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The National Human Genome Research Institute (NHGRI) Electronic Medical Records and
Genomics (eMERGE) Network was created to combine DNA biorepositories with electronic
medical (EMR) data to support genomic research. The eMERGE Pharmacogenomics (PGx)
project is a partnership between eMERGE][1,2] and the Pharmacogenomics Research Network
(PGRN)[3], collecting clinical data and pharmacogenetic variance data. The eMERGE PGx
project aims to connect clinical data from EMRs to targeted pharmacogenetic information[4].
First phenotypes are extracted from the clinical data. This dissertation proposes a simple
automated approach to identify potential adverse drug events (ADE) in the eMERGE PGx
cohort. Following the identification of potential ADEs, I utilized them as phenotype outcomes
for genetic associations tests at the single variant, gene, and gene-set level.

I examined data from the EMR of the study participants through the lens of a database of
known adverse drug events, the Drug Evidence Base[5]. Diagnosis codes that were known to be
adverse events and appeared in a participant’s medical record following a medication order were
labeled as a potential ADE. This analysis resulted in 1731 participants out of 6379 (~27%)
potentially having experienced at least one ADE, and 372 different phenotypes identified. Each
phenotype is identified using a drug-diagnosis pair.

I used the more common of these phenotypes in genetic association tests. First, [ used
logistic regression to evaluate association to single nucleotide variants (SNVs). I found two
phenotypes with a statistically significant association to one or more variants. Clotrimazole with
edema was associated with variants rs143661234 and rs 1800822 on gene FM03 (p-value

needed). The second was venlafaxine with hyponatremia associated with variant rs28416595 on
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gene CYP4F12. 1 continued with Sequence Kernel Association Tests (SKAT)[6] to assess
gene-level associations to the same phenotypes. I found ten different phenotypes with a
significant association to one or more genes. Finally, for the ten phenotypes, which had a
significant finding using SKAT, I used Gene Set Enrichment Analysis (GSEA)[7] to identify any
gene set level (pathway) associations. The numeric SKAT score was used in place of an
enrichment value. One phenotype, hydrochlorothiazide with pulmonary edema, was identified as
having both a significant adjusted p-value as well as an acceptable false discovery rate (below

.25) for the gene set Positive Regulation of Cellular Component Biogenesis.


https://paperpile.com/c/khhKSH/cA5k
https://paperpile.com/c/khhKSH/5gZ4

Acknowledgments

Chapter 1 -- Overview
1.1 Introduction
1.2 Research goals
1.3 Description of the eMERGE pharmacogenomics cohort

Chapter 2 -- Related Work
2.1 eMERGE research
2.2 Identification of ADEs
2.3 Pharmacogenomic association studies
2.4 Gene Sequence Enrichment Analysis (GSEA) studies
2.4 Summary of related work

Chapter 3 -- Identifying potential adverse drug events
3.1 Introduction
3.2 Linking database of previously known ADEs
3.3 Method of identification of potential ADEs
3.4 Resulting potential adverse drug events
3.5 Summary of potential ADE identification

Chapter 4 -- Single variant genetic associations tests
4.1 Introduction
4.2 Study design
4.2.1 Case and control groups
4.2.2 Covariates
4.3 Logistic regression for individual variants
4.3.1 Introduction
4.3.2 Logistic regression configuration
4.3.3 Logistic regression results
4.4 Single variant results discussion

Chapter 5 -- Gene level association tests
5.1 Introduction
5.2 SKAT inputs
5.3 SKAT results
5.4 SKAT discussion

Chapter 6 -- Gene set enrichment analysis (GSEA)

6.1 Introduction
6.2 GSEA inputs

O 0 N &

12
12
13
15
16
17

18
18
18
21
21
24

24
24
25
25
28
29
29
30
31
36

36
36
38
40
41

44
44
45



6.3 GSEA Results

Chapter 7 -- Discussion
7.1 Summary
7.2 Discussion and significance
7.2 Weaknesses
7.3 Future Work

References

46

50
50
50
51
51

53



Acknowledgments

There are quite a number of people that have helped me finish this work. My family has been a
great support to me, starting with my parents, who taught the value of education and pushed me
to continue to learn throughout my entire life. While I have been working on this degree my wife
and children have been an immeasurable source of help. They have lived with an absent father
and husband and continued to encourage me to finish. When I completed my Master’s degree
years ago, my advisor at the time, Dr. David Gluch, asked my wife to promise to push me to
finish a Ph.D. She did so and has never allowed me to forget it. I owe both her and him an
additional thanks.

I also owe gratitude to my coworkers and the corporations of Caradigm and Microsoft,
who have given time away from work as well as funding to continue to this degree.

I am very grateful to the Department of Biomedical Informatics and Medical Education at
the University of Washington for all the teaching, resources, and feedback I have received over
the last several years. In particular, I am grateful to my advisor, Pressor David Crosslin, who has
been patient and persistent in his support of me and has guided my ideas and work. An additional
thank you to the other members of my committee: Professors Gail Jarvik, John Gennari, and Ali
Shojaie who have provided invaluable advice and feedback on this research.

To all these people and more, I thank you wholeheartedly. I would never have been able

to finish this without all your help.



Chapter 1 -- Overview

1.1 Introduction

According to the Institute of Medicine, an adverse drug event is: “an injury resulting from
medical intervention related to a drug”[8]. This is a broad definition that includes medical
provider errors such as administering an improper dose of a drug and patient-related errors such
as failing to adhere to a medication schedule. With 82% of the U.S. population reporting having
at least one prescription medication[9], and over 4 billion prescriptions per year[10], the
potential for harm is very high. Indeed, the data shows ADEs causing over 100,000
hospitalizations in the U.S. annually[8]. The impact in terms of financial cost is estimated to be
as high as $30 billion[11].

I have my own experience with an adverse drug response when my family member
contracted tuberculosis. As a dangerous communicable disease, tuberculosis demands a public
health response whenever a case is confirmed, and this occurred with my family. The individual
was asked to self-quarantine, and the entire family tested for tuberculosis. A treatment regimen
including antibiotics was started immediately. A known but uncommon problem with the
antibiotics is liver toxicity. Due to that problem, a follow-up liver test was scheduled in two
weeks. However, the individual began to feel much worse after just two days and was brought
back in after less than a week to be examined. At the follow-up appointment, it was discovered
that liver damage had begun, so the antibiotics were discontinued. The outcome here was
fortunate, and a new regimen of drugs was used to treat my family member, but it easily could
have been much worse. Even waiting for the scheduled follow-up after two weeks might have
resulted in more severe liver damage. There is a known genetic marker in the gene NAT2, which
could be used to test for an increased risk of liver toxicity. With that knowledge, different actions
could be taken, such as a quick follow-up after initially starting the medication. This real-world
example illustrates the potential role of genetic testing in reducing ADEs.

For this research, I focused on idiosyncratic adverse events, which are a subset of ADEs
generally due to an individual’s specific reaction to a drug. Throughout the paper, when using the

term adverse drug event, or ADE, I will be referring specifically to the subset of ADEs caused by
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a person’s response to the drug. Genetic variation can be a significant component of a person’s
reaction to a drug. The study of this genetic component to drug response is called
pharmacogenomics (PGx). It is a widely researched area of precision medicine and has resulted
in some successes that have been implemented in clinical practice. To highlight a couple of
examples, gene DPYD is a very useful indicator for predicting an increased risk of severe
adverse reactions to the drug capecitabine, a drug used to treat solid tumors. DYPD is responsible
for metabolizing the active toxic ingredient in the drug, 5-FU, and limits the harm that it can do
to healthy cells. Variation in this gene which limits a person’s ability to metabolize 5-FU can lead
to overall toxicity. There are now guidelines from the Clinical Pharmacogenomics
Implementation Consortium (CPIC) which indicate the variants that should be sequenced, and
other agencies such as the United States Food and Drug Administration (FDA) have indications
on the use of other drugs when a person is identified of having a deficient DYPD gene[12]. Gene
HLA-B is a strong indicator of increased risk when using the drug abacavir to treat human
immunodeficiency virus (HIV). A variant on the gene is associated with very severe side effects,
which can be potentially fatal. The FDA includes a recommendation on the drug label that all
patients being prescribed abacavir have their HLA-B gene sequenced before beginning
treatment[13].

Discovery of gene variants, assessment of their impact on drug response, and determining
how to best implement the new knowledge in clinical practice continue to pose significant
challenges. The National Human Genome Research Institute (NHGRI) Electronic Medical
Records and Genomics (¢eMERGE) Network was designed to help address these challenges.

The eMERGE Network is a multicenter consortium that works to combine data from
biorepositories with electronic medical records for genomic discovery and genomic medicine
research[2,14]. The eMERGE phase I was announced in September of 2007 and began with five
study sites. It is now in phase IV with 11 participant sites, more clinical site partners and
coordinating centers, and several hundred thousand participants across the sites. During phase II
the eMERGE Network Pharmacogenomics (eMERGE PGx) project was started, and it was
continued in phase I1I. The eMERGE-PGx project is a joint effort between eMERGE and the
Pharmacogenomics Research Network (PGRN). The eMERGE-PGx project has a goal to

combine specific pharmacogenomic data with clinical data from electronic medical records for
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use in healthcare and research. Genetic sequence data for approximately 9000 individuals were
obtained using the PGRNseq panel (a sequencing platform targeting 84 key pharmacogenes).
This genetic data is made available along with clinical data obtained from the electronic medical
records of these same individuals.

In this research I use the data collected during the eMERGE-PGx project to identify

phenotypes and discover associations between them and genetic variation.

1.2 Research goals

My first goal for this project was to find potential adverse drug events (ADEs) using an
automated approach to examine the data from the electronic medical records of the
eMERGE-PGx participants. Once a set of potential ADEs was identified, I compared them
against current data for rates of ADEs to evaluate the approach taken. My hypothesis was that |
would be able to detect a majority of the ADEs which have occurred, without a significant
percentage of false positives. It was not possible to know the exact number as I did not have a
known truth to compare against, or the ability to ascertain that truth (via a method such as a chart
review by a medical professional). More details are in chapter 3.

Once identified, I used the potential ADEs as phenotypes for genetic association tests.
The goal of the association tests was the discovery of new genetic features that are related to the
adverse drug event. It is also possible that I would observe, and confirm, already discovered
associations. As I believed that my phenotypes were reasonably accurate, and given the fact that
other genetic associations to drug response have been found, my hypothesis is that I would
observe statistically significant associations in this data set, despite the relatively small size.

The association tests are broken into three different sizes of the genome. I started as small
as possible looking for associations at the single variant level. After this I examined a broader
portion of the genome, looking for variations at the gene, or region level. Finally, I examined
sets of genes that were collected based on biological function. This approach of looking at an
ever larger portion of the genome is due to the hypothesis that multiple areas of the genome may
interact with each other to produce a phenotype. Findings at different overlapping areas, such as
a variant association that is contained within a gene where the gene is also associated, would

strengthen the results.



To discover associations at the single variant level, I built a logistic regression model
with proper covariates to address population effects, filtering the entire list of genetic variants to
a manageable set, and then running the analysis. I found a meaningful association between two
different single variants and a potential ADE. More details on this are covered in chapter 4.

After looking for associations with single variants, I continued the analysis to discover
associations with a broader section of the genome. Using Sequence Kernel Association Tests
(SKAT) to aggregate the effects of variants in a gene or gene region, I used a similar logistic
regression approach to discover any association to the potential ADEs. My hypothesis was that
some gene regions would have novel associations that would not be detected using the single
variant analysis, because only the aggregation of the variants in the gene would rise to the level
of statistical significance. This also matches the biological reality that many variants on the
genome contribute to the construction of a protein or other process within the body. This level of
analysis did provide the largest number and strongest level of association. I did have a belief that
if I found gene-level associations, they would be in the same gene as any single variant
associations that I had found. That proved not to be the case, where I found associations with
completely different potential ADEs and with different genes. More details on this are covered in
chapter 5, along with thoughts as to why a different region of the genome proved to have
significant results at this step.

Third, I used an approach called gene set enrichment analysis (GSEA) to attempt to
discover any association between a set of genes and the potential adverse drug events. I
continued the trend of expanding the amount of the genome that was being examined with the
same thought that multiple genes may work in concert to determine how an individual reacts to a
particular drug. Previously, GSEA has most frequently been used to examine gene expression
data, but I used the gene values determined in the SKAT analysis step as a gene-level input to the
GSEA approach. One gene set was found to have a significant association to a potential ADE.

More details on this are covered in chapter 6.

1.3 Description of the eMERGE pharmacogenomics cohort

A total of 9017 participants were recruited across ten sites. Recruitment strategies were different

at each site and are described in detail in the study design paper[2,4]. Some sites targeted
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participants believed to be prescribed drugs associated with pharmacogenes of interest[15]. Other
sites targeted participants with specific diseases. The overriding goal was to recruit participants
that would likely have interesting associations between their genes and different drug responses.

Once recruited, each participant had a subset of their DNA sequenced using the
PGRNseq panel, which was designed to capture 84 genes that have associations with
pharmacogenetic phenotypes. Beyond the 84 genes, also included were the exons, 2kb upstream
and 1kb downstream of their untranslated regions, as well as sites on the Affy DMET+ array and
the [llumina ADME assay for quality control[3].

This genetic data was linked to EMR-based clinical data consisting of medication orders
and diagnosis codes, both of which have associated dates denoting when the information was
entered into the participant’s medical record. Medication orders included the specific retail drug
and the generic drug, both coded using RxNorm (National Library of Medicine normalized
naming system for drugs) codes. The diagnoses were encoded using International Classification
of Diseases, Ninth Revision (ICD9) codes. Also included were basic demographic information,
including sex, self-reported race, and age. At the time of the research, this EMR based data was
available only for a subset of the participants at 6379. Table 1 summarizes the participants’
demographics. The demographics of the participants are heavily Caucasian, more so than the
population at large. The next significant ancestry group, self reported Black or African
American, is more closely aligned with the greater population. However, there is little to no
representation of other ancestry groups, which is a weakness of any research done with this
cohort. The participant group is also older than the general population, which is likely a result of
the method of recruitment, which was targeting individuals with certain medications or diseases.
Despite these weaknesses, the data that can be obtained regarding association to ADEs should
still be useful in identifying variants or genes that play a role in how we all react to drugs.

The diagnosis codes and medication information were obtained from the participants
medical history as stored in the EMR. For most participants several years of data was available.
The average number of years of data available was 11.7 years. Further breakdown is in Table 1.

The overall number of participants is small for a genetic association study. It is
unfortunate that not all of the participants had EMR data available, and the size is therefore

limited to 6379 participants. However, meaningful results have been obtained from studies with
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far fewer participants. As an example, an important genetic association to drug response is the
association between warfarin and gene CYP2C9. A study finding a significant association with
bleeding complications obtained the results using a cohort of 1392 men, 233 of which were in

the case group[16]. This finding is used in clinical practice.

Table 1: eMERGE-PGx participant demographics, medications is count the of unique, different drugs ordered for
each participant, and diagnosis codes is the count of unique diagnosis recorded for each participant. Timespan is

length of time the medical record spans

Participants 6379
Male/Female 55.7% / 44.3%
Age

1st quartile/Median/3rd quartile 23/61/70
Self-reported race

Caucasian 78.4%

Black or African 17.8%

American

Asian 0.8%

Unknown 3.0%

Medications per participant

Ist quartile / Median/ 3rd quartile 10/29/68
Diagnosis code per participant

Ist quartile / Median/ 3rd quartile 35/65/103
Timespan of data available 7.2/ 11.7/13.3

1st quartile/ Median/ 3rd quartile

12
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Chapter 2 -- Related Work

2.1 eMERGE research

There have been many papers that reference eMERGE (more than 27,000), and a large number
directly published from the eMERGE Network (854)[17]. However, even though one of the
principal reasons for generating the PGRNseq data set was to “Develop a repository of
pharmacogenetic variants of unknown significance linked to a repository of an EMR based
clinical phenotype data for ongoing pharmacogenomics discovery”’[4], few papers have been
published which examine the PGRNseq data set, and none which analyze the data for genetic
associations to adverse drug events. There have been quite a few papers that reference the
eMERGE-PGx project, with a Web of Science search showing over a hundred citations of the
study publications. On the eMERGE publications page, only three papers directly reference the
PGRNseq data set. While the type of study and the tools I have used are common, this research is
original in its contribution by examining this unique data set.

While few research projects in the eMERGE network have directly examined the
PGRNSeq data set, there are some papers that are related to this project. The first goal of my
research is to use the EMR data to identify potential ADEs. There is one published work in the
eMERGE network which examined different approaches to detecting adverse drug events in
EMR data[18]. Wiley et al. focused on one particular adverse event, statin-induced myotoxicity,
and applied different methods including a rule-based method that examined structured data and
text-based approaches which examined clinical notes. The conclusion was that keyword analysis
of the free text was more accurate than using the structured data.

Another study, which is related to genetic relationships to ADEs, looked at the
relationship between a specific gene: FAAH and adverse events of opioids[19]. This was a
prospective observational study of children ages 6 - 15 years of age that received an
intraoperative dose of morphine. The study showed a significant increase in risk of several
different adverse events for certain mutations on the FA4AH gene. Finally a study which uses a

similar approach to my research and used a logistic regression to examine a genetic association
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in the CYP2D6 gene to ADEs related to opioids[20]. An important difference being that the
opioid study looked at one gene specifically, and one drug class.
These studies show that some investigation has been done related to adverse drug events,

but nothing looking at genetic associations to ADEs in general in the PGRNSeq data set.

2.2 Identification of ADEs

A systematic review of research involving detection of adverse drug events via EMR data[21]
showed the gold standard of determining whether an adverse event has occurred is still via chart
review by an experienced professional. That is time-consuming and does not scale well, which is
why research is being done to automate the detection of ADEs. Automated detection can be used
for clinical practice, for quality improvement after the fact, and for research purposes.

A variety of different automated techniques are being researched and tested in practice. In
an effort to give an overview of some of the various approaches, I will divide into three broad
categories: 1. Rule-based, 2. Free text analysis, and 3. Machine learning applied to structured
data. The approach I used in this research falls into the first of those categories, the rule-based
approach, and is discussed more in chapter 3. A general benefit of rule-based methods is that
they are relatively easier to implement and can be done at scale with a small amount of compute
resources. An example of a rule-based approach is a technique used in New Zealand to identify
ADE:s related to selective serotonin reuptake inhibitors (SSRI), and uses a simple rule that
triggers when a patient switches from one SSRI to another quickly after the initial medication
order. That trigger is then combined with an examination of the record for a recorded diagnosis
of a known adverse event. After review by experts, it was determined that 78.7% of the flagged
switches of medication were true ADEs[22]. A weakness with this specific approach is the
specificity to the drug class of SSRI. It is unknown how well this rule would work with other
types of drugs. Another example of a rule-based system uses a rule which examines the
co-occurrence of specific drugs with negative events and compares the rate of occurrence with an
established baseline[23]. This approach is used to identify a new potential ADE by examining
the overall occurrence in a population, but not designed to determine if one specific event is an

ADE or not.
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A second broad category is analysis of unstructured or free text data. Different algorithms
are applied to the natural language portion of the medical record to identify drug administration
and associated adverse events. Two examples are MedEx[24] which uses a multistep parser and
semantic tagger to extract medical information, and a neural network-based labeling system[25].
MedEx showed a high degree of accuracy (92% - 95%) in retrieving drug names, strength of
dose, route and frequency, but did not make any determination of adverse events. The neural
network approach achieved a lower overall accuracy in retrieving drug information (82%) but
made an attempt in extracting ADE specific information and making a determination. The ADE
specific accuracy was lower at 62%. One weakness of either approach is the data needed to train
the algorithms. The MedEx data was trained on data from one specific medical center, and the
neural network approach used the MADE 1.0 data set[26]. One systematic review of text-based
mining for ADEs showed varying levels of accuracy, from 58% sensitive to as high as 96% sensitive
depending on the ADE being identified and the approach taken[27]. The overall conclusion was that
automated techniques are useful for examining large amounts of data, but are not yet ready to replace the
gold standard of human review. As the PGRNseq cohort does not contain any free text data, these are not
techniques that I was able to explore for this research.

The third category of automated detection uses machine learning algorithms on the structured
data in EMR. This approach consists of building a machine learning model where the features are derived
from various structured data: diagnosis, medication and lab codes, demographic values such as age and
race, vital statistics and more. The models can vary from statistical based approaches to neural networks.
An interesting example of this type of technique is a multilevel classifier described by Zhao et. al[28].
Here a dataset obtained from EMR data of 700,000 patients, a portion of which had ADEs already
labeled, was used to train a series of random forest models. The first model was designed simply to
determine whether or not an ADE had occurred, any ADE. Next, a second model was designed to predict
the family of the ADE. The families used were based on ICD-10 hierarchies. Due to the hierarchical
nature of ICD-10 codes, ADE codes are already grouped, and these became the families of ADEs that the
second classifier would attempt to identify. Third, once a family had been identified, a specific ADE was
predicted using another model. Each model was able to customize the set of features and be more accurate
when compared to a single model which attempted to predict a specific ADE from the complete list of
possibilities. The single model had an accuracy of 71.65% and the multi-step series of models had an

accuracy of 79.59%.
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By reviewing these examples of automated ADE detection using EMR data, the goal is to show
that it is possible to correctly identify a majority of ADE cases using different techniques, and also to
realize that the different approaches are not perfect and there will be some level of noise in the approach I

have used.

2.3 Pharmacogenomic association studies

The goal of this research is to find meaningful associations between adverse drug events and
genetic variation. The hope is that this will lead to improved clinical decision making with
regards to drug prescription when genetic information is available. The task to discover the
associations, and compile sufficient evidence to take action on those associations is a very large
ongoing effort. This project will continue that effort. There have been many genetic association
studies since the completion of the human genome project. Even before then, there has been an
understanding that reactions to certain drugs or chemicals were heritable traits. In 1932, it was
documented that a chemical in broccoli, and other vegetables, phenylthiocarbamide (PTC) was
known to be heritable. Eventually, research that examined drug response in relation to variation
in specific areas of the genome became more known as pharmacogenetics[29]. A common
pharmacogenetic study is a candidate gene study, which examines how variation of the alleles in
a single gene may alter the response to a drug. Candidate gene studies have been effective in
finding adverse drug reactions such as thiopurine drugs causing bone marrow suppression.
Candidate gene studies require that a hypothesis exists which identifies a particular gene. There
must be some evidence that leads a researcher to identify a gene, and so they are not useful for
discovering which gene or variant might be linked to drug response. Genome wide association
(GWAS) studies have a goal of identifying which variant or gene is associated with a phenotype,
and pharmacogenomics GWAS attempts to discover which variants are related to drug response.
Two systematic reviews highlight the progress of pharmacogenomic GWAS studies, first
one in 2010 by Daly mentions that 70% of pharmacogenomic studies targeted drug efficacy, and
30% were targeting adverse reactions[30]. That review mentions seven published studies are
different adverse drug reactions. In 2015 Chan et. al. published another systematic review
covering publications from 2010 to 2015. They found 55 articles describing a GWAS study of an

adverse drug reaction phenotype[31]. An interesting note from both of these reviews is the
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average sample size of the studies they reviewed; the 2015 paper reported a median sample size
of 829 participants, and a median case number 117. One study that achieved a genome wide
significant association p-value had only 14 cases in the case control study. These numbers help to
support the case and control sizes I have chosen for this research. The supposition of the article
by Chan et. al[31] was that adverse drug events tend to be strongly associated with a more
narrow portion of the genome as compared to other disease phenotypes which may have a more
complex relationship to many different parts of the genome. Another interesting finding was that
most of the associations identified by GWA studies of adverse drug reactions (82%) were found
to be in non-coding regions of the genome. This does present some challenges for the PGRNseq
data set which, as mentioned in chapter 1, includes mostly gene coding regions. It is not
exclusively gene coding regions, and the genes are thought to be related to drug response.

As mentioned in section 2.1 there have also been genetic association studies focused on

ADEs done by members of the eMERGE network[19,20].

2.4 Gene Sequence Enrichment Analysis (GSEA) studies

The final goal of this research is to examine associations between sets of genes to the potential
ADEs. This continues the theme of expanding the area of the genome which is examined. By
examining a set of genes which are linked together, the hypothesis is that a relationship to a
biological pathway to the ADE may be discovered. A common method and associated analytical
tool to examine gene sets is Gene Set Enrichment Analysis (GSEA)[7]. This approach computes
a score for an input set of genes. To estimate the significance of the score, the tool generates a
series of permutations, randomly shuffling the phenotypes among the participants and
recalculates the same score for each permutation. The results of these permutations create a
distribution from which the significance of the original score is estimated. More details on this
methodology is in chapter 6.

When GSEA was initially developed it was applied by examining associations between
gene sets and several different cancer related phenotypes. Acute Leukemia and two different
types of lung cancer. In each of these studies Subramanian et. al.[7] reported meaningful
associations between the phenotypes and several different gene sets of interest. Since this initial

publication, GSEA has been widely adopted. A search on Web of Science[32] for citations of the
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GSEA tool kit shows over 16,000 citations, showing that gene set analysis with this approach is
commonly performed.

A key input for computing the score of the gene set of interest is a value for each gene
which corresponds to the level of association each gene is thought to have to the phenotype.
Usually this value is the measured expression level of the gene. The hypothesis being that a gene
which is highly expressed is more likely to be associated with the phenotype. While GSEA has
been used on various different types of phenotypes, including drug response, I have not found
any examples where the value used to rank the genes in the input set was the association level
determined after using SKAT analysis for each gene. The approach I have taken here seems
novel in that sense. An interesting example of a study which used a GWAS calculated value is a
study looking at genetic association to chemotherapy response. Charif et-al.[33] examined a link
to an adverse drug response called Raynaud's phenomenon after receiving chemotherapy. A
GWAS study was performed for each SNV and the SNV in each gene with the highest level of
association to the phenotype became the value used for that gene when performing GSEA
analysis. This is similar to the data value I used, the difference being that SKAT analysis creates

an overall gene score rather than using a value from a single SNV within the gene.

2.4 Summary of related work

The techniques employed in this research are well established and commonly applied to discover
new associations between genetic information and phenotypes of interest. The value and novelty
of this research is principally two fold: a data driven approach which identifies phenotypes of
interest by analyzing EMR data and second the data set which is being explored has not yet been
examined. The following chapters will explain the approaches in more details along with the

results.
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Chapter 3 -- Identifying potential adverse drug events

3.1 Introduction

Monitoring for adverse drug events is a critical and ongoing task for patient safety[8,21].
However, the gold standard for detecting and documenting and ADE is manual chart review by
medical professionals. This is a time-consuming process that does not scale effectively to meet
the need. Research shows that voluntary reporting systems fail to identify the majority of
ADESs[34,35], with the percentage of ADEs being reported from 1% - 6%. For this reason,
research is ongoing to try and detect ADEs automatically using data from electronic medical
records. Various different methods have been attempted including: directly using the diagnostic
codes[36], rules-based methods[37], examining claims data[38], natural language processing of
notes, and various different machine learning techniques[21]. Each of these methods has
different levels of success and is dependent on the specific data available as discussed in chapter
2. In this research, I present a method of detecting potential ADEs using the data available in

conjunction with a database of previously known adverse drug events.

3.2 Linking database of previously known ADEs

Accurate detection of ADE:s is difficult, and the gold standard is very labor intensive[39]. It
requires a medical professional to review charts and determine whether a medication or
combination of medications caused any problem a patient experienced. As previously mentioned,
different methods have been explored to automatically detect adverse drug events. The EMR
data from the eMERGE-PGx cohort is limited to medication orders and diagnosis codes. Given
that limitation, I proposed an approach that supplements the clinical record with a database of
known adverse drug reactions and linking the medication orders to a diagnosis by the date the
events were entered into the participant’s record.

The database of known adverse events I used was the Drug Evidence Base[5]. It is a
compilation of adverse events collected from five different sources: National Drug File -

Reference Terminology (NDR-FT), Canadian Institutes of Health Research Drug Bank, Side
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Effect Resource from the University of Heidelberg, Medline 2, and Medline Plus. If an adverse
event was reported to be caused by a drug in at least two of these sources, then it was considered
a known adverse event for that drug. The adverse events in the Drug Evidence Base are coded
using SNOMED CT codes, while the diagnosis information in the eMERGE-PGx data set is
encoded using ICD-9 codes. In order to match them, I mapped the ICD-9 codes to one or more

SNOMED CT codes using the Unified Medical Language System (UMLS) api[40].
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Figure 1: Process to combine data sources and find known ADEs. The Drug Evidence Base combines several
repositories of known adverse drug events, and if at least two of those sources indicated the same adverse event, [

used it in my analysis
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3.3 Method of identification of potential ADEs

To identify potential ADEs in the PGx cohort, I examined the medical records to find diagnosis
codes added to the participant’s record within 30 days of a medication order, which were also on
the list of known adverse drug effects for that medication.

As an example, in the Drug Evidence Base, the drug hydrochlorothiazide has 18
documented adverse reactions, including hyponatremia. For each instance of a medication order
of hydrochlorothiazide, all diagnosis codes added to the clinical record for that individual in the
30 days following the medication orders were compared against the list of the 18 matching
adverse effects. If a match was found, that individual was marked as having experienced a

potential ADE. Therefore, each potential ADE consists of a drug-diagnosis code pair.

Figure 2: Timeline example of potential ADE, which shows how a diagnosis was considered a potential ADE if it

occurred within 30 days of the associated medication

Medication Order: Diagnosis of
Hydrochlorothiazide Hyponatremia

30-day window

3.4 Resulting potential adverse drug events

I identified three hundred seventy-two individual drug-diagnosis pairs as potential adverse drug
events. A total of 1731 participants were found to have at least one potential ADE. This was
approximately 27% of all participants. Two large studies that analyzed the incidence of ADEs
found the rate to be 9.2%[39] and 13.5%[41], by examining hospital admissions and discharges.
Initially that would seem the incidence rate found here is high. However, for most participants in

the study [ am examining a decade worth of records which may include multiple hospital stays.
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Also the Department of Health and Human Services has estimated that for individuals above the
age of 65, the incidence rate of ADEs is closer to 53%]8]. As the mean age for participants in
this research is 53, a 27% incidence rate seems reasonable and in agreement with existing
findings.

For those participants that had at least one potential ADE, the mean number of different
potential ADEs was: 3.25, with the first quartile = 1 and the third quartile = 4. The max number
of different potential ADEs experienced by one person was 44. Table 2 summarizes the count by

sex and race.

Table 2: Summary statistics of potential adverse drug events

Variable All No identified Between 1 and More than one
Participants potential ADE 3.5 potential 3.5 potential
ADEs (one ADEs identified
standard (one standard
deviation) deviation)
N 6379 4648 1222 509
Sex (% male) 55.7% 58.4% 48.8% 41.5%
Age
Min 4 4 8 9
Mean 53.1 47.5 67.4 69.87
Max 99 97 95 99
Self-reported race
Caucasian 78.4% 78.7% 79.0% 74.3%
Black or African 17.8% 17.3% 17.7% 22.0%
American
Asian 0.8% 0.9% 0.5% 0.4%
Unknown 3.0% 3.1% 2.8% 3.3%

As some medications were more commonly prescribed among this population than
others, some potential adverse events were more commonly observed than others. Figure 3
shows the participant count of each potential ADE. It has a long tail, with most potential ADEs
having been experienced by a small number of participants. As we need a sufficient number of
individuals for a case-control study, a threshold of at least 20 cases was used to select which
potential ADEs would be used as phenotypes for association testing. As I described in chapter 2,

at least one previous genetic association study reported significant results with as few as 14
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cases, but the average number is much higher. I wanted to balance the desire to study as many
phenotypes as possible with the difficulty of finding useful information from a small group of
cases and controls. Based on the numbers from previous research 20 seemed an appropriate

number. The dashed blue line in Figure 3 shows the threshold.

Figure 3: Count of Participants for each potential adverse drug event. Dashed line at 20 indicates the cutoff of

which potential adverse drug events were used as phenotypes for the genetic association tests
Count of Participants per potential adverse drug event

400+

300+

Participant Count
S
o

0- uu llu ml |||||||IlllIIlIIIIII'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“I“I||||||||||||||||||||||||||IIIIIllIIIIIIlllIlII|||||||||||ll|||||lll|n

The most commonly identified potential ADE was hyponatremia associated with

hydrochlorothiazide. The count of participants prescribed hydrochlorothiazide was 1856, and
400 experienced hyponatremia following the medication and were added to the cases for this
potential ADE. Previous research indicates that hyponatremia is a prevalent adverse event
associated with hydrochlorothiazide[42—44]. Incidence rates ranged from 4% to as high as 39%,
depending on the population being studied. In this data set, we had 1869 participants with

hydrochlorothiazide orders in their record and 400 of those with a diagnosis of hyponatremia
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following the medication order. That was an incidence rate of 21.6%. Having found a potential
ADE that is known to occur frequently, with a reasonable incidence rate, helps validate the
approach taken. Fifty-two of the 372 potential ADEs had at least 20 cases and were used as

phenotypes for the genetic association tests.

3.5 Summary of potential ADE identification

In this chapter I have presented the method used to identify potential adverse events using the
available data for each participant from their respective medical record. Using an available
database of previously documented adverse drug events and a time based association between
medication orders and diagnosis codes, each participant has been identified as potentially
experiencing a potential adverse event, or not. I then compared the results compared against
previously reported ADE frequencies to attempt to validate the method. Finally I filtered the list
of potential ADEs (medication-diagnosis pairs) by the count of how many participants had been
identified as experiencing it. This final list is used in the next chapter as phenotype for

case-control association studies.

Chapter 4 -- Single variant genetic associations tests

4.1 Introduction

The basic definition of genetic association is the occurrence of a certain genetic marker as well
the expression of a certain phenotype in the same individuals at greater rates than simple chance.
To say that genetic association studies of one type or another are common is perhaps an
understatement. Doing a search of PubMed with the following options in the title: “GWAS” or
“genetic association” or “gene association” results in almost 26,000 results. Every year since
2010, more than 1500 studies have been published per year[45]. One reason there are such a
large number of studies is that repetition of the same findings in a different data set is very
important in validating the results. With such a large number of genetic variants to be examined
in the human genome, the possibility of a spurious association due to population effects of the

group being studied is high enough that every chance we have to validate those findings is
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important. The eMERGE PGx data set is an available data set which had yet to be explored using
genetic association tests, and can be an important source of validation of existing results. I also
hoped to find new associations which can further increase the body of knowledge of which
pieces of the genetic code are related to drug response. Another reason for such a large number
of genetic association studies is the large number of different phenotypes which are studied, from
diseases to adverse drug reactions, to physical traits. In short, there is much we do not know
about what specific pieces of the genetic code are related to.

With a large number of studies being performed, the techniques and tools for these
studies are well established. The interesting and novel part of my research is the data set being
examined, the list of phenotypes I have chosen to study, the automated approach to identify
phenotypes from EMR data and the goal I have to evaluate association to the phenotypes for
single variants, genes and finally gene sets. In each study, I increased the scope of the genome

examined and looked for possible interactions between different genes or regions of the genome.

4.2 Study design

4.2.1 Case and control groups

The association study I have performed is a case-control study. For this type of experiment, a
phenotype, often a disease phenotype, represents the cases, and individuals who do not exhibit
the phenotype are the controls. The genetic markers of the case group are compared against the
control group. The outcome of the study is a measure of the strength of the association between a
genetic marker and the phenotype, which is most often a useful hypothesis for further study
because the association does not necessarily indicate causation.

As mentioned in Chapter 2, I am using all the potential ADEs with at least 20 cases as
phenotypes for the case control studies. There are 52 different phenotypes and therefore 52
different groups of participants divided into cases and controls. Cases are individuals that had a
medication ordered and also had the associated diagnosis added to their medical record within 30
days. Controls were individuals that had the same medication ordered but had no record of the

associated diagnosis in their record. For each of the different genetic association tests (single
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variant, gene, and gene-set), which I performed, the same groups of cases and controls were
used.

Figure 4 shows the list of phenotypes ordered by the total number of participants in both
the case and control group. For most of the phenotypes, the number of controls is much larger
than the number of cases. To maximize the number of individuals available for the logistic
regression, I included all the cases and did not perform any sampling or matching. A systematic
review of genetic association studies of adverse drug reactions from 2010 to 2015[31] listed 38
different case control studies having a median cohort size of 829 participants and a median case
size of 177 participants. None of the studies were balanced or used sampling or matching. An
important drawback of an unbalanced study is that it is more difficult to achieve statistical
significance. For genetic studies, failing to match the cases and controls could introduce
population level confounding if the case group differs from the control group in terms of
ancestry, age or other attributes. Matching and/or sampling have not been done in this instance in
order to keep the number of participants as high as possible and preserve power, as well as the
possibility of discovery of new genetic associations. The drawbacks are mitigated by using an
adjusted target p-value which accounts for possible type I error and adding covariates such as age
and principal components derived from the genetic features to reduce the effect of confounding.
Also, given the number of participants available it may simply not be possible to find a matching

set of cases to the controls, individuals with the same age, ancestry, sex etc.
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Figure 4: Shows the list of potential ADEs which were used as phenotypes in case/control genetic association studies

Cases and controls of adverse drug events

Hydrochlorothiazide—Pulmonary_Edema
Hydrochlorothiazide-Hyponatremia
Ibuprofen-Edema
Ibuprofen—Duodenal_Ulcer

Ibuprofen-Dyspepsia

Omeprazole-Hyponatremia

Omeprazole-Edema

Omeprazole-Gynecomastia

Prednisone—-Acne

Lidocaine-Edema
Lidocaine-Cardiac_Arrest

Naproxen—Gastric_ulcer

Naproxen-Dyspepsia
Ciprofloxacin-Sustained_ventricular_tachycardia

Fentanyl-Cardiac_Arrest

Nitroglycerin-Chronic_Obstructive_Airway_Disease
Amlodipine-Edema

Metoprolol-Heart_Block
Levofloxacin—-Chronic_Obstructive_Airway_Disease
Metformin-Diabetic_Ketoacidosis
Hydrocodone-Chronic_Obstructive_Airway_Disease

clopidogrel-Arthritis
Spironolactone-Gynecomastia
Citalopram-Hyponatremia
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Citalopram-Irregular_heart_beat
Ketoconazole-Gynecomastia
Clotrimazole-Edema
Ketorolac-Kidney_Failure

Estradiol-Edema

Diltiazem-Cardiac_Arrest
Nifedipine-Edema
Fluoxetine-Hyponatremia
Testosterone-Edema
venlafaxine-Hyponatremia
Enalapril-Hyponatremia

Etodolac-Edema

Digoxin—-Cardiac_Arrest
Digoxin—-Sustained_ventricular_tachycardia
Digoxin-Heart_Block
Sulfacetamide-Edema
Amiodarone-Sustained_ventricular_tachycardia
Cyclosporine-Edema
Cyclosporine—Hyperlipoproteinemia_Type_IV
mycophenolate_mofetil-Edema
Haloperidol-Hyponatremia
Tamoxifen—Hyperlipoproteinemia_Type_IV

500 1000
Total participants
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4.2.2 Covariates

Covariates were added to the models when running the association tests to address possible
confounding issues. Ancestry is a common confounder, and the standard approach is to use
principal components to account for the effect it can have on the model[46]. The first ten
principal components were calculated for the genetic data, and they were included as covariates.
As an example of how they can be a proxy for ancestry, the first two principal components are

charted in Figure 5, and each participant is colored by self-reported race.

Figure 5: First two principal components labeled with self-reported race
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The number of medications that an individual is taking could also impact the number of
adverse reactions that individual experiences. Either from a single medication or due to

interactions between medications. Another covariate added was the count of unique medications

for the individual in their medical record.
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Other covariates added were age, sex, and the eMERGE site from which the participant
was recruited. This was to control for differences in the sequencing as well as other biases that

might have occurred at different sites.

4.3 Logistic regression for individual variants

4.3.1 Introduction

In order to discover which SNV is associated with the phenotype of interest we look for which

variant values have an increased occurrence in the case group. This could be examined with a
chi-squared test, )= (Observed — Expected) + Expected. Chi-squared has been used in

GWAS studies as it is not computationally expensive and can scale to a high number of variants.
This method has weaknesses: an assumption that the samples are independent, the samples have
a random distribution, and there is no method to account for population level effects.

Regression analysis is another approach which can be used to detect a relationship
between the genetic variants and the phenotype. Regression analysis is a statistical process which
can estimate the relationship between a dependent variable and a set of independent variables. A
model, or function, is chosen to represent the relationship between the variables and then an
analysis tool is used to estimate the solution of the function, also called fitting the model. A
commonly used regression model is linear regression, which defines a function:

Yy =Bo + B 1X + .. + & Which proposes that the dependent variable yis a linear

combination of the parameters of the independent variables X. €is an error term which accounts
for any variation in the model not able to be explained by the independent variables. Regression
analysis is useful for genetic association studies as the model can have more flexibility and
address some of the shortcomings mentioned for the chi-squared analysis. An important
improvement is the ability to add covariates in the list of independent variables which can
address population level effects.

Linear regression has been used for genetic association studies and proved to be
successful. However there is an issue with using linear regression for a dependent variable which

is a binary value, 0 or 1. The output for the dependent variable yis essentially unbounded, and
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does not match the goal of finding a binary value of 0 or 1. By choosing a different model, such
as a logarithmic function, we can have a function with a bounded output value for y. This type of
regression analysis is called logistic regression, and the model is based on finding the log-odds or
logit function of ybeing equal to 1. The equation is similar:

logit{y} =Bo + B . X + .. + & For this analysis I used logistic regression to identify the

associations to individual variants, and included the previously mentioned covariates in the

model resulting in the following function:

logit{ADEProbability} = Bo + PBsnv + Page + Psex + PmedCount + Psite + PBpcl..

Common tools have been developed to help facilitate running a logistic regression on
genome-wide variant data that contains many independent tests. These are highly varied from
programming packages in various languages, such as R and Python, to web-based execution
engines and more. One commonly used tool, which I use in this research, is PLINK[47,48], a
command-line tool that operates on genetic data stored in variant call format (VCF) files. PLINK

can run various different analyses, including logistic regression.

4.3.2 Logistic regression configuration

A commonly used p-value threshold for genome-wide association studies (GWAS) is p <5 x
10**1, This threshold is based on a Bonferroni correction with an assumption of 1 million
different variants. As the genetic data for this study was a targeted panel, it consisted of about
60,000 different variants. With a participant count of 6379, having 60,000 features for each
participant would make the logistic regression unlikely to converge. I filtered the list of variants
by including only those with a minor allele frequency of 0.05. The 0.05 allowed me to include
2695 variants, which was a manageable number, while still including variants of interest. This
gave me a significant p-value threshold of 1.86 x 10 using a Bonferroni correction.

I used PLINK to run a logistic regression on each phenotype of interest, passing in the
previously described covariates, the specified cases and controls for each phenotype, and the

minor allele frequency threshold of 0.05.
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4.3.3 Logistic regression results

After running the logistic regression, two of the 52 phenotypes had at least one variant
with a significant p-value. Clotrimazole with edema was associated with variants rs143661234
and rs1800822 on gene FM03. The second was venlafaxine with hyponatremia associated with
variant 1s28416595 on gene CYP4F12. Figure 6 shows the phenotypes and associated variant ids
of the ten most significant p-values. The green dashed line is the threshold for an adjusted

p-value of 0.05 and the blue for a p-value of 0.1.

Figure 6: P-values of the 10 most significant variant associations
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Drug: venlafaxine, Adverse Event: hyponatremia

Gene: CYP4F12, variant: rs28416595

Figure 7: adjusted p-values for variants with horizontal line marking adjusted p-value for p<0.05
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Figure 7 shows a manhattan plot that places a dot at the height of the p-value for each variant. The horizontal position is based on the
chromosome where the variant is found. One variant, rs28416595 on gene CYP4F12 is located above chromosome 19 and almost
directly on the line drawn for a significant p-value. This variant and gene have not been known to be associated with venlafaxine
previously. Venlafaxine does have documented pharmacogenetic association with nausea and vomiting[50], which could lead to
hyponatremia. It is possible that this is a novel association that also contributes to the same issue. CYP4F12 has been documented in

relation to liver function and warfarin dosing[51] and may affect how venlafaxine is processed by the liver.
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Drug: clotrimazole, Adverse Event: edema

GENE: FM03, variants: rs143661234, rs1800822

Figure 8: adjusted p-values for variants with horizontal line marking adjusted p-value for p<0.05
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In Figure 8 what appears to be a single dot above chromosome one, well above the significant p-value threshold, is actually two hits
drawn on top of each other. Both are variants on gene FM03. FM03 is believed to be responsible for producing an enzyme used to
break down several medications, including an antifungal drug ketoconazole. As clotrimazole is also an antifungal, this result is

interesting with that connection.
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Figures 9 and 10 are quantile-quantile plots (QQ plots) of the p-values corresponding to each variant that was regressed. The
QQ plot is a visual representation of the deviation of the observed p-values from the expected values. The p-values are sorted and
plotted against values from a hypothetical chi-squared distribution. If the observed values correspond to the expected values we should
see the plotted points line up with the red line from lower left to upper right. Points which do not line up are values that deviate from
the null hypothesis, and are an indicator of inflation. This type of chart can be used for quality control of the experiment, as it is a
quick way to see if large numbers of p-values are deviating from the expected value, and possibly in a similar trend. In Figure 9 we
observe one significant outlier which corresponds to the variant shown in Figure 7 that was at the threshold line. There are a few other
p-values that do not directly line up with the expected value, but not to a great deal or in any significant trend. Similarly in Figure 10
there are two points which correspond to the significant values highlighted in figure 8. There are a few more points which deviate
from the expected line, but the number is not high. A large number of outliers in either plot, especially trending in a similar direction

might indicate a population level effect which was not accounted for in the covariates.
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Figure 9 : QQ plot for venlafaxine, Adverse Event: hyponatremia
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Figure 10 : QQ plot for clotrimazole, Adverse Event: edema
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4.4 Single variant results discussion

In this chapter I have documented how I successfully regressed a subset of the single variant
genetic markers to discover the level of association between those variants and the phenotypes of
interest. The subset consisted of the variants with a minor allele frequency of at least 0.05, and |
filtered the variants to obtain a manageable number of tests. Given the number of participants, it
was necessary to have a smaller number of tests to perform.

While I found only two phenotypes with a level of association that met the significance
threshold, the results are still useful and encouraging. Here I have a dataset which is derived
from EMR, rather than being collected for research purposes. I have a set of phenotypes which I
obtained using automated methods, and finally I have some interesting results which can be of
use to further the body of knowledge regarding genetic associations to adverse drug events. It is
important not only because I obtained some useful information, but the manner of obtaining it is
a method which can scale out to larger results. Obtaining data specifically for research is time
consuming and expensive. Manual chart review for phenotyping is the same. Needing to perform
both of those tasks for each study limits the velocity of discovery. Being able to extract
meaningful information from existing data using automated techniques can potentially unlock

information much more quickly.

Chapter 5 -- Gene level association tests

5.1 Introduction

Biologically, it would make sense that more than one variant on the genome could contribute to a
particular phenotype, or in this case, to how an individual responds to a drug. Looking for an
association across a broader portion of the genome, at the gene or region level, can help uncover
associations that may not be detected when examining individual variants. The impact of a
particular variant may not rise to the level of being considered significant, but if the impact of

many variants across a gene are aggregated, the association of that gene to the phenotype may be
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significant. Even with the case when one SNV is causal, it may still be difficult to detect the
effect of this SN'V.

As I mentioned in section 1.3, the eMERGE PGx dataset does not include a full genome,
but a targeted panel. If there is a causal SNV for a particular phenotype, it may not have been
sequenced by this panel. It is possible that other SNV that are in linkage disequilibrium (LD)
with the causal SNV have been typed and will show a more modest association with the
phenotype. LD refers to an association between SNVs at different locations that occur either
more or less often than a random association. The reasons it can occur are varied and include
natural selection, genetic recombination, mutation rate and other. The result is that a SNV in LD
with a causal SNV can be more likely to be present in an individual with a specific phenotype.
The association level may be less than required to rise to statistical significance, but those effects
will be aggregated with the other SN'Vs in the same region or gene and all together the
association may be significant.

Besides being biologically sound, another advantage of looking for associations across a
region of the genome is the smaller number of tests that need to be performed. For the single
variant association tests I needed to filter the list of single variants by a minor allele frequency of
0.05 to reduce the number of variants being tested. Regressing all the individual variants would
have resulted in a p-value threshold that would be difficult to attain due to the multiple testing
problem and the need to avoid type I error. By aggregating the effects of the SNV together at the
gene level, far fewer individual tests were assessed and the p-value threshold is more attainable.

There are different methods for combining individual variant scores. First individual
variants must be grouped together, usually using prior biological knowledge. A simple and
common method is grouping SN'Vs by the gene they are a part of. The specific sets I used, and
how I obtained them is explained in section 5.2. These sets of SN'Vs are then tested for
association to the phenotype of interest. The types of tests run can be placed into two general
categories, burden, and non-burden tests. Burden tests combine the rare variant counts for each
variant in the set to compute a single burden variable[52]. A potential weakness of burden tests is
the assumption that all rare variants are related to the phenotype in the same direction, i.e., in a

causal manner.
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Non-burden or kernel-based techniques aggregate the test statistic computed for each
individual variant in the set. I used Sequence kernel association testing (SKAT)[6], which
aggregates the associations between SNVs and the phenotype through a kernel matrix. The
kernel refers to the calculation performed on each value, and the matrix is the collection of
values. This test can detect epistatic effects or SNV-SNV interactions, as well as being useful
when a genetic region has variants that are both causal and protective, or when there are many
non-related SNVs. I employed this technique and examined the same set of 52 cases and controls
from figure 52, with the same set of covariates used when running the logistic regression for
single variant association. The kernel for SKAT is a simple sum of the single variant values.

logit{ADEProbability} = B, + Page + Psex + Psite + Ppcl.. + Ppcl0 +

Here S is the score statistic for the single variant model. For a gene where we have n SNVs, we

sum the value produced for each of the n SNVs and then add the final value as a variable.

5.2 SKAT inputs

A key input into the SKAT analysis is the set of genes or regions that will be tested. Each variant
in the genetic data to be considered in the analysis is labeled, and that label is associated with
one of the genes or regions. The genetic variant information resides in a data file in variant
calling format (VCF). A VCF file contains rows of single variants, and columns of individual
participants. One piece of metadata on each row is an optional annotation for the variant. While
the VCEF file containing the genetic data for the eMERGE-PGx cohort had been previously
annotated and variant ids added to the file, I updated this information using the Variation
Services application programming interface (API) provided by the National Library of
Medicine[53]. I uploaded the VCF file and received an updated set of annotations. The
annotations mark each known variant with an identifier. The VCF file has almost 60,000
individual variants, but after this updated annotation effort, only 41,000 had an identifier. [ was
then able to get a list of known genes and gene regions for each labeled variant using the same

API. The result was that the list of 41,000 variants was separated into 512 genes and regions that
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I used as the input set for the SKAT analysis. Figure 11 illustrates the process of separating the
variants into sets.

Figure 11: Process of annotating the VCF file and obtaining a list of gene or gene region sets of
variants.
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5.3 SKAT results

Ten different phenotypes had one or more genes significantly associated with a potential ADE
after running the SKAT analysis. The following is a brief summary of each significant
association results, which are mostly novel findings. For each phenotype and significant gene
association, I performed a PubMed search as well searched PharmG-KB[54] in an attempt to find
any previously documented associations to the drug, whether related to efficacy or to any adverse
reaction. Also, figure 12 summarizes the different p values and the associated phenotypes.

Fentanyl with cardiac arrest was associated with one gene, HEXB, and one region,
LOC102725258. I was not able to find any references to previously documented associations to
cardiac arrest.

Ketorolac with kidney failure was associated with GPR174. 1 was not able to find any
previous drug associations with gene GPR174 and very limited documented associations to
genetic markers for ketorolac.

Diazepam with cardiac arrest was associated with the gene MTFRI. Diazepam has some
documented associations with CYP2C19/55] with regards to dosing and metabolism rates, but no
genetic associations to adverse events that I could find. Nor could I find any previously
documented drug interactions with the gene MTFRI.

Hydrochlorothiazide with pulmonary edema was associated with genes ANGPTLS and
CCDC101. Neither of these two genes has any prior association with hydrochlorothiazide that I
could find. There are several dozen papers documenting genetic associations to
hydrochlorothiazide, including efficacy and adverse drug events. None that I could find related to
pulmonary edema.

Testosterone with edema was associated with the gene GS7A42. I was unable to find any
previous research relating GS7TA2 to testosterone, but there was limited evidence of this gene
being associated with a different adverse event: cardiotoxicity when using doxorubicin[56].

Naproxen with dyspepsia was associated with genes BTRC and BCKDK. BTRC has

previous evidence associating this gene with reduced efficacy of gemcitabine, while BCKDK has
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some evidence indicating this gene affects how several drugs are metabolized in the liver.
Naproxen has some limited evidence of previous genetic associations with reduced efficacy and
adverse events related to the gene CYP2C9/57]. 1 could not find any previously documented
associations linking dyspepsia and naproxen. Naproxen with gastric ulcer was also associated
with the gene BTRC, and I could not find any previous mention of this association either.

Ciprofloxacin with sustained ventricular tachycardia was associated with genes SLC1A41
and TUBDI. Again, | found no previously documented evidence of this association.

Prednisone with acne was associated with genes ZNF557, ANGPTLS and PPP6C.
Prednisone and related drugs have a variety of previously documented genetic associations that
affect both efficacy and adverse events; however, none mention sustained ventricular tachycardia
or the three genes which I found to be associated with the potential adverse event.

Ketorolac with kidney failure was associated with genes PRUNE?2 and CYP4V2. Neither

of these genes has any previous documented genetic association to these genes that I could find.

5.4 SKAT discussion

I had hoped to find a gene related to the same phenotypes which had significant results
for the single variant tests. Even better, results where the significant gene or genes contained the
single variant that had previously been found. For clotrimozole with edema the results for gene
FM03, the same gene where the single variant associations were found, were close to the
significance threshold, but did quite cross the threshold. There are several reasons why that may
be. As discussed, this data set does not include a full genome, so the gene of interest may not be
fully included. Also, the results of a single variant, when combined with other variants on the
same gene, may not be significant. It is interesting that this gene did have a fairly strong
association, and would be worth further investigating. The specific result is show in figure 12
below along with the other gene level results.

Overall, the results are quite interesting. Once again I present a set of analysis that is
automatically derived from EMR data and discovered using automation. This is a technique that
can be scaled to many different data sets. The useful results here in SKAT also highlight the

advantages of looking for associations at a less granular level then individual variants. By

42


https://paperpile.com/c/khhKSH/P01k

grouping the individual variants together, we end up with fewer tests to run and a greater
likelihood of finding meaningful results. As we see in these results, ten different phenotypes had
significant findings, all of which are novel. At this point, if more information is desired at a more
granular level, a new targeted study can be done focusing on the specific gene that was identified
by SKAT analysis. This type of multi-step analysis can be done with a modest number of
participants as I have done here. These findings can also be examined in other datasets for
confirmation, and other work can be done such as exploring the biological pathways involved or

related drugs.
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Figure 12 : P-values for the most significant gene level associations
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Chapter 6 -- Gene set enrichment analysis (GSEA)

6.1 Introduction

The next wider level of analysis I performed was an attempt to discover associations between
sets of genes and the phenotype of interest. The hypothesis being that multiple genes may
interact in a biological pathway and together contribute to the potential adverse drug event. Here
I had a similar hypothesis that gene sets which contain genes found to be significantly associated
to a potential ADE during SKAT analysis would show a meaningful association to the same
potential ADE. That did prove to be the case for one potential ADE, hydrochlorothiazide with
edema. More details follow in section 6.3.

A common method and associated tool to examine gene sets is Gene Set Enrichment
Analysis (GSEA)[7]. GSEA takes as input a set of genes per gene, each gene having a rank
assigned to it which represents the correlation between the gene and a phenotype. The rank can
be based on any suitable data, but is often gene expression data as measured by mRNA levels or
protein quantification[7]. For my analysis, gene expression levels were not available, but I have a
useful gene level metric, which is the p-value score computed per gene during the SKAT analysis
described in chapter 5. I used the negative log of the p-value as the per-gene input for the GSEA
analysis. When doing a search of previously published GSEA analysis, I believe this to be a
novel approach to using this method. The list of gene values is sorted by the given metric.

The sorted list is then used to examine sets of genes which have been a priori grouped
together. The groupings may be based on biological pathway, cytogenetic band or gene ontology
category. In section 6.2, I describe which collection of gene sets I chose and why. A random walk
of a gene set is performed. For each gene in the walk if the gene is present in the sorted list, then
the score for the gene set is increased by the value in the list, if the gene is not present in the list
the score is decreased. Once the random walk is completed, the score for the gene set is the
maximum deviation from zero which occurred during the random walk. This score is referred to

as the enrichment score.
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The significance of the enrichment score is estimated by randomly creating permutations
of the phenotype assignments and recomputing the enrichment score for each permutation which
generates a null distribution. The nominal p value of the observed enrichment score is then
calculated relative to the distribution. In section 6.3 I include a sample of the permutations and

the random walks.

6.2 GSEA inputs

As mentioned, typically the input to this process is gene expression data, which indicates how
much a particular gene is being expressed or replicated in an individual. The data I used as input
to the tool was the score calculated in the previous SKAT analysis, which computed a score for
each gene based on the individual variant values in the gene.

Another key input to the analysis is the different gene sets that will be examined. Using
the Molecular Signatures Database (MSigDB)[58], I searched for a collection of gene sets that
included genes of interest in pharmacogenetics and also had overlap with the genes included in
the PGRNSeq array. The goal was to find a collection which included many gene sets which
were targeted around drug response. I selected the Gene Ontology Biological Processes
collection, also labeled C5 GO:BP in MSigDB. This is a collection organized ontologically, with
7573 gene sets in the collection. I chose this collection because, among many other sets, this
collection included 23 drug response related gene sets such as:

GOBP_CELLULAR RESPONSE TO DRUG and GOBP_RESPONSE TO DRUG. The tool
filters out any gene set which does not have a sufficient number of genes in the set which overlap
with the genetic input data. As PGRNseq includes 84 target genes, most sets were eliminated
from the collection, and analysis was done using 373 sets from the collection.

The ten phenotypes found to have a significant gene-level association during SKAT
analysis were then used for gene-set level testing. The GSEA tool was used to examine the gene
sets with the following inputs:

1. Expression data set was the SKAT values computed for each gene.
2. Gene set database: C5 GO BP, Gene Ontology Biological Processes

3. Number of permutations: 1000
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4. Permutation type: phenotype

5. Chip platform: Human Gene Symbol with Remapping MSigDB

6.3 GSEA Results

One phenotype, hydrochlorothiazide with pulmonary edema, had a significant result. One gene
set was found to have a significant p-value, 0.002, and a low false discovery rate (FDR), 0.235. It
was: GO_POSITIVE_ REGULATION OF CELLULAR COMPONENT BIOGENESIS,
described as: “Any process that activates or increases the frequency, rate or extent of cellular
component biogenesis, a process that results in the biosynthesis of constituent macromolecules,
assembly, and arrangement of constituent parts of a cellular component.”

Figure 13 is a plot of all the gene sets, with their p value and FDR) value. According

Subramanian et. al.(Subramanian et al. 2005) for the GSEA results to be considered significant

and reliable the adjusted p value should be below 0.05 and the FDR should be below 25%. The
red point in the lower right corner, in the yellow section of the chart is the plot point for the set
mentioned above:
GO_POSITIVE_REGULATION OF CELLULAR COMPONENT BIOGENESIS. It is
interesting to have obtained a result with a gene set that has a significant association with the
phenotype, and this gene set contains the gene CCDC101 which is the same gene found to have a
significant association to hydrochlorothiazide with pulmonary edema. It suggests a follow up
examination of that gene in particular, any other pathways it may interact with and how they may
relate to either the drug hydrochlorothiazide or the disease of pulmonary edema. It is a useful
result for further hypothesis generation. However, the particular gene set identified is not a gene
set related to drug metabolism or drug response specifically. It is a more general purpose gene set
which could relate to many different biological processes.

There is a second gene set with a significant p-value, and which is just above the cut off
line for a FDR of less than 25%. It is GO_RHYTHMIC PROCESS, described as “Any process
pertinent to the generation and maintenance of rhythms in the physiology of an organism”, also

not a particularly interesting gene set for this study. It shares many of the same genes as the
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GO_POSITIVE REGULATION OF CELLULAR COMPONENT BIOGENESIS set, which is

why the p-value was also quite strong in its association.

Figure 13 : P-values and false discovery rates for the gene sets graphed with the nominal enrichment score
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Figure 14 below is a chart of the random walk of the gene set GO_POSITIVE _REGULATION
_OF CELLULAR _COMPONENT BIOGENESIS which shows how the enrichment score was calculated, each
occurrence of a gene in the set which was also found in the input data set increased the enrichment score by the
value associated with the gene (the -log of the p-value calculated during SKAT analysis), each gene in the set which
did not occur in the input data set reduced the enrichment score. The peak of the chart, or maximum deviation from

zero is the final score.
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Figure 14 : Random walk of the GO_POSITIVE REGULATION_OF _CELLULAR_COMPONENT BIOGENESIS

gene showing how the enrichment score is calculated.
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Figure 15: A sample of other random walks of gene sets contained in the Gene Ontology Biological Processes

collection of gene sets. Included as an aide to understanding how the enrichment scores are calculated
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Chapter 7 -- Discussion

7.1 Summary

I have examined a uniquely useful dataset to look for novel associations between adverse drug
events and genetic variation. Using an automated process, I identified potential ADEs by
comparing medication orders with diagnosis codes and linking that information to a database of
previously published drug side effects. The results were compared to literature of ADE rates to
gain confidence in the results and the potential ADEs were then used as phenotypes in genetic
association tests.

The association tests progressed from single variant associations, to gene or region tests
and finally to gene set associations (related to biological pathways). The goal was to find
associations at different levels or sizes of the genome and compare those results for interesting
possible overlaps.

The results included interesting associations at each stage of the analysis, including two
different associations found for single variants, a larger number of gene associations and one

gene set association.

7.2 Discussion and significance

As mentioned, the association results are useful in and of themselves, as they are novel
associations and can be useful information to add to the body of knowledge of genetic
association to drug response. The approach of analyzing a phenotype at different levels of the
genome is also useful and the results highlight the fact that different insights can be gained by
examining different areas and sizes of the genome.

The automated approach to identifying the phenotypes from EMR is also significant.
More data is available via EMRs than can possibly be obtained by collecting data through
studies. While EMR data is collected for a very different purpose than research or clinical

studies, and therefore can be more challenging to work with, studies such as this show that it is
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useful for research, and meaningful results can be obtained. It is also significant that my
approach is automated -- research that is manual will not scale up.

The data set is also important, because even now there are still few datasets where EMR
data and genetic data for the same participants is available. It is something that should be taken

advantage of whenever possible.

7.2 Weaknesses

The EMR data used in this study was collected to manage and direct the participants’ medical
care and not to provide phenotypes for genetic association studies. The adverse drug events used
as phenotypes are here properly called potential adverse events. I do not have confirmation that
the diagnoses were related to the medications that the participants received.

As with many studies, and genetic association studies in particular, the study would
benefit from having a larger number of participants. In section 4.3.2 I discussed the need to
eliminate many of the variants from the analysis to have a small enough number of features such
that an analysis could be done. Multiple testing errors are a common problem with genetic
association tests as there are such a large number of variants to be explored. This weakness of a
relatively smaller sample size does highlight one strength of a targeted genomic panel, in that
much of the noise which would be encountered while examining the entire genome is not
present. With only 6000 participants it is unlikely meaningful results would be found if I had
examined the entire genome of each participant.

While these issues definitely introduce some biases, I believe that the results show that
the useful information has been obtained in the analysis. The advantage here is that many
different phenotypes were identified quickly over the set of participants and association tests
were run for all of them. That can be compared to other studies which may focus on one

carefully obtained phenotype, but at a much greater cost.

7.3 Future Work

To help address the issue identified above with the uncertainty of the potential ADEs more work

could be done using this cohort of participants to more accurately identify adverse events. If it is
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possible to gain some additional data from the EMR, other more advanced methods of automated
adverse event identification could be utilized. Some more complex methods including applying
natural language processing to the notes, examining admission information and examining
medication stop orders[21]. With more resources, a manual review of the participants’ medical
records could be done to obtain reports of ADEs with a high degree of reliability. As that is very
costly, it would make most sense only for some specific adverse events of interest.

Also, additional clinical information could help to more accurately identify the diagnosis.
Lab values, such as sodium levels for hyponatremia, and the dates of those values could be
checked against the diagnosis codes to further enhance the automated process of identifying the
potentical ADEs and gain more confidence in the phenotypes.

Another approach that could be used to increase the number of cases for a given
phenotype would be to group the adverse events together. This could be done by diagnosis.
Edema, for example, occurred in relation to many different drugs. After some research to identify
which biological mechanism or pathway is a likely cause for edema, several different drugs with
that same adverse event might be able to be grouped to form a larger cohort. A similar variation
on this approach could be to group by drug. Similarly, a reasonable method of grouping the drugs
together which makes sense from a genetic standpoint would be needed. Looking for
relationships from drugs to biological pathways and from pathways to genes could also lead to
an interesting grouping of the phenotypes.

This study has identified several different associations of interest, which could be
preliminary data to explore the phenotype further. Each could be examined with a larger dataset,

such as the larger eMERGE III cohort(Stanaway et al. 2019) or, when available, the All of Us

data set. It is a useful proof of concept for similar studies. The single variant associations that
had the highest level of statistical significance were related to the potential adverse event of
clotrimazole with edema. It would be interesting to continue investigating this phenotype further
because more than one variant on the same gene was found to be associated with the potential
ADE. Also that gene has prior evidence being linked to another antifungal drug,

ketoconazole[59].
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The results found thus far are, as discussed, the discovery of an association between a

variant and a phenotype. Validating this association in another population would be the next

important step in following up with these results. After that, trying to determine a causal

relationship, or identifying a possible biological process affected by the variants would come

next. The GSEA analysis that I have done here is a method by which genetic analysis can lead to

a link to biological processes.

Overall this work has shown that automated techniques can be used to find useful

associations to different phenotypes and future work can be continued in this manner which will

hopefully lead to a larger scale of association tests being performed.
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