first protein,
which may be useful as long as the individual has function in the other. In this scenario
a person who carries LoF mutation in the second protein may have adverse effects if given
the drug. On the other hand, as a simple illustration, a cancer may stop expressing certain
genes, even perhaps the second gene in the previous combination. By giving the patient the
drug, the first gene is also shut down, which could disrupt the cancer, while the rest of the

body is not affected. These are extremely simple examples, but are not outside the realm of
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possibility. One issue with these simple examples is however if a combination is non-viable.
Such a combination might never occur in an individual, and as such might not be discovered.

In addition to the mentioned examples there may be other possible scenarios as well.

6 Conclusions

The purpose of this project was to create a pipeline that could take in variant data, primarily
SNPs, and use them to predict disease through the use of metabolic modeling. In general,
showcasing the viability of such an approach was successful. Raw variant data could be
used to predict disease. In many cases, observed results also matched descriptions of known
diseases caused by the variants in question. This was achieved by filtering out LoF SNPs
and using them to perform knockout FBA. The use of metabolic tasks was also considered a
success in that several of the predicted results did come about through task failures. There
were also some issues. In terms of input data, the PheWAS data did not prove particularly
useful, primarily due to the small number of SNPs. The individual data was, on the other
hand, more successful, producing many interesting results. Predicting exact mechanisms of
diseases did also prove challenging in some cases. It was found that many of the results were
already well characterized, making the utility of using LoF SNPs uncertain. Nevertheless,
with larger sets of input data it is expected that more combinations, and unique results
in general, would be produced, increasing the probability of discovering unknown effects.
The same is expected with use of a more refined variant filter and modeling. All code
used to accomplish these results is available at https://github.com/SigveLan/Master.
The supplementary data folder includes a wide variety of data used and produced in this

project.

7 Outlook

If additional time was to be used from this point on, there are two primary areas that would
be worked on. Firstly, effort would be made to compile and clean up the produced code into
a more user-friendly format that is better suited for publishing. Especially result processing
would be improved upon. Secondly, effort would be made to acquire additional whole-exome
and -genome data sets. Even with the 2458 individuals already analyzed there are many
interesting results. A larger data set would undoubtedly produce even more. If time allowed

it, a deeper dive into these results would be made.
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A Appendix: Gene List

Table A1l: All genes mentioned, their Ensembl ID, and any SNP/rsIDs mentioned along with
them. This list includes all SNPs mentioned for that gene, primarily start/stop SNPs. In some
cases, the samples/results may have carried more SNPs that were not explicitly mentioned.

Gene Name Gene ID rsIDs

CLYBL ENSGO00000125246 rs41281112, rs3783185, rs189643142
SLCO1B1 ENSG00000134538 rs71581941

ACSM3 ENSGO00000005187  rs52817836

COX6B2 ENSG00000160471  rs138900187

PTPMT1 ENSG00000110536  rs190036505

NQO1 ENSGO00000181019 rs114238154

HIBCH ENSG00000198130 1s291466

PCCA ENSG00000175198  rs138149179, rs530307529

PCCB ENSG00000114054 rs186031457, rs768935968, rs191375566
MMUT ENSG00000146085 rs200596762

XYLB ENSG00000093217  rs200154272, rs140641713, rs79233786
CD38 ENSG00000004468 1s147573494, rs139152162

TALDO1 ENSG00000177156 rs202135397

DERA ENSG00000023697 rs572064049

SLC25A19  ENSGO00000125454 1rs150354936

CPT2 ENSG00000157184 rs539239516

NMRK1 ENSG00000106733 rs191532264

APRT ENSG00000198931  rsb56666445

ABCA1 ENSG00000165029 rsb75627531

HSD3B7 ENSGO00000099377 rsb47474493

AKRI1C4 ENSGO00000198610 1s191144263, rsb58287231

AMACR ENSG00000242110 rs1473596504

CYP27A1 ENSG00000135929  rs575064188, rs533885672, rs188850202
FBP2 ENSG00000130957  rs77568573

MTR ENSG00000116984  rs560603359, rs536238004

GPI ENSGO00000105220 rs201411926

AGL ENSG00000162688  rs193186112, rs531425980, rs539108137
ALDH4A1 ENSGO00000159423 rs536031585

Cp ENSG00000047457  rs200363523

MPI ENSG00000178802 rsb28828174

GNE ENSG00000159921  rs189454495
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SLC25A15 ENSG00000102743 1rs104894429
HMGCS2 ENSG00000134240 rsb87727388
ACSS2 ENSG00000131069  rsb30201978
SLCO1A2  ENSGO00000084453 1rs534910521
SLCO1B3  ENSGO00000111700 1rs550941268
OAT ENSG00000065154  rs200068769
HMGCR ENSG00000113161  rs199707836
QARS1 ENSG00000172053  rs546130184
SDHB ENSGO00000117118  rs74315366
DBT ENSG00000137992

CYP39A1 ENSG00000146233

TMT7SE2 ENSG00000149809

LBR ENSG00000143815

MTHFR ENSGO00000177000 rs1801133
BCAT?2 ENSG00000105552

BCKDHA  ENSG00000248098

DBT ENSG00000137992

HADHA ENSG00000084754

B Appendix: Additional Results

B.1 HIBCH Results

Table B1: List of essential tasks that failed pancreas tissue model. There was some variation
between tissue models. Combinations used were start/stop heterozygote.

Failed Tasks

Beta oxidation of odd-chain FA

Uptake and beta oxidation of all NEFAs
Phosphatidylcholine de novo synthesis
Phosphatidylethanolamine de novo synthesis
Phosphatidylserine de novo synthesis
Phosphatidylinositol de novo synthesis
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B.2 Results on HG01809

Table B2: List of additional tasks that failed in sample HG01809. All failures occurred in the
liver tissue model. Gene combination used was start/stop heterozygote.

Failed Tasks

Gluconeogenesis from Alanine

Arginine de novo synthesis (minimal substrates, minimal excretion)
Ornithine degradation

Urea from alanine

Urea from glutamine

Creatine de novo synthesis (minimal substrates, physiological excretion)
NHj; import and degradation
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B.3 Results on HG00127

Table B3: List of essential tasks that failed in multiple tissues for sample HG00127. Some tissues
had fewer tasks that failed, but all had some.

Failed Tasks

ATP de novo synthesis

CTP de novo synthesis

GTP de novo synthesis

UTP de novo synthesis

dATP de novo synthesis

dCTP de novo synthesis

dGTP de novo synthesis

dTTP de novo synthesis

Oxidative phosphorylation

Krebs cycle NADH

Beta oxidation of saturated FA

Beta oxidation of long-chain FA

Beta oxidation of odd-chain FA Beta oxidation of unsaturated fatty acid (n-9)
Beta oxidation of unsaturated fatty acid (n-6)
Uptake and beta oxidation of all NEFAs
Phosphatidylcholine de novo synthesis
Phosphatidylethanolamine de novo synthesis
Phosphatidylserine de novo synthesis
Phosphatidylinositol de novo synthesis
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B.4 Results on HG02078

Table B4: SNPs for the four gene combinations causing task failures in sample HG02078. Also
included is the SNPs amino acid effect on the protein. Gene combination used was all missense
homozygote.

rsID Gene Protein Pos.

DBT rs12021720  S384G
AMACR  1s2287939 L201S
AMACR 183195676 VIM
AMACR  1s10941112  G175D
AMACR  1s2278008 E277TK
CYP39A1 1s7761731 N324K
HSD3B7  1sb67144052 P221A
HSD3B7  1rs9938550 T250A
TM7SF2  1s11539360 A119V
LBR rs2230419 S154N
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