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ABSTRACT OF THE DISSERTATION

Developing machine learning and statistical methods

for the analysis of genetics and genomics

by

Jiajin Li
Doctor of Philosophy in Human Genetics
University of California, Los Angeles, 2021

Professor Matteo Pellegrini, Chair

With the development of next-generation sequencing technologies, we can detect numerous
genetic variants associated with many diseases or complex traits over the past decades. Genome-
wide association studies (GWAS) have been one of the most effective methods to identify those
variants. It discovers disease-associated variants by comparing the genetic information between
controls and cases. This approach is simple and effective and has been used by many studies.
Before performing GWAS, we need to detect the genetic variants of the sample population. A
subset of these variants, however, may have poor sequencing quality due to limitations in NGS
or variant callers. In genetic studies that analyze a large number of sequenced individuals, it is
critical to detect and remove those variants with poor quality as they may cause spurious
findings. Here, I will present ForestQC, an efficient statistical tool for performing quality control

on variants identified from NGS data by combining a traditional filtering approach and a



machine learning approach, which outperforms widely used methods by considerably improving
the quality of variants to be included in the analysis.

Once this association is identified, the next step is to understand the genetic mechanism of rare
variants on how the variants influence diseases, especially whether or how they regulate gene
expression as they may affect diseases through gene regulation. However, it is challenging to
identify the regulatory effects of rare variants because it often requires large sample sizes and the
existing statistical approaches are not optimized for it. To improve statistical power, I will
introduce a new approach, LRT-q, based on a likelihood ratio test that combines effects of
multiple rare variants in a nonlinear manner and has higher power than previous approaches. I
apply LRT-q to the GTEx dataset and find many novel biological insights.

Recent studies have shown that omics data can be used for automatic disease diagnosis with
machine learning algorithms. I will introduce an accurate and automated machine learning
pipeline for the diagnosis of atopic dermatitis (AD) based on transcriptome and microbiota data.
I will demonstrate that this classifier can accurately differentiate subjects with AD and healthy
individuals. It also identifies a set of genes and microorganisms that are predictive for AD. I will

show that they are directly or indirectly associated with AD.
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Chapter 1 Introduction

One of the primary goals in genetic and genomic studies is to understand how genetic variations
affect phenotypes, especially diseases and complex traits. Studies have found that some genetic
variants can increase the risk of getting certain diseases and that individuals carrying some
variants can have larger weights or heights. Such information about associations between
variants and diseases is essential to understand their genetic basis, which can be fundamental in
finding treatments for them.

The genetic basis of diseases or complex traits can be complicated because they can be affected
by one or more genetic variants as well as some environmental factors. One approach to identify
the genetic mechanisms of complex traits or diseases is association studies. Association studies
compare the genotypes of individuals with a disease (cases) with those without a disease
(control). Alleles that are overrepresented in cases would be determined to be associated with the
disease. With the advent of next-generation sequencing (NGS) technologies, the cost of detecting
numerous genetic variants decreases drastically. It enables genetic studies to collect information
on tens of millions of single nucleotide polymorphisms (SNP) from a large population. Genome-
wide association studies become possible, which perform association studies on a genome-wide
level. Over the past decades, GWAS have been playing an important role in identifying genetic
variations associated with diseases or complex traits.

However, GWAS have been very successful but still have some limitations. First, several factors
can affect the quality of variants detected by NGS, which could, in turn, lead to inaccurate results
in the follow-up analysis in GWAS. Errors and biases in NGS, alignment algorithms, and variant

calling tools can cause false positives in variant detection. Therefore, it is vital to perform quality



control (QC) on genetic variants to remove variants with sequencing errors. Traditionally,
genetics studies have two types of QC approaches: “filtering” and “classification” approaches. In
the filtering approach, several hard filters are applied to remove problematic variants. One main
problem with this type of approach is that the cutoff values are often study-specific and need to
be manually fine-tuned for each study. It is also difficult to determine the quality of variants
whose metrics are very close to the threshold values. The classification approach attempts to
learn variants with low quality using machine learning techniques, which often use public
databases to train the models. One of the issues is that the models may be biased to keep known
variants in the databases and filter out novel variants. Another issue is that those databases might
not always be accurate, contributing to the imprecise classification of variants.

Second, GWAS focus on the associations between common variants and traits, but common
variants can explain only a fraction of the heritability. This phenomenon is referred to as
“missing heritability”. Rare variants are considered to contribute to the missing heritability. Like
common variants, rare variants might affect traits by regulating the expression of nearby genes.
However, the effects of rare variants on gene expression remain mostly obscure. There are two
major challenges in the analysis of the regulatory effects of rare variants. The first challenge is
relatively small sample sizes of datasets with both whole-genome sequencing (WGS) and RNA-
seq data. The second challenge is the statistical methods for the analysis. Traditional association
methods using a single marker test for each SNP have low statistical power for rare variants. To
increase the power, many collapsing approaches that combine the effects of multiple rare
variants have been proposed but they are not optimized for analyzing the functional effects of

rare variants.



With the accumulation of knowledge about associations between diseases and genomic data, it is
possible to make predictions on diseases based on the genetic profiles of patients. Previous
studies have found that host gene expression and gut microbiota are associated with atopic
dermatitis (AD), a type of inflammatory skin disease. However, there have been few studies on
prediction analysis using machine learning based on the gut transcriptome and microbiota in AD.
It is desirable to have an accurate and automated diagnosis of AD and an improved set of
biomarkers for it because it is challenging to diagnose AD and assess its severity.

My thesis work focuses on developing machine learning applications and statistical methods to
improve the analysis of genetics and genomics. Below I will have a brief introduction of the

scientific challenges and the methods that I developed to address them.

Chapter 2: Developing machine learning applications for the quality control on genetic
variants

Genetic variants of low quality can cause spurious associations in GWAS. Two main types of
approaches, filtering and classification approaches have been proposed to perform quality control
on the variants detected by NGS, but they have several limitations and fail to improve variant
quality for various datasets. The filtering approach requires predefined cutoff values that are
often study-specific. It is also difficult to determine the quality of variants whose metrics are
very close to the threshold values. The classification approach often uses public databases to
train the models, so the models may be biased to keep known variants in the databases and filter
out novel variants. Another issue is that those databases might be inaccurate, leading to the poor
performance of the models. In Chapter 2, I propose ForestQC, a variant QC method that

combines a filtering approach with a classification approach based on a random forest model. It



can solve the issues mentioned above and is very scalable. I demonstrate with two high-coverage
WGS datasets that ForestQC outperforms existing methods by considerably improving variant

quality in both datasets.

Chapter 3: Detecting the regulatory effects of rare variants in multiple tissues

To discover the functional effects of genetic variants, many expression quantitative trait loci
(eQTL) studies are interested in identifying genes whose expression levels are influenced by
genetic variants (called “eGenes”). We call the genes regulated by rare variants “RV eGenes”. It
is challenging to identify RV eGenes because of the limited available datasets with large enough
sample sizes and statistical approaches with sufficiently high statistical power. Traditional
association test that utilizes a single marker test for each SNP works well for common variants in
GWAS but suffers from power loss for rare variants. That is because its power is proportional to
the minor allele frequency of SNPs. To boost power, many collapsing approaches that combine
the effects of multiple rare variants have been proposed but they are not optimized to find RV
eGenes. In Chapter 3, I present a novel powerful approach called LRT-q to detect RV eGenes. It
incorporates functional annotations of rare variants and aggregates their statistics in a nonlinear
manner to identify a group of potential causal rare variants influencing the expression of a
nearby gene. I show by simulated data that LRT-q is more powerful than previous methods. I
also apply LRT-q to the Genotype-Tissue Expression (GTEx) v8 dataset to perform the first
comprehensive analysis of the regulatory effects of rare variants in multiple tissues. I identify

many RV eGenes from this dataset and find several important biological insights.

Chapter 4: Designing machine learning algorithms for the automated diagnosis of atopic

dermatitis



Atopic dermatitis (AD) is a type of inflammatory skin disease that can impose a high economic
burden and have considerable negative effects on life quality. It is challenging to diagnose AD
because of its variable morphology, distribution, and irregularity. And the assessment of disease
severity is problematic due to the lack of objective markers. Therefore, an accurate and
automated diagnosis of AD and an improved set of biomarkers for it could have a potentially
high impact. Studies have shown that AD is related to the expression of some genes and gut
dysbiosis. Recent integration and correlation analyses of host gene expression and gut microbiota
have emerged as an important opportunity for the diagnosis and prediction of human diseases
like AD. However, there have been few studies on AD prediction based on gut transcriptome and
microbiota. In Chapter 4, I present a machine learning classifier for an accurate and automated
diagnosis pipeline for AD using the transcriptome of gut epithelial colonocytes and gut
microbiota. [ demonstrate that it can differentiate between subjects with and without AD based
on the omics data with high accuracy. And I show that it can also identify a set of predictive
genes and microbiota features that may provide novel biological insights and be developed into

useful biomarkers for AD.



Chapter 2 Developing machine learning applications

for the quality control on genetic variants

2.1 Introduction

Over the past few years, genome-wide association studies (GWAS) have been playing an
essential role in identifying genetic variations associated with diseases or complex traits [1,2].
GWAS have found many associations between common variants and human diseases, such as
schizophrenia [3], type 2 diabetes [4,5], and Parkinson’s Disease [6]. However, these common
variants typically explain only a small fraction of heritability for the complex traits [7,8]. Rare
variants have been considered as an important risk factor for complex traits and diseases [9—12].
With the next-generation sequencing (NGS) technology, geneticists may now gain insights into
the roles of novel or rare variants. For instance, deep targeted sequencing was applied to discover
rare variants associated with inflammatory bowel disease [ 13]. Whole-genome sequencing
(WGS) has been used to identify rare variants associated with prostate cancer [14], and with
whole-exome sequencing, studies have also detected rare variants associated with LDL

cholesterol [15] and autism [16].

However, several factors may adversely influence the quality of variants detected by sequencing.
First, NGS is known to have errors or biases [ | 7—2 1], which might cause inaccuracy in detecting
variants. Second, the sequence mappability of different regions may not be uniform but
correlated with sequence-specific biological features, leading to alignment biases. For instance, it
is shown that introns have significantly lower mappability levels than exons [22]. Third, variant

calling algorithms may be the sources of errors as no algorithm is 100% accurate. For example,



GATK HaplotypeCaller and GATKUnifiedGenotyper [23], which are the widely used variant
callers, have a sensitivity of about 96% and precision of about 98% [24]. Additionally, different
variant callers may generate discordant calls [25], and in some instances, different versions of
even the same software may generate inconsistent calls. All these factors may generate false-
positive variants or incorrect genotypes, which may then lead to false-positive associations in the
follow-up association analyses. For example, Alzheimer’s Disease Sequencing Project has
reported that they found spurious associations in the case-control analysis where one of the

causes for the problem could be inconsistent variant discovery pipelines [26].

It is vital to perform quality control (QC) on genetic variants identified from sequencing to
remove variants that may contain sequencing errors and hence, are likely to be false-positive
calls. Traditionally, genetic studies have utilized two types of QC approaches; we call them
“filtering” and “classification” approaches. In the filtering approach, several filters are applied to
remove problematic variants such as variants with high genotype missing rate (e.g. > 5%), low
Hardy-Weinberg Equilibrium (HWE) p-value (e.g. < 1E-4), or very high or low allele balance of
heterozygous calls (ABHet) (e.g. > 0.75 or < 0.25). One main problem with this type of approach
is that these thresholds are often study-specific and need to be manually fine-tuned for each
study. We may also remove variants whose metrics are very close to the thresholds (e.g., variants
with a missing rate of 5.1%). Another type of QC is the classification approach that attempts to
learn variants with low quality using machine learning techniques. One example is Variant
Quality Score Recalibration (VQSR) of GATK [24,27] that uses a Gaussian mixture model to
learn the multidimensional annotation profile of variants with high and low quality. However,
one of the issues with VQSR is that one needs training datasets acquired from existing databases

on variants such as 1000 Genomes Project [28] and HapMap [29], which may be biased to keep



known variants and filter out novel variants. Another issue is that those known databases of
genetic variants may not always be accurate, which would lead to inaccurate classification of
variants, and they may not even be available for some species. It may also be a challenge to
apply VQSR to a variant call set generated by variant callers other than GATK as VQSR needs

metrics of variants that are not often calculated by non-GATK variant callers.

In this article, we present ForestQC for performing QC on genetic variants discovered through
sequencing. Our method aims to identify whether a variant is of high sequencing quality (high-
quality variants) or low quality (low-quality variants) by combining the filtering and
classification approaches. We first apply the filtering approach by applying stringent filters to
identify truly high-quality or low-quality, while the rest of variants that are neither high-quality
nor low-quality are considered to have uncertain quality (“undetermined” variants). Given this
set of high-quality and low-quality variants, we train a machine learning model whose goal is to
classify whether the undetermined variants are high-quality or low-quality. With an insight that
high-quality variants would have higher genotype quality and sequencing depth than do low-
quality variants, we use the information of several sequencing quality measures of variants for
model training. ForestQC then uses sequencing quality measures of the undetermined variants to
predict whether each undetermined variant has high or low sequencing quality. Our approach is
different from the filtering strategy in that it only uses filters to identify unambiguously high-
quality and low-quality variants and does not attempt to classify undetermined variants with
filters. Our method is also different from VQSR as our training strategy allows us to train our
model without reference datasets for variants and solves several issues with VQSR mentioned

above. Another advantage of our software is that it can be applied to Variant Call Format (VCF)



files from most of variant callers that generate standard quality information for genotypes and is

very efficient.

To demonstrate the accuracy of ForestQC, we apply it to two high-coverage WGS datasets; 1)
large extended pedigrees ascertained for bipolar disorder (BP) from Costa Rica and Colombia
[30], and 2) a sequencing study for Progressive Supranuclear Palsy (PSP). The first dataset
includes 449 related individuals from families, while the latter dataset consists of 495 unrelated
individuals. We show that ForestQC outperforms VQSR and a filtering approach based on
ABHet as high-quality variants detected from ForestQC have higher sequencing quality than
those from VQSR and the filtering approach in both datasets. This suggests that our tool
identifies high-quality variants with higher accuracy than other approaches in both family and

unrelated datasets. ForestQC is publicly available at https://github.com/avallonking/ForestQC.

2.2 Results

2.2.1 Overview of ForestQC

ForestQC takes a raw VCF file as input and determines which variants have high or low quality.
Our method combines a filtering approach that determines high-quality and low-quality variants
by a set of pre-defined filters and a classification approach that uses machine learning to classify
whether a variant is high-quality or low-quality. As illustrated in Fig |, our method first
calculates the statistics of each variant for several filters that are commonly used in performing
QC in GWAS. These statistics consist of ABHet, HWE p-value, genotype missing rate,
Mendelian error rate for family-based datasets, and any user-defined statistics (details described

in Materials and Methods). ForestQC then identifies three sets of variants using these statistics as



filters: 1) a set of high-quality variants that pass all filters, 2) a set of low-quality variants that
fail any filter(s), and 3) a set of undetermined variants that are neither high-quality nor low-
quality variants. We use stringent thresholds for filters (S1 and S2 Tables), and hence we are
highly confident that high-quality variants have good quality while low-quality variants are
indeed false-positives or have unequivocally poor sequencing quality. The next step in ForestQC
is to train a random forest machine learning model using the high-quality and low-quality
variants we detect in the filtering step. In ForestQC, seven sequencing quality metrics of high-
quality and low-quality variants are used as features to train the random forest model, including
three related to sequencing depth, three related to genotype quality, and one related to the GC
content. Finally, the fitted model predicts whether each undetermined variant is high-quality or
low-quality. We combine the predicted high-quality variants from the random forest classifier
and the high-quality variants detected in the filtering step, as the complete set of high-quality

variants determined by ForestQC. The same procedure is applied to identify low-quality variants.

One major challenge in classifying undetermined variants is to identify a set of sequencing
quality metrics that are used as features to train the random forest model. We choose three sets of
features based on quality metrics provided by variant callers and prior knowledge in genome
sequencing. The first set of features is genotype quality (GQ), where we have three metrics:
mean, standard deviation (SD), and outlier ratio. The outlier ratio is the proportion of samples
whose GQ scores are lower than a particular threshold, and it measures a fraction of individuals
who are poorly sequenced at a mutation site. A high-quality variant is likely to have high mean,
low SD, and low outlier ratio of GQ values. The second set of features is sequencing depth (DP),

as low depth often introduces sequencing biases and reduces variant calling sensitivity [31]. We
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also use the same three sets of metrics for DP as those for GQ: mean, SD, and outlier ratio. The
last set of features is related to genomic characteristics instead of sequencing quality, which is
GC content. Too high or too low GC content may decrease the coverage of certain regions
[32,33] and thus may lower the quality of variant calling. Hence, the GC content of the DNA
region containing high-quality variants would not be too high or too low. Given these three sets
of features, ForestQC learns how those features determine high-quality and low-quality variants,

and classifies undetermined variants according to the rules that it learns.

2.2.2 Comparison of different machine learning algorithms

As there are various machine learning algorithms available, we first seek to find the most
accurate and efficient algorithm for performing QC on NGS variant call-sets. To ensure the
quality of training and prediction, we choose supervised learning algorithms rather than
unsupervised algorithms. Several major types of supervised algorithms are selected for
comparison: random forest, logistic regression, k nearest neighbors (KNN), Naive Bayes,
quadratic discriminant analysis (QDA), AdaBoost, artificial neural network (ANN), and single
support vector machine (SVM). We use the BP WGS dataset, which consists of large pedigrees
from Costa Rica and Colombia, to compare the performance of different algorithms. We use the
three sets of features mentioned above for all these algorithms. We apply the filtering approach
(S1 and S2 Tables) to the BP data to identify high-quality, low-quality, and undetermined
variants, and we randomly sample 100,000 high-quality and 100,000 low-quality variants for
model training. We then randomly choose another 100,000 high-quality and 100,000 low-quality
variants from the rest of variants for model testing. Each learning algorithm will be trained with
the same training set and tested with the same test set. We use 10-fold cross-validation and

calculate area under the receiver operating characteristic curve (AUC) and F1-score to estimate
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classification accuracy during model testing. F1-score is the harmonic average of precision
(positive predictive value) and recall (sensitivity). The closer the F1-score is to 1, the better the
performance is. To assess the efficiency of each algorithm, we measure its runtime during

training and predicting. We use eight threads for algorithms that support parallelization.

Results show that random forest is the most accurate model in both SNV classification and indel

classification with the highest F1-scores, accuracy, and the largest AUC (Table 1, S3 Table, ST

Fig). Its runtime is only 9.85 seconds in model training and prediction (Table 1), which ranks as
the fourth fastest algorithm. As random forest randomly divides the entire dataset into several
subsets of the same size and constructs decision trees independently in each subset, it is highly
scalable, and it has low error rates and high robustness [34]. As for other machine learning
algorithms, both SVM and ANN are highly accurate (both with F1-score of 0.97 and AUC >
0.985 in SNV classification), but they are not as efficient as random forest. ANN is the second
slowest algorithm that is about 8x slower than random forest because it estimates many
parameters. Especially, SVM is the slowest algorithm because of its inability to parallelize,
which needs about 125x as much time as random forest (Table 1). This suggests that it may be
computationally costly to use SVM in large-scale WGS datasets that have tens of millions of
variants. Typically, a real dataset is at least ten times larger than the dataset used here. For
example, in the BP dataset, the training set has 2.20 million (M) SNVs, and there are 2.73M
undetermined SN'Vs for prediction. We find that random forest only spends 80.51 seconds in
training and predicting, while ANN needs 489.63 seconds, and SVM needs 14.74 hours.
Therefore, random forest is much faster than ANN and SVM, although all three algorithms have
similar performance in terms of AUC (S1 Fig). Also, there are even a more significant number of

variants in large-scale WGS projects such as the NHLBI Trans-Omics for Precision Medicine
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(TOPMed) dataset that includes about 463M variants. Hence, it is more practical to use random
forest when processing these massive datasets. Logistic regression, Naive Bayes, and QDA are
more efficient than random forest, but their predictions are not as accurate as those of random
forest. For example, Naive Bayes needs only 0.18 seconds for training and prediction, while its
F1-score is the lowest among all algorithms (0.90 and 0.87 in SNV and indel classification,
respectively) (Table 1). This result demonstrates that random forest is both accurate and
efficient, and hence we use it as the machine learning algorithm in our approach. To further
improve the random forest algorithm, we test a different number of trees in the algorithm, and we
find that random forest with 50 trees balances efficiency and accuracy (S2 Fig). Also, we
consider undetermined variants with the predicted probability of being high-quality variants >

50% as high-quality variants as this probability threshold achieves the highest F1-score (53 Fig).

2.2.3 Measuring performance of QC methods on WGS data

To evaluate the accuracy of ForestQC and other methods on WGS data, we apply them to two
WGS datasets and calculate several metrics. For a family-based dataset, we calculate the
Mendelian error rate (ME) of each variant, which measures inconsistency in genotypes between
parents and children. Another metric is the genotype discordance rate between microarray and
sequencing as individuals in both WGS datasets we analyze are genotyped with both microarray
and WGS. These two metrics are important indicators of variant quality because high-quality
variants would follow Mendelian inheritance patterns, and their genotypes would be consistent
between microarray and sequencing. Additionally, we compute some other metrics that are
reported in sequencing studies such as the number of variants (SNVs and indels),
transitions/transversions (Ti/Tv) ratio, the number of multi-allelic variants, genotype missing

rate. Note that these QC-related metrics are computed separately for SNVs and indels. We use
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these metrics to compare the performance of ForestQC with that of three approaches. The first is
one without performing any QC (no QC). The second method is VQSR, which is a classification
approach that requires known truth sets for model training, such as HapMap or 1000 genomes.
We use the recommended resources and parameter settings to run VQSR as of 2018-04-04 [35],
but we also look at different settings. The third method is the ABHet approach, which is a

filtering approach that retains variants according to the allele balance of variants (see Methods).

2.2.4 Performance of ForestQC on family WGS data

We apply ForestQC to the BP WGS dataset that consists of 449 subjects with an average
coverage of 36-fold. There are 25.08M SNVs and 3.98M indels [30]. The variant calling is
performed with GATK-HaplotypeCaller v3.5. This is an ideal dataset for assessing the
performance of different QC methods because this dataset contains individuals from families
who are both sequenced and genotyped with microarray. This study design allows us to calculate
both ME rate and genotype discordance rate of variants between WGS and microarray. For this
dataset, we test ForestQC with two different filter settings, one using ME rate as a filter and the
other not using ME as a filter. The results of the former approach would filter out low-quality
variants based on ME rate, and hence ME rate of high-quality variants would be very low.
However, we observe that both approaches have similar performance in terms of ME rate and

other metrics (54 Table, S4 Fig, S5 Fig), and hence we show results of only ForestQC using ME

rate as a filter.

Results show that ForestQC outperforms ABHet and VQSR in terms of the quality of high-
quality SNVs while it detects fewer such SN'Vs than the other approaches (detailed variant-level

metrics in Table S5). ForestQC identifies 22.23M (88% of total SNVs) high-quality SNVs,
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which is fewer than 22.42M (89%) and 24.24M (97%) high-quality SNVs from ABHet and

VQSR, respectively (Table 2). However, ABHet has 3.57x and VQSR has 9.99x higher ME rate

on high-quality SNVs than ForestQC (Fig 2A), and ABHet has 1.50x (p-value < 2.2e-16) and
VQSR has 1.26x higher genotype discordance rate (p-value < 2.2e-16) on high-quality SN'Vs
than ForestQC (Fig 2B). Besides, ABHet and VQSR have 81.48x and 97.72x higher genotype
missing rate on high-quality SNVs than ForestQC, respectively (Fig 2C). However, it is
important to note that genotype missing rate is used as a filter in ForestQC, so SNVs with high
genotype missing rate are filtered out. We observe that VQSR and ABHet have 319 thousand (K)
(1.32% of total high-quality SN'Vs) and 235K (1.05%) high-quality SNVs with very high
genotype missing rate (>10%), respectively, and there are also 118K (0.49%, VQSR) and 53K
(0.24%, ABHet) high-quality SNV with very high ME rate (>15%), while ForestQC has none of
them due to its filtering approach. We then investigated whether low-quality variants detected by
ForestQC are of poor sequencing quality. Our results show that low-quality SNVs detected by
our method have higher genotype missing rate, higher ME rates, and higher genotype
discordance rate than those of ABHet, and higher genotype missing rate than those of VQSR

(S6A, S6B and S6C Fig). The no QC method keeps the greatest number of SNVs (25.08M), but

they have the highest ME rate, genotype missing rate, and genotype discordance rate as

expected.

Next, we calculate several metrics of high-quality SNVs commonly used in sequencing studies to
evaluate the performance of ForestQC. One such metric is the Ti/Tv ratio. It was reported that
transitional mutations occurred more frequently than transversional mutations in the human
genome [36]. In human WGS datasets, this ratio is expected to be around 2.0 [23]. The lower

Ti/Tv ratio is compared to the genome-wide expected value of 2.0, the more false-positive
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variants are expected in the dataset. We compute the Ti/Tv ratio for each individual across all
high-quality SNVs and look at the distribution of those ratios across all individuals (sample-level
metrics). We find that the mean Ti/Tv ratio of high-quality known SNVs (present in dbSNP) is
around 2.0 for all four methods, which suggests that they have similar accuracy on known SNVs

in terms of Ti/Tv ratio (S7A Fig). However, results show that the mean Ti/Tv ratio of high-

quality novel SNVs (not in dbSNP) from ForestQC is better than that of those SNVs from other
methods; the mean Ti/Tv ratio is 1.68 for ForestQC, which is closest to 2.0 among other methods

(1.41 for VQSR, 1.53 for ABHet, and 1.29 for No QC) (Fig 3A). Paired t-tests for the difference

in the mean Ti/Tv ratio between ForestQC and other methods are all significant (p-value < 2.2e-
16 versus all other methods). This result suggests that novel SNVs predicted to be high-quality
by ForestQC are more likely to be true-positives than those novel SNVs from other QC methods.
Another metric commonly used in sequencing studies is the percentage of multi-allelic SN'Vs,
which are variants with more than one alternative allele. Given this relatively small sample size
(n = 449), true multi-allelic SN'Vs are not expected to be observed very frequently, so a good
portion of them are considered as false-positives. ForestQC has 33.96% and 42.62% smaller
fraction of multi-allelic SN'Vs among high-quality SNVs than do VQSR and no QC methods,
while the ABHet approach has the smallest fraction of such SNVs (Table 2). It is important to
note that ABHet value is defined as the proportion of reference alleles from heterozygous
samples, so ABHet values are not expected to be 0.5 for high-quality multi-allelic mutation sites,
but other unknown values. Hence, ABHet does not work properly for multi-allelic variants and

may excessively remove multi-allelic SN'Vs.

In addition to SNVs, we apply the four QC methods to indels. Similar to the results of SNVs,

ForestQC identifies fewer high-quality indels than does VQSR, but the quality of those indels
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from ForestQC is better than that of high-quality indels from ABHet and VQSR. Out of 3.98M
indels in total, ForestQC predicts 2.79M indels (70% of total indels) to have good sequencing
quality while VQSR and ABHet find 3.21M (81%) and 2.67M (67%) high-quality indels,
respectively (Table 2). High-quality indels from VQSR and ABHet, however, have 8.54x and

3.18x higher ME rate, and 22.25x and 25.28x higher genotype missing rate, than those from

ForestQC, respectively (Fig 2D and 2E). Low-quality indels identified by ForestQC have 2.25x
and 1.32x higher ME rate, and 1.48x and 2.36x higher genotype missing rate than those from

VQSR and ABHet, respectively (S6D and S6E Fig). Besides, we observe that there are 95K

(2.97% of total high-quality indels, VQSR) and 86K (3.23%, ABHet) high-quality indels with
very high genotype missing rate (>10%) and also 167K (5.21%, VQSR) and 44K (1.66%,
ABHet) high-quality indels with very high ME rate (>15%), while there are no such indels in
ForestQC. This result suggests that many high-quality indels detected by ABHet or VQSR may
be false-positives or indels with poor sequencing quality. One of the reasons why VQSR does
not perform well on indels could be the reference database it uses for model training as VQSR
considers all indels in the reference database (Mills gold standard call set [37] and 1000G Project
[38]) as true-positives. This leads VQSR to have a significantly higher proportion of known
indels among its high-quality indels (86% of total high-quality indels), compared with 80% from
ForestQC and 82% from ABHet (Table 2). Nevertheless, some indels in the reference database
may be false-positives or have poor sequencing quality in the variant call-sets of interest. Hence,
the performance of VQSR may be limited by using reference database to identify high-quality
variants. It is also important to note that in general, indels have much a higher ME rate (0.41%
for no QC) than that of SNVs (0.08% for no QC), which is expected given the greater difficulty

in calling indels.
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Another significant difference between ForestQC and the other approaches is the allele
frequency of variants after QC, as ForestQC keeps a higher number of rare variants in its variant
set. Our method has 1.77% and 1.64% higher proportion of rare SNVs, and 5.30% and 15.37%
higher proportion of rare indels than ABHet and VQSR do, respectively (S6 Table). We also
observe this phenomenon in the variant-level and sample-level metrics for the number of SNVs.
The variant-level metrics show that the number of high-quality SN'Vs detected by ForestQC is

similar to those from ABHet (Table 2). However, the sample-level metrics show that each

individual on average carries fewer alternative alleles of high-quality SNVs from ForestQC
(3.58M total SNVs) than those from VQSR and ABHet (3.99M and 3.77M total SN'Vs,

respectively) (Fig 3B and 3C, S7B Fig). We observe a similar phenomenon for indels between

ABHet and ForestQC (Table 2, Fig 3D, S7C and S7D Fig). This phenomenon could be explained

by the higher fraction of rare variants among high-quality variants from ForestQC, as individuals
would carry fewer variants if there are a higher fraction of rare variants. One main reason why
ForestQC has a higher proportion of rare variants is that common variants in the BP dataset have
higher ME rate, genotype discordance rate, and genotype missing rate than do rare variants, and

therefore, they are more likely to fail the filters of ForestQC (S8 Fig).

ForestQC uses several filters to remove low-quality variants while the other two approaches
(VQSR and ABHet) do not use these filters, which might have artificially improved the
performance of ForestQC. Hence, to compare ForestQC with other approaches without this
potential bias, we measure the performance metrics on only undetermined variants as the filters
do not determine their quality in our approach. From 2.73M undetermined SNVs and 1.09M
undetermined indels, ForestQC identifies 979K (35.83% of total undetermined SNVs) high-

quality SNVs and 532K (48.58% of total undetermined indels) high-quality indels, while ABHet
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approach detects 620K (22.70%) SNVs and 195K (17.80%) indels, and VQSR selects 2.16M
(79.18%) SNVs and 643K (58.76%) indels as high-quality variants, respectively (57 Table). For
high-quality SNVs from undetermined variants, ABHet and VQSR have 2.75x and 22.67x higher
ME rate than ForestQC, respectively (S9A Fig), and ABHet and VQSR have 5.15x (p-value =
1.367e-14) and 3.86x (p-value = 1.926e-14) higher genotype discordance rate than ForestQC
(S9B Fig). Also, ABHet and VQSR have 15.50x and 7.05x higher genotype missing rate on
high-quality SNVs than ForestQC, respectively (S9C Fig). We observed similar results for indels
(S9D and S8E Figs). Sample-level metrics also show that ForestQC has better Ti/Tv ratio on
known SNVs (mean Ti/Tv: 1.64, 1.85, 1.72, 1.88 for No QC, ABHet, VQSR, ForestQC,
respectively), and novel SNVs (mean Ti/Tv: 1.14, 1.04, 1.21, 1.22 for No QC, ABHet, VQSR,
ForestQC, respectively) than other methods (S10D and S9E Figs). Paired t-tests for the
difference in the mean Ti/Tv ratio of novel SNVs and known SNV between ForestQC and other
methods are all significant (p-value < 0.05 versus all other methods). These results show that
ForestQC has better performance than ABHet and VQSR, even on those undetermined variants

whose quality is not determined by filtering.

2.2.5 Performance of ForestQC on WGS data with unrelated individuals

To evaluate the performance of ForestQC on WGS datasets that contain only unrelated
individuals, we apply it to the PSP dataset that has 495 subjects who are whole-genome
sequenced at an average coverage of 29-fold, generating 33.27M SNVs and 5.09M indels.
Among the 495 individuals who are sequenced, 381 individuals (77%) of them are also
genotyped with microarray, which enables us to check the genotype discordance rate between
WGS and microarray data. Because the PSP dataset contains only unrelated individuals, we do

not report the ME rate. Similar to the BP WGS dataset, we apply four methods (ForestQC,
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VQSR, ABHet, and No QC) to the PSP dataset, although the parameter settings of VQSR have
slightly changed. As the PSP dataset is called with GATK v3.2, the StrandOddsRatio (SOR)
information from the VCF file is missing, which is recommended to use in VQSR. However, we
find that SOR information has little impact on the results of VQSR as we test VQSR without
SOR information using the BP dataset and obtain similar results with one using SOR information

(S11 Fig).

Similar to the results of the BP dataset, high-quality variants identified by ForestQC are fewer
but of higher sequencing quality than other approaches (detailed variant-level metrics in Table
S8). ForestQC identifies 29.25M (88% of total SNVs) high-quality SN'Vs, which is slightly
fewer than 29.77M (89%) high-quality SNVs from ABHet but about 2 million fewer than
31.28M (94%) high-quality SNVs from VQSR (Table 3). However, high-quality SNVs from
ABHet and VQSR have 53.76x and 42.55x higher genotype missing rate than those from
ForestQC, respectively (Fig 4A), but it is important to note that missing rate is included as a
filter in ForestQC. In addition, there are 311K (0.99% of total high-quality SNVs, VQSR) and
331K (1.13%, ABHet) high-quality SNVs with very high genotype missing rates (>10%), while
ForestQC removes all these SNVs. We also observe that low-quality SNVs from ForestQC have
a 2.4x higher genotype missing rates than those from ABHet, although low-quality SNVs from
GATK have slightly higher missing rates than those from ForestQC (S12A Fig). High-quality
SNVs from ABHet and VQSR have 1.28x (p-value < 2.2e-16) and 1.29x higher genotype
discordance rate (p-value < 2.2e-16) than those from ForestQC, respectively (Fig 4B). As for the
genotype discordance rate of low-quality SNVs, both ABHet and VQSR have higher genotype

discordance rate than does ForestQC (S12B Fig), but this may be inaccurate because of the small

number of low-quality SNVs genotyped with microarray (10,130, 4,121, and 553 such SNVs for
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ForestQC, ABHet, and VQSR, respectively). The variant-level and sample-level metrics also
indicate the better quality of high-quality SNVs from ForestQC. Although all methods have
mean Ti/Tv ratios of high-quality known SNVs above 2.0, the mean Ti/Tv ratio of high-quality
novel SNVs among all sequenced individuals is 1.65 for ForestQC, which is closer to 2.0 than
other methods (1.27, 1.54, and 1.24 for VQSR, ABHet, no QC, respectively). (S13A Fig, Fig
5A). Paired t-tests for the difference in the mean Ti/Tv ratio between ForestQC and other
methods are all significant (p-value < 2.2e-16 versus all other methods). ForestQC has 16.67%
and 33.33% smaller fraction of multi-allelic SNVs among high-quality SN'Vs than do VQSR and
no QC methods, respectively, while the ABHet approach has the smallest proportion of such

SNVs (Table 3). ABHet has the smallest number of multi-allelic SNV because of the reason we

discussed in the previous BP dataset analysis. Lastly, consistent with the results of the BP
dataset, the sample-level metrics show that each individual on average carries fewer alternative

alleles of high-quality SN'Vs from ForestQC than those from VQSR and ABHet (Fig 5B and 5C,

S13B Fig). Rare SNVs in high-quality SNVs from ForestQC account for 1.70% and 1.32%

higher proportion, compared with those from ABHet and VQSR (S5 Table). This is because rare
SNVs in the PSP dataset have lower genotype missing rate and lower genotype discordance rate,

and thus do not fail filters as often as do common SNVs (S14A and S14B Fig).

For indels, ForestQC predicts 3.42M indels (67% of total 5.09M indels) to be high-quality
variants, which is slightly more than 3.31M (65%) high-quality indels from ABHet and fewer
than 3.68M (72%) high-quality indels from VQSR (Table 3). Because the PSP dataset lacks the
ME rate as it contains only unrelated individuals and indels are not detected by microarray, it is
difficult to compare the performance of the QC methods on indels. We find that high-quality

indels from ABHet and VQSR have 27.02x and 18.77x higher genotype missing rate than those
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from our method, respectively (Fig 4C). Additionally, VQSR and ABHet have 107K (2.91% of
total high-quality indels) and 131K (4.08%) high-quality indels with high genotype missing rate
(>10%), respectively, while ForestQC filters out all of these indels. Also, low-quality indels from
ForestQC have 2.05x and 1.21x higher genotype missing rate than those from ABHet and
VQSR, respectively (S12C Fig). This, however, may be biased comparison as ForestQC removes
indels with high genotype missing rate in its filtering step. Consistent with the results of SNV,
the sample-level metrics indicate that each individual has fewer high-quality indels from

ForestQC than those from VQSR and ABHet (Fig 5D, S13C, S13D Fig). Among high-quality

indels, ForestQC has 6% and 1% more novel indels than VQSR and ABHet, respectively (Table
3). In terms of allele frequency, rare indels detected by ForestQC accounts for 12.35% and
3.49% larger proportions than those identified by VQSR and ABHet, respectively (S9 Table).
Similar to the results of the BP dataset, we also observe that the missing rate of rare indels is

lower than that of common indels. (S14C Fig).

Similar to the analysis of the BP dataset, we also compare the performance of ForestQC, ABHet
approach, and VQSR only on undetermined variants in the PSP dataset. From 3.95M
undetermined SNVs and 1.60M undetermined indels, ForestQC identifies 1.71M (43.33% of
total undetermined SNVs) high-quality SNVs and 719K (45.01% of total undetermined indels)
high-quality indels, while ABHet approach detects 780K (19.74%) SNVs and 248K (15.51%)
indels, and VQSR selects 2.75M (69.52%) SNVs and 820K (51.34%) indels as high-quality
variants, respectively (510 Table). For high-quality SNVs from undetermined variants, ABHet
and VQSR have 14.84x and 5.38x higher genotype missing rate than ForestQC, respectively
(S15A Fig). In addition, ABHet has 2.09x (p-value = 2.183e-11) and VQSR has 2.13x higher

genotype discordance rate (p-value = 1.584e-10) on than ForestQC (S15B Fig). For indels,
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ABHet and VQSR have 9.39x and 3.61x higher genotype missing rate on high-quality indels
than ForestQC, respectively (S15C Fig). Sample-level metrics also show that ForestQC has
better Ti/Tv ratio on known SNVs (mean Ti/Tv: 1.75, 1.87, 1.82, 1.96 for No QC, ABHet,
VQSR and ForestQC, respectively) and novel SNVs (mean Ti/Tv: 1.17, 1.03, 1.20, 1.39 for No

QC, ABHet, VQSR and ForestQC, respectively) than other methods (S15D and S15E Fig).

Paired t-tests for the difference in the mean Ti/Tv ratio of novel SNVs and known SNV between
ForestQC and other methods are all significant (p-value < 2.2e-16 versus all other methods).
Similar to the results of the BP dataset, ForestQC has higher accuracy in identifying high-quality

variants from undetermined variants, compared with the ABHet approach and VQSR.

2.2.6 Feature importance in random forest classifier

ForestQC uses several sequencing features in the random forest classifier to predict whether a
variant with undermined quality is high-quality or low-quality. To understand how these features
determine variant quality, we analyze the feature importance of the fitted random forest
classifier. We first find that GC-content has the lowest importance in both BP and PSP datasets

and also for both SNVs and indels (S17 Fig). This means that GC-content may not be an

informative indicator of the quality of variants as other features related to sequencing quality,
such as depth (DP) and genotype quality (GQ). Second, the results show that classification
results are not determined by one or two most important features as there is no feature with much
higher importance than other features except GC-content. This suggests that all sequencing
features except GC-content are essential indicators of the quality of variants and need to be
included in our model. We also check correlation among features and find that while specific
pairs of features are highly correlated, like outlier GQ and mean GQ, SD DP and mean DP, some

features have low correlation to other features, such as GC, suggesting that they may capture
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different information on quality of genetic variants (519 Fig). Third, we observe that the same
features have different importance between the BP dataset and the PSP dataset. For example, for
SNVs, an outlier ratio of the GQ feature has the highest importance for the PSP dataset, while it

has the third-lowest importance for the BP dataset (S17A Fig). Also, the importance of features

varies between SNVs and indels. For example, SD DP has the highest importance for SN'Vs in
the BP dataset, but it has the third-lowest importance for indels (S17A and S17B Fig). Therefore,
these results suggest that each feature may have a different contribution to classification results

depending on sequencing datasets and types of genetic variants.

2.2.7 Performance of VQSR with different settings

For SNVs, GATK recommends three SNV call sets for training its VQSR model; 1) SNVs found
in HapMap (“HapMap”), 2) SNVs in the omni genotyping array (“Omni”), and 3) SNVs in the
1000 Genomes Project (“1000G”). According to the VQSR parameter recommendation, SNVs in
HapMap and Omni call sets are considered to contain only true variants, while SNVs in 1000G
consist of both true- and false-positive variants [35]. We call this recommended parameter
setting, “original VQSR.” We, however, find that considering SNVs in Omni to contain both
true- and false-positive variants considerably improves the quality of SNVs from VQSR for the
BP dataset. We call this modified parameter setting, “Omni_Modified VQSR”. Results show that
the mean Ti/Tv on high-quality novel SNVs from Omni_Modified VQSR is 1.76, which is much
higher than that from the original VQSR (1.41) and slightly higher than that from ForestQC
(1.68) (S19A Fig). We also find that the mean number of total SNVs from Omni_Modified
VQSR is 3.68M, which is much smaller than that from the original VQSR (3.99M) but higher

than that from ForestQC (3.58M) (S19B Fig). In terms of other metrics, high-quality SN'Vs from

original VQSR have a 3.66x higher ME rate, 7.40x higher genotype missing rate, and 1.16x
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higher genotype discordance rate (p-value = 0.0001118) than those SNVs from Omni_Modified

VQSR (S19C-S19E Fig). Interestingly, we do not observe the improved performance of

Omni_Modified VQSR in the PSP dataset as the mean Ti/Tv of high-quality novel SNVs from
Omni_Modified VQSR is 1.23, which is slightly smaller than that of original VQSR (1.27)
(S19A Fig). Nevertheless, individuals have fewer high-quality SNVs from Omni_Modified
VQSR (3.53M) than that from original VQSR (3.75M) (S19B Fig). These results suggest that the
performance of VQSR may change significantly depending on whether to consider a reference
SNV call-set to contain only true-positive variants or both true- and false-positive variants, and it
appears that the difference in performance is more noticeable in certain sequencing datasets than

others.

Although Omni_Modified VQSR has slightly better Ti/Tv on high-quality novel SNVs and
identifies more high-quality SNV than does ForestQC, high-quality SNVs from Omni_Modified
VQSR have 2.76x higher ME rate, 13.20x higher genotype missing rate, and 1.35x higher
genotype discordance rate (p-value < 2.2e-16) than high-quality SNVs from ForestQC (S19C—
S19E Fig). Hence, the results show that high-quality SNVs from ForestQC have higher quality

than those from VQSR, even with the modified parameter setting.

2.3 Discussion

We developed an accurate and efficient method called ForestQC to identify a set of variants with
high sequencing quality from NGS data. ForestQC combines the traditional filtering approach
for performing QC in GWAS and the classification approach that uses a machine learning
algorithm to classify whether a variant has good quality. ForestQC first uses stringent filters to
identify high-quality and low-quality variants that unequivocally have high and low sequencing

quality, respectively. ForestQC then trains a random forest classifier using the high-quality and
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low-quality variants obtained from the filtering step, and predicts whether a variant with
ambiguous quality (an undetermined variant) is high-quality or low-quality in an unbiased
manner. To evaluate ForestQC, we applied our method to two WGS datasets where one dataset
consists of related individuals from families, while the other dataset has unrelated individuals.
We demonstrated that high-quality variants identified from ForestQC in both datasets had higher
quality than those from other approaches such as VQSR and a filtering approach based on

ABHet.

To measure the performance of variant QC methods, one may apply these methods to
benchmarking datasets where the true variants with high sequencing quality are verified. A few
high-quality benchmarking variant sets have been released, including Genome In A Bottle
(GIAB) [39], Platinum Genome (PlatGen) [40], and Syndip [41]. GIAB has seven samples,
PlatGen sequenced 17 individuals and derived variant truth sets for two subjects, and Syndip
includes only two cell lines, CHM1 and CHM13. The sample sizes of these datasets are very
small, while we usually need to perform variant QC on an entire large dataset containing tens of
millions of variants from hundreds of subjects or more. In order to apply ForestQC, the variant
call-sets should have at least five subjects to calculate the statistics like SD DP and SD GQ
accurately. Besides, it is recommended to apply VQSR to variant call-sets with more than 30
samples to achieve reliable results [35]. Thus, these datasets cannot be used as benchmarking
datasets for variant QC. Apart, it is not expected to have a new benchmarking dataset with a
large sample size soon because it is expensive to construct such a dataset. Hence, in this study,
we used real WGS datasets to evaluate different approaches for variant QC. Their large sample
sizes allow more accurate calculation of various quality metrics and statistics used by the variant

QC methods, and therefore enable more reliable performance evaluation.
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To measure the quality of variants, we used 21 sample-level metrics and 20 variant-level metrics,
plus genotype missing rate, ME rate, and genotype discordance rate, resulting in a
comprehensive evaluation of the performance of different methods. ME rate is found to be nearly
linearly correlated with genotype errors [42—44], so it is a useful quality metric for variants with
pedigree information. Low genotype missing rate has been considered as an indicator of high-
quality variant call set as a variant with high genotype missing rate indicates poor genotyping or
sequencing quality [45]. Also, high-quality variants would have the same genotypes generated by
different genotyping technologies, such as sequencing and microarray. Thus, variant sequencing
quality may be measured with the genotype discordance rate between microarray and
sequencing. One challenge with this approach is that genotypes generated by microarray are
usually available for only a small proportion of variants in the whole genome, especially for
common and known variants, so genotype discordance rate cannot be used to show the quality of
the entire variant call-set. Another frequently used variant quality metric is the Ti/Tv ratio [46—
49]. It is expected to be around 2.0 for WGS data [23]. That is because transitions occur more
frequently according to molecular mechanisms, although the number of transversions is twice as
many as transitions. Previous studies found that mitochondrial DNA and some non-human DNA
sequences might be biased towards transitions or transversions [50,51]. In this study, we only
computed the Ti/Tv ratio for each QC method using the same human variant call set excluding

mitochondria, in order to achieve an unbiased evaluation of all methods.

The main advantage of our approach over the traditional filtering approach is that our method
does not attempt to classify variants with ambiguous sequencing quality (undetermined variants)
using filters. It is difficult to determine the quality of variants using filters if their QC metrics

(e.g., genotype missing rate) are close to the thresholds. Hence, ForestQC avoids a limitation of
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the traditional filtering approaches that determine the quality of every variant using filters, which
may exclude some of the high-quality variants from the downstream analysis. We did not
compare our approach with the traditional filtering approach used in GWAS that removes
variants according to HWE p-values, ME rates, and genotype missing rates. One main reason is
that the performance of this approach changes dramatically depending on filters and their
thresholds, and there are numerous different thresholds of filters, as well as many combinations
of filters that could be tested. Another reason is that its performance could be arbitrarily
determined depending on the filters we use. For example, if one filter is to remove any variants
having more than zero Mendel errors, the ME rate of high-quality variants would be zero, but we
may be removing many other high-quality variants. In this study, we checked the accuracy of a
filtering approach based on ABHet as ABHet is often used in performing QC of NGS data and is
an important indicator for variant quality [26,52,53]. Also, as this approach is not based on
standard QC metrics such as genotype missing rate, its performance is independent of those
metrics, unlike the standard filtering approaches. We showed that our approach outperformed the
ABHet approach as the high-quality variants from ForestQC have better quality than those from
ABHet, regardless of the similar total number of high-quality variants, in terms of ME rate,

missing rate, genotype discordance rate, and Ti/Tv ratio in the BP and PSP dataset.

Although our approach is similar to VQSR as both approaches train machine learning classifiers
to predict the quality of variants, they have a few differences. First, our approach trains the
model using high-quality and low-quality variants detected from sequencing data on which
quality control is performed, while VQSR uses variants in existing databases, such as HapMap
and 1000 genomes, as its training set. As VQSR uses previously known variants for model

training, high-quality variants from VQSR are likely to contain more known (and likely to be
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common) variants than novel (and rare) variants. We showed in both WGS datasets that VQSR
did indeed identify more common and known SNVs and indels as high-quality variants than
ForestQC. This may not be a desirable outcome for some sequencing studies if one of their main
goals is to identify rare and novel variants not captured in chips. Another difference between
ForestQC and VQSR is the set of features used in the classifiers. While both methods use
features related to sequencing depth and genotyping quality, VQSR uses some features
calculated explicitly by GATK software, while ForestQC uses quality information reported in the
standard VCF file. This suggests that our method is more generalizable than VQSR as it can be
applied to VCF files generated from variant callers other than GATK. The last difference is the
machine learning algorithms that ForestQC and VQSR use. ForestQC trains a random forest
classifier while VQSR trains a Gaussian Mixture model. And we found that ForestQC was much

faster than VQSR. (S11 Table).

In addition to SNVs, we applied ForestQC to indels in both WGS datasets and found that indels
had much lower sequencing quality than do SNVs as the fraction of high-quality indels detected
by ForestQC was considerably smaller than that of SNVs. This is somewhat expected because
indel or structural variant calling is much more complicated than SNV calling from sequencing
data, and some of them are likely to be false-positives [54,55]. It is, however, important to note
that VQSR classifies many more indels as high-quality variants than does ForestQC or ABHet,
but those high-quality indels from VQSR may not have high sequencing quality. We showed that
high-quality indels from VQSR had similar Mendelian error rate to that without performing QC,
indicating the poor performance of VQSR on indels. VQSR considers indels from Mills gold
standard call set [37] as true-positives. Although those indels might represent true variant sites, it

does not necessarily mean that genotyping on those sites is accurate. Therefore, genetic studies
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need to perform stringent QC on indels to remove those erroneous calls and not to have false-

positive findings in their downstream analysis.

We found that the performance of VQSR was improved dramatically in the BP dataset when we
considered SNVs in Omni genotyping array to have both true and false-positive sites, compared
with when they were assumed to have all true sites. We, however, did not observe this
performance enhancement in the PSP dataset. This suggests that users may need to try different
parameter settings to obtain optimal results from VQSR for specific sequencing datasets they
analyze. Another issue with VQSR and also with ABHet is that some high-quality SNVs or
indels have high genotype missing rate and ME rate, which may not be suitable for the
downstream analysis such as association analysis. Thus, those variants need to be filtered out
separately, which means users may need to perform an additional filtering step in addition to
applying VQSR and ABHet to the dataset. As the filtering step is incorporated in ForestQC, our

method does not have this issue.

Our approach is an extension of a previous approach that uses a logistic regression model to
predict the quality of variants in the BP dataset [30]. While our approach is similar to the
previous approach in that they both combine filtering and classification approaches, ForestQC
uses a random forest classifier that has higher accuracy than a logistic regression model,
according to our simulation results. It includes more low-quality variants for model training,
leading to predictions with fewer biases. ForestQC also includes more features than the previous
approach as well as more filters to improve the quality of variants. Additionally, compared with

the previous approach, ForestQC is more user-friendly and generalizable because users can
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choose or define different features and filters and tune the parameters according to their research

goals.

We want to note that in addition to applying ForestQC, one may do variant calling with high-
quality reference genome and accurate variant callers to obtain accurate variant call-sets. As we
know, it is crucial to choose a state-of-art variant caller to minimize errors and biases in variant
calling. Also, the quality of the reference genome may have an impact on the quality of the
resulting variant call-sets [560]. The higher the quality of the reference genome is, the fewer low-
quality calls in the variant call-sets are expected. If the quality of the reference genome is
expected to be low, we suggest users modify filters or features in ForestQC. For instance, users
may want to introduce new features describing the quality of the reference genome, such as an
indicator of whether a mutation site is in the high-confidence regions of the reference genome.
Then, ForestQC may learn how this information affects variant quality during training, and the

performance of the random forest classifier may be improved based on this information.

ForestQC is efficient, modularized, and flexible with the following features. First, users are
allowed to change thresholds for filters as needed. This is important because filters that are
stringent for one dataset may not be stringent for another dataset. For example, variants from
sequence data with a small sample size (e.g., < 100) may not have large enough statistical power
to have significant HWE p-values, so higher p-value thresholds should be used, compared with
studies with larger sample size. If filters are not stringent enough, there may be many low-quality
variants, and ForestQC would train a very stringent classifier, leading to the possible removal of
high-quality variants. On the contrary, if the filters are too stringent, there would be too few

high-quality variants or low-quality variants, which would lower the accuracy of our random
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forest classifier. In this study, after the filtering step, 4.39% of SNVs and 15.72% of indels in the
BP dataset, and 5.06% of SNVs and 15.66% of indels in the PSP dataset, were determined as
low-quality variants. Empirically, we suggest filters for ForestQC such that after the filtering
step, a fraction of low-quality variants is about 4-16%. Usually, we recommend the default
parameter settings, which are the same sets of filters and features described in this paper. The
selection of threshold values for these filters is based on our previous study for WGS data of
extended pedigrees for bipolar disorder [30]. Second, users are allowed to use self-defined filters
and features provided that they specify values for those new filters and features at each variant
site, and our software also allows users to remove existing filters and features. As there may be
filters and features that capture the sequencing quality of variants more accurately than the
current set of filters and features, this option allows users to improve ForestQC further. For
example, users can employ mappability, strand bias, and micro-repeats as features, instead of
sequencing depth and genotyping quality used in this study, because DP and GQ might penalize
disease-causing variants with low coverage. Also, if users want to obtain more variants after QC,
they may lower the standard for high-quality variants, that is, increase the threshold values of
ME or missing rate for determining high-quality variants. Third, ForestQC generates the
probability of each undetermined variant being a high-quality variant. This probability needs to
be higher than a certain threshold for an undetermined variant to be predicted to be high-quality.
It can also be used to analyze the sequencing quality of individual variants. If studies find that a
particular undetermined variant is associated with a phenotype, they may consider checking
whether its probability of being a high-quality variant is high enough. Lastly, ForestQC allows

users to change the probability threshold for determining whether each undetermined variant is
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high-quality or low-quality. Users may lower this threshold if they are interested in obtaining

more high-quality variants at the cost of including more low-quality variants.

2.4 Materials and methods

2.4.1 ForestQC

ForestQC consists of two approaches: a filtering approach and a machine learning approach
based on a random forest algorithm.

Filtering.

Given a variant call set from next-generation sequencing data, ForestQC first applies several
stringent filters to identify high-quality, low-quality, and undetermined variants. High-quality
variants are ones that pass all filters, while low-quality variants fail any of them (S| and S2
Tables). The undetermined variants are variants that neither pass filters for high-quality variants
nor fail filters for low-quality variants. We use the following filters in the filtering step.

e Mendelian error (ME) rate. The Mendelian error occurs when a child’s genotype is
inconsistent with genotypes from parents. ME rate is calculated as the number of ME
among all trios divided by the number of trios for a given variant. Note that this statistic
is only available for family-based data.

e Genotype missing rate. This is the proportion of missing alleles in each variant.

e Hardy-Weinberg equilibrium (HWE) p-value. This is a p-value for hypothesis testing
whether a variant is in Hardy-Weinberg equilibrium. Its null hypothesis is that the variant
is in Hardy-Weinberg equilibrium. We use the algorithm from open-source software,
VCFtools [57], for the calculation of Hardy-Weinberg equilibrium p-value.

e ABHet. This is the allele balance for heterozygous calls. ABHet is calculated as the

number of reference reads from individuals with heterozygous genotypes divided by the
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total number of reads from such individuals, which is supposed to be 0.50 for high-
quality bi-allelic variants. For variants in chromosome X, we only calculate ABHet for
females.
Random forest classifier.
Random forest is a machine learning algorithm that runs efficiently on large datasets with high
accuracy [34]. Briefly, random forest builds several randomized decision trees, each of which is
trained to classify the input objects. For the classification of a new object, the fitted random
forest model passes the input vector down to each of the decision trees in the forest. Each
decision tree has its classification result, and then the forest would output the classification that
the majority of the decision trees make. To balance efficiency and accuracy, we train a random

forest classifier using 50 decision trees (52 Fig) and a probability threshold of 50% (S3 Fig).

To train random forest, we use high-quality and low-quality variants identified from the previous
filtering step as a training dataset, after balancing their sample size by random sampling.
Normally, high-quality variants are much more numerous than low-quality variants, so we
randomly sample from high-quality variants with the sample size of low-quality variants. Hence,
the sample size of the balanced training set would be twice as large as the sample size of low-
quality variants. We also need features in training a random forest, which characterize datasets,
and we use the following features.
e Mean and standard deviation of depth (DP) and genotyping quality (GQ). The depth and
genotyping quality values are extracted from DP and GQ fields of each sample in VCF
files, respectively, and mean and standard deviation are calculated over all samples for

each variant.
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e OQutlier depth and outlier genotype quality. These are the proportions of samples whose
DP or GQ is lower than a particular threshold. We choose this threshold as the first
quartile value of all DP or GQ values of variants on chromosome 1. We use DP and GQ
of variants on only chromosome 1 to reduce the computational costs.

e GC content: We first split a reference genome into windows with a size of 1,000 bp and
calculate GC content for each window as (# of G or C alleles) / (# of A, G, C,or T
alleles). Then, each variant is assigned a GC content value according to its position in the
reference genome.

After training random forest with the training dataset using the above features, we next use the
fitted model to make predictions on undetermined variants on being high-quality variants.
Undetermined variants with the predicted probability of being high-quality larger than 50% are
labeled as predicted high-quality variants. Then the predicted high-quality variants and high-
quality variants from the previous filtering step are combined as the final set of high-quality

variants. We apply the same procedure to identify low-quality variants.

2.4.2 Comparison of different machine learning algorithms

We compare eight different machine learning algorithms to identify the best algorithm used for
ForestQC. They are 1) k-nearest neighbors for supervised two-class classification (eight threads);
2) logistic regression (eight threads); 3) single support vector machine with Gaussian kernel
function and penalty parameter C of 1.0 (one thread); 4) random forest with 50 trees (eight
threads); 5) naive Bayes without any prior probabilities of the classes (one thread); 6) artificial
neural network with sigmoid function as activation function (eight threads). It has one hidden
layer with ten units; 7) AdaBoost with 50 estimators and learning rate of 1.0, which uses

SAMME.R real boosting algorithm (one thread); 8) and quadratic discriminant analysis without
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any prior on classes. Its regularization is 0, and its threshold for rank estimation is le-4 (one
thread). Other parameters of these machine learning algorithms are the default, as described in
the documentation of the Python scikit-learn package [58]. All learning algorithms use the seven
features as mentioned earlier: mean and standard deviation of sequencing depth, mean and

standard deviation of genotype quality, outlier depth, outlier quality, and GC content.

To test these eight machine learning algorithms, we obtain training and test datasets from the BP
dataset, using filters described in S| and S2 Tables. There are 21,248,103 high-quality SN'Vs and
2,257,506 high-quality indels while there are 1,100,325 low-quality SNVs and 624,965 low-
quality indels. We sample 100,000 variants randomly from high-quality variants and 100,000
variants from low-quality variants to generate a training set. Similarly, 100,000 high-quality
variants and 100,000 low-quality variants are randomly chosen from the rest of the variants to
form a test set. Each machine learning model shares the same training and test sets. We train the
machine learning models and measure training time at a training stage, and then test their
accuracy and measure prediction time at a testing stage. We measure the runtime of each
algorithm, which is the elapsed clock time between the start and end of each algorithm. To assess

the performance of each algorithm, we compute the F1-score for the test set. F1-score is the

recall

« - precision (precision+recall) The

harmonic average of precision and recall, which is calculated as
closer Fl-score is to 1, the higher classification accuracy is. Recall is the fraction of true-positive
results over all samples that should be given a positive prediction. Precision is the number of

true-positive results divided by the number of positive results predicted by the classifier. We also
measure the model accuracy using 10-fold cross-validation, as well as the area under the receiver

operating characteristic curve.
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2.4.3 ABHet approach and VQSR

We compare ForestQC with two other approaches for performing QC on genetic variants. One is
a filtering approach based on ABHet, and the other is a classification approach called VQSR
from GATK software. For the ABHet approach, we consider variants with ABHet > 0.7 or < 0.3
as low-quality variants, and the rest as high-quality variants. We chose this threshold setting of
ABHet (> 0.3 and < 0.7) because the ADSP project could not reliably confirm heterozygous calls
with ABHet > 0.7 with Sanger sequencing [26]. We also exclude variants with small ABHet
values (< 0.3) to ensure high quality. For GATK, we use recommended arguments as of 2018-
04-04 [35]. For SNVs, VQSR takes SNVs in HapMap 3 release 3, 1000 Genome Project and
Omni genotyping array as training resources, and dbSNP135 as known site resource. HapMap
and Omni sites are considered as true sites, meaning that SNVs in these datasets are all true
variants, while 1000 Genome Project sites are regarded as false sites, meaning that there could be
both true and false-positive variants. The desired level of sensitivity of true sites is set to be
99.5%. In the BP dataset, we run VQSR version 3.5-0-g36282e4 with following annotations;
quality by depth (QD), RMS mapping quality (MQ), mapping quality rank sum test
(MQRankSum), read position rank sum test (ReadPosRankSum), fisher strand (FS), coverage
(DP) and strand odds ratio (SOR) to evaluate the likelihood of true-positive calls. In the PSP
dataset, we use VQSR version 3.2-2-gec30cee that uses all annotations above except for SOR
and additional inbreeding coefficient (InbreedingCoeff) because variants in PSP dataset do not
have the SOR annotation. For indels, VQSR takes indels in Mills gold standard call set [37] as a
true training resource and dbSNP135 as a known site resource. The desired level of sensitivity of
true sites is set to be 99.0%. We use VQSR version 3.5-0-g36282e4 with QD, DP, FS, SOR,

ReadPosRankSum, and MQRankSum annotations to evaluate the likelihood of true-positive calls

37



in the BP dataset, while we run VQSR version 3.2-2-gec30cee with the same annotations except

for SOR and additional InbreedingCoeff for the PSP dataset.

2.4.4 BP and PSP WGS datasets

The BP WGS dataset is for studying bipolar disorder whose average coverage is 36-fold. This
study recruited individuals from 11 Colombia (CO) and 15 Costa Rica (CR) extended pedigrees
in total. 454 subjects from 10 CO and 12 CR families are both whole-genome sequenced and
genotyped with microarray. There are 144 individuals diagnosed with BP1 and 310 control
samples that are unaffected or have non-BP traits. We use the highly scalable Churchill pipeline
[59] to do the variant calling for the BP data set, where GATK-HaplotypeCaller 3.5-0-g36282¢4
is used as the variant caller according to the GATK best practices [23], and the reference genome
is HG19. After initial QC on individuals, five individuals are removed because of poor
sequencing quality and possible sample mix-ups. Finally, 449 individuals are included in an
analysis, resulting in 25,081,636 SNVs and 3,976,710 indels. 1,814,326 SNVs in the WGS
dataset are also genotyped with microarray, which are used to calculate the genotype discordance
rate. In this study, we use the BP dataset before any QC performed on genetic variants. In a
previous study [30], genetic variants in the BP WGS dataset are first processed with VQSR and

then filtered with a trained logistic regression model to remove variants with low quality.

The PSP WGS dataset is for studying progressive supranuclear palsy with an average coverage
of 29-fold. 544 unrelated individuals are whole-genome sequenced, 518 of whom are also
genotyped with microarray. Among them, 119 individuals have 547,644 SNPs, and 399
individuals have 1,682,489 SNPs genotyped with microarray, respectively. That 119 individuals
would be excluded when calculating the genotype discordance rate in case of biases caused by

fewer SNPs. There are 356 individuals diagnosed with PSP and 188 individuals as controls.
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Variant calling for the PSP dataset is performed using the Churchill pipeline, where GATK-
HaplotypeCaller 3.2-2-gec30cee is used as the variant caller according to the GATK best
practices, and the reference genome is HG19. Forty-nine samples are found to have high missing
rate, high relatedness with other samples, or are diagnosed with diseases other than PSP, so they
are removed. Next, we extract variant data with only 495 individuals with VCFtools.
Monomorphic variants are then removed. After preprocessing, the PSP WGS dataset has
33,273,111 SNVs and 5,093,443 indels. There are 1,682,489 SNVs from 381 samples genotyped

by both microarray and WGS, which are used for calculating genotype discordance rate.

2.4.5 Performance metrics

Twenty-one sample-level metrics and twenty variant-level metrics are defined to measure the
sequencing quality of the variant call-sets after quality control (S12 Table). Note that we do not
show all sample-level metrics and variant-level metrics in the main text. Other metrics are
available in supplemental materials. Variant-level metrics provide us with a summarized
assessment report of the sequencing quality of a variant call set, such as total SNV of the whole
dataset. They are calculated based on the information of all variants in a variant call set. For
example, the number and the proportion of multi-allelic SNVs are calculated for the entire
dataset. On the other hand, sample-level metrics enable the inspection of the sequencing quality
for sequenced individuals in a variant call set. For instance, we check the distribution of novel
Ti/Tv or other quality metrics among all individuals in the study. Sample-level metrics are
calculated for each sample, using its genotype information on all variants in the dataset. The
distribution of those metrics across all individuals is shown as a box plot. For example, the

number of SNV singletons on a sample level shows the distribution of the number of SNV

39



singletons across all sequenced individuals. In this study, both sample-level and variant-level

metrics are used to evaluate the sequencing quality of WGS variant datasets.

Additionally, we use genotype missing rate, ME rate and genotype discordance rate as variant
quality metrics, which are computed using the entire variant call set. The definitions of genotype
missing rate and ME rate have been described above. Note that ME rate is only available for
family-based datasets, such as the BP dataset, so we do not calculate ME rate for the PSP dataset
that only includes unrelated individuals. Genotype discordance rate is the proportion of
individuals whose genotypes are inconsistent between next-generation sequencing and
microarray. This metric can only be calculated with a subset of variants due to the limited
number of variants genotyped by both sequencing and microarray. Note that microarray might
also have biases in genotyping, leading to some limitations of genotype discordance rate. For
example, microarray usually genotype selected variants, primarily common and known variants,
so genotype discordance rate is only available for these selected variants, and it cannot provide
quality evaluation for all variants, especially rare variants. Genotype missing rate, ME rate and
genotype discordance rate provide us with an accurate evaluation of variant quality because true-

positive variants with high quality are very likely to have low values of these three metrics.
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Tables

Table 2.1: Performance of eight different machine learning algorithms

Machine learning algorithm Time cost (sec) F1-score for F1-score for

indel classification SNV classification

Random Forest 9.85 0.9428 0.9740
ANN 75.34 0.9400 0.9707
SVM 1253.48 0.9381 0.9704
AdaBoost 25.27 0.9270 0.9672
Logistic Regression 2.49 0.9074 0.9668
KNN 24.71 0.9200 0.9486
QDA 0.30 0.9006 0.9241
Naive Bayes 0.18 0.8716 0.9012

Performance metrics, including F1-scores, total time cost of model fitting and prediction, are
ranked by F1-score for SNV classification. Random forest, ANN, logistic regression and KNN
are set to run with eight threads. “ANN”: artificial neural network. “SVM”: single support vector

machine. “KNN”: K-nearest neighbors classifier. “QDA”: quadratic discriminant analysis
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Table 2.2: Variant-level quality metrics of high-quality variants in the BP dataset

processed by different methods

Metric No QC ABHet VQSR ForestQC
Total SNVs 25081636 22415368 24239357 22227503
Known SNVs 21165051 19665276 20675746 19361635
Known SNVs (%) 84.38% 87.73% 85.30% 87.11%
Total indels 3976710 2670647 3212886 2789037
Known indels 3094271 2188996 2758783 2237002
Known indels (%) 77.81% 81.97% 85.87% 80.21%
Multi-allelic SNV 153836 26549 128894 77693
Multi-allelic SNVs (%) 0.61% 0.12% 0.53% 0.35%

Four methods are compared, including no QC applied, ABHet approach, VQSR and ForestQC.

“Known” stands for variants found in dbSNP. The version of dbSNP is 150.
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Table 2.3: Variant-level quality metrics of high-quality variants in the PSP dataset

processed by four different methods

Metric No QC ABHet VQSR ForestQC
Total SNVs 33273111 29771182 31281620 29352329
Known SNVs 25960464 24142744 24910728 23514257
Known SNVs (%) 78.02% 81.09% 79.63% 80.11%
Total indels 5093443 3311136 3682319 3418242
Known indels 3679990 2532899 3012662 2567879
Known indels (%) 72.25% 76.50% 81.81% 75.12%
Multi-allelic SNV 250418 6685 188180 146247
Multi-allelic SNV (%) 0.75% 0.02% 0.60% 0.50%

Four methods are compared, including no QC applied, ABHet approach, VQSR and ForestQC.

“Known” stands for variants found in dbSNP. The version of dbSNP is 150.
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Figure 2.1: Workflow of ForestQC. ForestQC takes a raw variant call set in the VCF format as
input. Then it calculates the statistics of each variant, including MAF, mean depth, mean
genotyping quality. In the filtering step, it separates the variant call set into high-quality, low-
quality, and undetermined variants by applying various hard filters, such as Mendelian error rate
and genotype missing rate. In the classification step, high-quality and low-quality variants are
used to train a random forest model, which is then applied to assign labels to undetermined
variants. Variants predicted to be high-quality among undetermined variants are combined with
high-quality variants from the classification step for the final set of high-quality variants. The

same procedure applies to find the final set of low-quality variants.
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Figure 2.2: Overall quality of high-quality variants in the BP dataset detected by four
different methods. (a) The ME rate, (b) the genotype discordance rate, and (c) the missing rate
of high-quality SNVs. (d) The ME rate and (e) the missing rate of high-quality indels. Data are

represented as the mean + SEM.
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indels. The version of dbSNP is 150.
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Chapter 3 Detecting the regulatory effects of rare

variants in multiple tissues

3.1 Introduction

Over the past decade, genome-wide association studies (GWAS) have successfully discovered
numerous associations between common genetic variants and human complex diseases and
traits[ 1,2]. These studies also found that those common variants typically have small effects and
explain a small fraction of heritability[3,4]. Motivated by this finding, many sequencing studies
have attempted to identify rare variants associated with complex traits[5,6]. It is hypothesized
that rare variants may have larger effect sizes than common variants due to purifying selection
and may explain some of the missing heritability[7,8]. Candidate-gene and large-scale
sequencing studies have indeed found associations of rare variants with complex diseases and

traits[9—11].

An important question after finding the associations of rare variants is to understand their genetic
mechanism on how they influence diseases. GWAS have found that common variants associated
with diseases are mostly present in non-coding regions of the genome, suggesting that they might
affect traits by regulating the expression of nearby genes as recent expression quantitative trait
loci (eQTL) studies have identified many common variants with regulatory effects[12,13].
However, the effect of rare variants on gene expression remains mostly obscure, although there
have been recent developments in this work. For example, Li et al. discovered that rare variants

might result in outlier patterns of over or under expression across multiple human tissues[14]
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while Zhao et al. found an excess of rare variants was significantly associated with extreme gene
expression in human peripheral blood[15]. Hernandez et al. also reported that ultrarare variants
make a significant contribution to the heritability of gene expression[16]. These results hint at

the possible functional effect of rare variants.

To discover the functional effect of genetic variants, many eQTL studies are interested in
identifying genes whose expression levels are influenced by genetic variants (called “eGenes”).
The aforementioned studies for rare variants mostly focused on the overall contribution of rare
variants to gene expression but did not find individual genes whose expression is associated with
rare variants. We call these genes “RV eGenes,” and there are two major challenges in finding
RV eGenes. The first is relatively small sample sizes of eQTL studies that collected whole-
genome sequencing (WGS) as well as RNA-seq data. WGS data instead of whole-exome
sequencing data are necessary to discover RV eGenes as many variants regulating gene
expression may be present in non-coding regions of the genome. The second challenge is the
statistical approach to detect eGenes. While there have been several methods developed to
identify common variant eGenes (CV eGenes)[17,18], these methods utilize a single marker test
that tests each SNP, which yields low statistical power for rare variants. To increase power to
detect association of rare variants, many collapsing approaches that combine the effect of
multiple rare variants have been proposed[19,20], but as we will discuss later, they are not

optimized to find RV eGenes.

In this paper, we develop a powerful approach called LRT-q to detect RV eGenes and apply this
method to WGS and multi-tissue RNA-seq data collected from 681 European individuals in the

Genotype-Tissue Expression (GTEx) project (v8). LRT-q incorporates functional annotations of
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rare variants, observational genotype data, and quantitative phenotype data to identify a group of
potential causal rare variants influencing the expression of a nearby gene by aggregating
statistics of rare variants in a nonlinear manner. We show using extensive simulations that LRT-
q outperforms previous methods for rare variant association testing such as SKAT-O[21] and
variable threshold[22]. We also find that LRT-q detects more RV eGenes than previous methods
in the GTEx data across all tissues. We investigate the characteristics of those RV eGenes and
discover a few important biological insights such as higher tissue specificity of RV eGenes
compared to CV eGenes and enrichment of RV eGenes in disease-associated genes. We provide

an open-source R package implementing the proposed method, LRTq.

3.2 Overview of LRT-q

An association test between a single rare variant and expression of a gene is likely to result in
low statistical power because the power decreases as allele frequency of a variant decreases. To
overcome this challenge, many statistical approaches have been developed to aggregate rare
variants in a genetic region, like a gene, and to test their cumulative effects on a phenotype. The
underlying rationale is that a gene can be regulated by multiple rare variants and thus a larger
effect can be observed by grouping them, contributing to increased power. The methods for rare
variant testing include burden tests like variable threshold (VT)[22], variance component tests

like sequence kernel association test (SKAT)[23], and combined tests like SKAT-O[21,24].

These methods, however, may not be optimal in detecting the effects of rare variants because of
the following two reasons. First, they do not attempt to prioritize likely causal variants. As the
rare variant methods combine multiple variants, it is important to remove the effects of non-

causal variants. Previous methods mostly rely on functional information of variants to prioritize
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variants[20,25] such as minor allele frequency (MAF) and Combined Annotation Dependent
Depletion (CADD) scores[26] as it has been hypothesized that rarer variants may have larger
effects than more common variants. However, we may be able to prioritize potential causal
variants more accurately by using both functional information and genotype data where the latter
may provide additional information on the causal statuses of variants. For example, for gene
expression data, individuals with causal rare variants may have significantly different expression
patterns from other individuals. The other reason why previous methods may not be optimal is
that many of the burden tests combine statistics of multiple variants linearly (e.g. a weighted sum
of z-scores). However, it may be desirable to combine the statistics in a nonlinear manner to

detect more associations as we show in our results.

To overcome these limitations, we propose a likelihood ratio test for quantitative traits (LRT-q)
for detecting rare variants associated with gene expression. This method is an extension of the
original LRT[27] that was designed for identifying associations between rare variants and
disease status (dichotomous traits). There are two underlying models in LRT-q; 1) the null model
that assumes no causal variants among all rare variants, and 2) the alternative model that assumes
at least one causal variant. LRT-q calculates a likelihood ratio statistic between the two models
and also a p-value using a permutation test. LRT-q calculates the statistic using functional
information and observational genotype data that allows LRT-q to prioritize potential causal rare
variants. Besides, LRT-q aggregates statistics of multiple rare variants nonlinearly to boost

statistical power (see Materials and Methods). Assuming that individuals carrying a rare allele of

a variant have different gene expression patterns from those carrying a different allele, we
calculate a statistic measuring this difference for each rare variant near a gene. We then combine

these statistics from multiple rare variants nonlinearly and generate an aggregated statistic for the
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gene. LRT-q considers both positive and negative effect sizes of genetic variants on gene

expression, and it is very efficient using an adaptive permutation test.

3.3 Verification and comparison
3.3.1 False positive rate of LRT-q

To measure the performance of LRT-q, we first measure the false positive rate using simulated

data under the null hypothesis of no causal variants (see Materials and Methods). Each

simulation has 1,000 individuals and 33 rare variants on average, and we test several other rare
variant association methods such as CMC[28], WSS[29], Burden, VT[22], ACAT-V, ACAT-
0O[20], and SKAT-O[21] in addition to LRT-q. Here, ACAT-O is an omnibus test constructed by
combining p-values of VT, ACAT-V, and SKAT-O. Results show that all methods have well-
controlled false positive rates across different significance thresholds such as a = 0.05, 0.01,

0.001, and 0.0001 (Table 1).

3.3.2 Power of LRT-q.

Next, we perform power simulation under the alternative hypothesis that there is at least one causal
rare variant using several combinations of effect sizes and causal ratio where causal ratio defines

the percentage of causal variants among all rare variants (see Materials and Methods). In

simulations, half of the causal variants have positive effect sizes, and the rest of causal variants
have negative effect sizes as rare variants might increase or decrease expression levels.
Additionally, as only a few rare variants might be causal, only 3% to 10% of rare variants are
causal in the simulation data. Regarding effect sizes, variants with lower allele frequency have

larger effect sizes, which is the assumption often made in simulating the effect of rare variants,
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and we simulate several different maximum effect sizes of rare variants (from 0.99 to 4.95). For
each combination of effect size and causal ratio, we generate 10,000 datasets containing 1,000
subjects. Similar to the false positive rate simulation, we test eight methods, and the power is
measured at a = 0.05.

Results show higher power of LRT-q over other methods across a variety of simulation settings
(Fig 1). Especially, we observe that as the effect size or the proportion of causal variants increases,
LRT-q becomes more powerful than other approaches. When 10% of rare variants are causal,
LRT-q has the highest statistical power if the maximum effect size is larger than or equal to 1.98.
Its power is 147% to 224% as high as the power of SKAT-O, the second most powerful method.
Furthermore, the power of LRT-q is slightly smaller or as large as the power of SKAT-O when the

effect size of causal rare variants is very small (at most 0.99) (Fig 1A and 1B); in this case, all

methods have very low power (<15%). When the effect size is larger, our method is considerably

more powerful than SKAT-O (Fig 1C and 1D) where in these settings, the power of the proposed

method is 141% to 238% as high as that of SKAT-O. These results demonstrate that prioritizing
potential causal variants using the likelihood ratio test boosts statistical power to detect the effects

of rare variants across various values of effect size and causal ratio.

Additionally, we perform simulations that add randomness to the effect sizes of causal rare variants
by adding noises sampled from a normal distribution N(1,1). We also include simulations that
contain much fewer rare variants (19.8 rare variants on average), which is about two-thirds of the
number of rare variants in the original simulation (33.1). Note that it is difficult to further decrease
the number of rare variants in the new simulations because the proportion of causal rare variants
is assumed to be 3—10% and we need to ensure there is at least one causal rare variant. We still

observe that LRT-q is much more powerful than other methods in these different settings (S1 Fig).
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For the convenience of parameter estimation, the LRT-q model assumes the equal variance of the
expression levels of individuals with or without causal rare variants. To examine its robustness
when the assumption is violated, we simulate the subjects that carry causal rare variants to have
an explicitly different variance from those who do not. We find that our method is robust against
the violation of this assumption and can still achieve higher power than other methods (S2 and S3
Figs). Therefore, this assumption simplifies the parameter estimation for the model but does not

seem to influence its statistical power and reliability much.

One of the key reasons for the higher statistical power of LRT-q is its nonlinear decision boundary
to detect significant associations. A decision boundary of an algorithm determines how it classifies
each test (e.g. association test between rare variants and gene expression) into a significant or non-
significant association where methods combining effect of rare variants linearly such as CMC have
a linear decision boundary while LRT-q that applies nonlinear aggregation of rare variant effects
have a nonlinear decision boundary. Using simulations to visualize decision boundaries of multiple

rare variant methods (see Materials and Methods), we verify LRT-q has a clear nonlinear decision

boundary that separates significant and non-significant associations accurately (S4A Fig). As the
nonlinear decision boundary of LRT-q allows it to emphasize contributions from potential causal
variants with large effects to its statistic more strongly than those from non-causal variants, LRT-
q is more sensitive to causal effects and thus has higher power as demonstrated in the simulation
studies above. Decision boundaries of other methods, however, are not as nonlinear as or as
obvious as that of LRT-q because some of the significant associations detected by other methods
overlap with non-significant associations (S4B—S4D Fig). In other words, the nonlinear decision
boundary of LRT-q has higher accuracy in segregating rare variants with causal effects and those

without causal effects, which improves statistical power.
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3.4 Applications

3.4.1 Identification of RV eGenes across 49 tissues in GTEx.

To demonstrate the utility of our method in real eQTL data, we apply LRT-q to whole-genome

sequencing (WGS) and RNA-seq data of 681 individuals with European ancestry from 49 tissues

in the GTEx v8 dataset[30] to identify RV eGenes (see Materials and Methods for quality control
and data processing); those are genes whose expression is regulated by nearby rare variants. We
define rare variants as variants with MAF < 5% among individuals with WGS data, and we
combine effects of rare variants present within 20K bp of a transcription start site (TSS) of each
gene in each tissue. The GTEx study included common variants with MAF > 1% in their eQTL
analysis. This means that there may be some overlaps between rare variants in our analysis and
common variants in the GTEx analysis as we used rare variants with MAF < 5%. Hence, we also
analyzed rare variants with MAF < 1% to avoid this overlap. The GTEx study analyzed variants
within 1 Mb from TSS while we use the 20 Kb window size. The main reason is that the number
of rare variants within 1 Mb from TSS is considerably greater than that within 20 kb; we observe
50 times more rare variants within 1 Mb (median of 15,482) than 20 Kb (median of 311) as shown
in S5 Fig. Including too many rare variants in a rare variant association test not only will greatly
increase the computational cost but also is likely to decrease the power as more non-causal variants
are included in the association test. Besides, previous studies[14,31] that analyzed the genetic
effects of rare variants on gene expression also considered a smaller window size such as 10 Kb.
In our analysis, we choose the window size that is twice as large as that of previous studies to
include more variants with potential regulatory effects on gene expression. The sample size varies
considerably depending on a tissue type (from 64 to 573) as only subsets of individuals provide

RNA-seq data for certain tissues while we have WGS data for the 681 European individuals. To
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improve power to detect RV eGenes using LRT-q, we utilize a variety of weighting schemes such
as assigning them uniform weights and prioritizing them by minor allele frequency (MAF), by
their distances to TSS, and by their functional scores such as LINSIGHT[32] and CADD

scores[33] as well as different combinations of them (see Materials and Methods). We then

compare the performance of our method with that of other methods including ACAT-O, SKAT-
O, and VT by applying the same weighting schemes to each method. It is important to note that
CMC, Burden, and WSS are not included in this analysis because they have low power as
demonstrated in the simulation study. ACAT-V is not under consideration because it uses an
aggregated Cauchy association test as ACAT-O does but has lower power than ACAT-O as shown

in simulation. We use a false discovery rate (FDR) of 5% to detect RV eGenes in each tissue.

We observe that different weighting schemes of rare variants yield very different numbers of RV
eGenes and that our method detects more RV eGenes than other approaches across most of the
weighting schemes. Using the whole blood (N = 546) as an example, LRT-q detects more RV
eGenes than VT across all eight weighting strategies while we find more RV eGenes than ACAT-
O and SKAT-O across four weighting schemes (S1 Table). Regarding the number of eGenes
detected using different weighting schemes, the smallest number of RV eGenes LRT-q detects is
211 with TSS distance weighting while we observe about four times as many RV eGenes with a
combined weight of MAF and CADD (885). These results show that consistent with the results of
our power simulation, our method can detect more RV eGenes in real eQTL data than previous
methods and that different weighting schemes could greatly influence the sensitivity of RV eGene

detection.

Next, we define the union set of RV eGenes identified with the eight different weighting schemes

as the total set of RV eGenes detected by a method for each tissue and compare this number across
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different methods and tissues. First of all, as expected, the number of RV eGenes detected by LRT-
q across tissues is positively correlated with sample sizes of tissues (Pearson’s » = 0.8966) where
this phenomenon is not affected by the number of expressed genes in each tissue (Figs 2A and
S6A). When comparing the number of RV eGenes detected by different methods, we find that
LRT-q identifies the largest number of RV eGenes in 35 out of 41 tissues where there is at least
one RV eGene detected by any method (Fig 2B) while LRT-q detects only one fewer RV eGene
than SKAT-O in four tissues (Brain Putamen basal ganglia, Muscle Skeletal, Ovary, and
Vagina). In three of these four tissues, including Brain Putamen basal ganglia, Ovary, and
Vagina, have so small sample sizes that LRT-q and VT failed to detect any RV eGenes while
SKAT-O and ACAT-O identified at most one RV eGene. In general, LRT-q detects on average
308% more total RV eGenes than SKAT-O (min:1% and max:2,800%), which identifies the
second most total RV eGenes in GTEx tissues. Importantly, our method identifies a few RV
eGenes in tissues with small sample sizes such as brain—hypothalamus (N = 150) while other
methods fail to detect any RV eGenes in these tissues. We find that our method outperforms other
methods even when we lower the MAF threshold to 1% to define rare variants although we detect
fewer overall RV eGenes with 1% MAF compared to those with 5% MAF, which is expected (S2
and S3 Tables). Results show that our method also discovers more novel RV eGenes than other
methods in 38 out of 41 tissues, which are eGenes not reported in the GTEx v8 analysis that only
considered the effects of common variants (MAF > 1%). LRT-q detects only one fewer RV eGene
than SKAT-O in the other three tissues (Brain Putamen basal ganglia, Ovary, and Vagina) (S6B
Fig). LRT-q detects on average 204% more novel RV eGenes than SKAT-O that detects the second
most novel RV eGenes (min:8% and max:1,000%). These results indicate that our method detects

not only more overall RV eGenes but also more novel RV eGenes that have not been discovered
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using common variants, which may be important in interpreting the functional effects of rare

variants.

To examine overlaps among RV eGenes detected by different methods, we look at RV eGenes in
four tissues, Muscle Skeletal, Skin Sun Exposed Lower leg, Thyroid, and Whole Blood where
we have a good number of RV eGenes. We look at the overlaps of RV eGenes detected by four
methods, LRT-q, SKAT-O, ACAT-O, and VT. Using the Venn diagram (S7 Fig), we find that
many RV eGenes detected by SKAT-O, ACAT-O, and VT are also detected by LRT-q: on average,
LRT-q detects 61.76%, 72.29%, 80.40% of RV eGenes detected by SKAT-O, ACAT-O, and VT,
respectively. This result also shows that a majority of RV eGenes detected by ACAT-O and VT
are shared with other methods as they detect the smallest numbers of RV eGenes. ACAT-O shares
most of RV eGenes with VT and SKAT-O because it is a combination method that uses the results
from SKAT-O and VT. SKAT-O also has higher proportions of shared RV eGenes with other
methods compared to LRT-q, where it identifies 63.16%, 92.35%, 92.01% of RV eGenes
discovered by LRT-q, VT, and ACAT-O, respectively. This result shows that LRT-q detects many

RV eGenes detected by other methods and detects additional RV eGenes.

Lastly, we detect RV eGenes using independent rare variants after LD-pruning as one of the
assumptions in LRT-q is the independence among variants. We find that LD-pruning increases the
number of total RV eGenes and novel RV eGenes detected by LRT-q for the whole-blood tissue
by 34.54% and 32.03%, respectively, using the 5% MAF threshold for rare variants. We also
observe more RV eGenes for other methods (S4 and S5 Tables). This result shows that the
independence assumption may limit the ability of LRT-q to detect RV eGenes, but does not

increase FPR as we observe fewer RV eGenes when rare variants are not independent. For the rest
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of the analysis, we present the results using the 5% MAF threshold and without using LD-pruning
because the number of rare variants changes considerably depending on the level of LD-pruning

we perform, and it is not obvious which LD-pruning procedure yields the best results.

One important factor that may influence detection of RV eGenes is common SNP eQTLs near rare
variants. It is possible that common SNP eQTLs and rare variants may be in weak LD, and LRT-
q may detect the common SNP eQTL signal as a rare variant association. Note that this
phenomenon does not influence our results on novel RV eGenes since they do not contain common
SNP eQTLs. To identify how common SNP eQTLs may affect the detection of non-novel RV
eGenes (RV eGenes that have common eQTLs), we regress out the effect of the most significant
eQTL from gene expression within 20kb, 50kb, and 100kb from the transcription start sites (TSS)
of each non-novel RV gene and perform rare variant association tests with LRT-q to detect RV
eGenes in four tissues, including Whole Blood, Thyroid, Muscle Skeletal, and
Skin Sun Exposed Lower leg. We select these distance ranges because we consider rare variants
within 20kb from TSS while common eQTLs may be up to Imb from TSS and we only want to
regress out common eQTLs that might be in LD with rare variants. We calculate the differences
in p-values of non-novel RV eGenes before and after this regression across different weights for

rare variants.

The results show that p-values of most non-novel RV eGenes do not change after the regression
as the median change in p-value is close to 0.0 (S8 Fig). However, we observe large changes in p-
values for some non-novel RV eGenes, and hence, we decide to look at how the number of RV
eGenes changes after this regression. For this, we use the fixed p-value threshold (1e-4) to identify

RV eGenes instead of FDR. The reason is that we have two groups of genes: 1) genes that have
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significant eQTLs, and we regress out the effect of these eQTLs from gene expression, and 2)
genes that do not have significant eQTLs, and hence we do not apply this regression. We find that
by combing these two groups of genes, the p-value distribution changes somewhat significantly,
and hence it also changes g-values significantly although the corresponding p-values have not

changed much.

We find that both LRT-q and SKAT-O indeed lose some RV eGenes after regressing out the
common eQTL effect, which is expected. LRT-q loses about 25.16% of RV eGenes on average
where SKAT-O loses a much higher proportion of RV eGenes (36.11% on average) (S6 and S7
Tables). These results suggest that although some of the rare variant associations LRT-q detects
may be due to the effect of common SNP eQTLs, they do not seem to appear very frequently. The
results also suggest that for these four tissues, although LRT-q detects fewer RV eGenes (FDR <
5%) than SKAT-O before the regression except Thyroid, SKAT-O might have detected more
common SNP eQTLs as RV associations as SKAT-O loses a much higher proportion of RV

eGenes after the regression.

3.4.2 Patterns of tissue-shared and tissue-specific RV eGenes in GTEx.

We investigate tissue-sharing patterns of RV eGenes in GTEx to determine whether related tissues share
more RV eGenes and to compare these patterns to those from CV eGenes, which are eGenes detected from
common variants in the previous GTEx analysis. To find a tissue-sharing pattern of RV eGenes between a
pair of tissues, we count the number of RV eGenes shared between the two tissues and divide it by the
number of RV eGenes in the tissue with fewer RV eGenes. It is important to note that this approach is
different from the previous GTEx analysis that used the correlation of effect sizes of common eQTLs
between a pair of tissues. As calculating the combined effect size of rare variants is not obvious, we instead

calculate the fraction of RV eGenes shared between a pair of tissues and apply the same approach to CV
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eGenes for comparison. Lastly, as some tissues have very few RV eGenes, we use FDR of 10% to increase

the number of RV eGenes in each tissue.

We observe that tissues with related functions share a high fraction of their RV eGenes and are clustered
together, such as most brain tissues (11 out of 12 brain tissues) and tissues in the digestion system including
stomach, esophagus, colon, and small intestine tissues (Fig 3A). Also, there are a few related tissues that
share a high fraction of RV eGenes (S9 Fig). For example, three artery tissues share on average 58.52% of
RV eGenes among them, esophagus—muscularis and esophagus—gastroesophageal junction share 53.32%
of RV eGenes, and two skin tissues share 48.62% of RV eGenes. The overall tissue sharing patterns of RV
eGenes are similar, although attenuated, to patterns of tissue sharing of CV eGenes; we observe stronger
tissue sharing patterns of functionally related tissues for CV eGenes (S10A and S11 Figs). Interestingly,
we observe two separate clusters of brain tissues in the tissue-sharing matrix (Fig 3A), as the patterns of
RV eGenes sharing among brain tissues are not strong where the average fraction of RV eGene sharing is
27.75%, compared to CV eGenes where the average fraction of CV eGene sharing is 58.85%. This may be
due to the small numbers of RV eGenes detected in those tissues, where there are 34.08 RV eGenes on

average for each brain tissue compared to 6870.15 CV eGenes.

Next, we identify a pattern of tissue-sharing across more than two tissues, and for this analysis, we use 20
tissues that have at least 200 RV eGenes as tissues with only a few RV eGenes would not share many
eGenes with other tissues. Among 7,857 unique RV eGenes in those 20 tissues, we find that 60.26% of
them are RV eGenes in only one tissue (“tissue-specific”), 28.74% of them are RV eGenes in 2—4 tissues,
and only 11.00% of them are eGenes shared in more than 4 tissues (Fig 3B). To compare this result with
the tissue-sharing pattern of CV eGenes, we select the top Nt of CV eGenes sorted by FDR g-values from
tissue ¢ where Nt is the number of RV eGenes in tissue ¢, so that we compare the same number of CV and
RV eGenes from each tissue. This is necessary to make tissue-sharing patterns of CV and RV eGenes
comparable as there are many more CV eGenes than RV eGenes in general and many CV eGenes are shared

across many tissues without this selection of top CV eGenes. We observe a different pattern of tissue-
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sharing of top CV eGenes where CV eGenes are less tissue-specific than RV eGenes; 51.04% of CV eGenes
are tissue-specific compared to 60.26% of RV eGenes, and 21.15% of CV eGenes are shared in more than
4 tissues, which is about twice higher than the fraction of RV eGenes shared in that number of tissues (Fig
3B). We repeat this experiment selecting 25 tissues with at least 100 RV eGenes and observe similar results
(S10B Fig). These results demonstrate that the tissue-sharing patterns of RV eGenes reflect the functional

relationship among tissues, and they tend to be more tissue-specific when compared to CV eGenes.

3.4.3 Enrichment of expression outliers, proximal rare variants, and disease-

associated genes among RV eGenes in GTEx.

Previous studies have shown that large-effect regulatory rare variants may cause abnormal gene
expression, causing individuals carrying those variants to have significantly higher or lower
expression for certain genes[14] In this analysis, we investigate whether RV eGenes we detect
from LRT-q are enriched with expression outliers who have abnormal gene expression compared
to other non-RV eGenes. First, similar to Li et al.[14], we correct gene expression measurements
for age, sex, genotyping principal components, and PEER factors, and then generate standardized
Z-scores. We define expression outliers as individuals with standardized gene expression |Z-
score| > 2 and count the number of outliers in each gene. Because genes may be expressed
differently depending on tissues, outliers are defined specific to genes and tissues. In each tissue,
we count the number of outliers for each RV eGene and non-RV eGene separately, and then we
aggregate these counts across all tissues. We observe that 8,090 unique RV eGenes (FDR < 5%)
across all 49 tissues have 19.52 expression outliers on average, which is significantly greater than
13.28 outliers on average in 30,436 non-RV eGenes (t-test p <2.2e-16). We also look at whether

those expression outliers carry rare variants within 20K bp of a TSS of each eGene, and we find
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that across all tissues, on average, 72.17% of expression outliers carry one or more rare variants

(S12 Fig).

Li et al. discovered that expression outliers were enriched for rare variants near the TSS compared
to non-outliers, and we investigate whether this enrichment is stronger for RV eGenes compared
to non-RV eGenes. This enrichment is defined as the ratio between the proportion of outliers with
proximal rare variants (those within 20kb of TSS) and the proportion of non-outliers with the rare
variants for each gene, which can be thought of as relative risk of carrying the rare variants in
outliers vs. non-outliers. Using FDR of 5% to detect RV eGenes in each tissue, our results show
that outliers are significantly enriched for proximal rare variants compared to non-outliers in all
tissues except three brain tissues (Brain Putamen basal ganglia, Brain Hypothalamus, and
Brain_Cortex) with limited sample sizes (Fig 4A). For non-RV eGenes, we do not observe this
enrichment in all tissues. We observe consistent results when varying Z-score thresholds to define
expression outliers; outliers are significantly enriched for adjacent rare variants compared to non-
outliers regardless of Z-score thresholds and the enrichment increases as the Z-score thresholds
increase (S13 Fig). These results suggest that rare variants with cis-regulatory effects may be key
factors to explain the large changes in gene expression levels and those rare variants are likely to

have significant contributions to RV eGenes.

Lastly, we hypothesize that RV eGenes are more likely to be associated with diseases or traits. For
this analysis, we calculate enrichment of RV eGenes among five online disease gene databases

(see Materials and Methods) including 6,298 genes from NCBI ClinVar database[34], 2,569 genes

from Genotype-to-Phenotype (G2P) database[35], 20,998 reported GWAS genes from NHGRI-

EBI catalog[ 1], 26,352 genes from Online Mendelian Inheritance in Man (OMIM) database[36],
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and 7,298 genes from OrphaNet database[37]. We choose these databases because they facilitate
the development, curation, validation of large-scale datasets for associations between human
genetic variants and complex and rare diseases. We also consider genes for non-disease traits as
positive controls, which are 212 genes related to body mass index (BMI) and 78 genes related to
height that are provided by the GeneRIF database and downloaded from the Harmonizome
database[38]. Note that GeneRIF is a public database for the functional annotations of genes based
on previous literature. We construct a 2x2 contingency table where an outcome is whether a gene
is a disease gene for each database and an exposure is whether a gene is an RV eGene or a non-
RV eGene. We use 8,090 RV eGenes we detect from all 49 tissues with FDR of 5%, and p-value
is computed with the Fisher’s exact test where odds ratio (OR) greater than 1 indicates enrichment
of RV eGenes in a disease database while OR less than 1 indicates depletion. Results show that
RV eGenes are significantly enriched in five disease databases with OR ranging from 2.00 to 2.97
(p = 0~9.58e-42, Fig 4B), and the largest OR is observed in the OMIM database that contains
genes involved in Mendelian disorders. We also observe an odds ratio of around 1.0 for genes
related to BMI and height, as expected, because they are two common traits and are not related to
any certain diseases. These results suggest that RV eGenes are much more likely to be involved

with diseases compared to non-RV eGenes while they are not enriched in non-disease traits.

3.4.4 Analysis of disease-associated RV eGenes.

To discover the clinical importance of RV eGenes we identify, we perform a literature search on
RV eGenes using the ClinVar database. Specifically, we attempt to find whether an RV eGene in
a specific tissue is associated with a certain disease related to that tissue. First, we find that patients
with platelet count disorders carry rare variants in TUBB1[39] where TUBB] is detected by our

method as one of the RV eGenes in the heart left ventricle and skin tissue. The landmark symptom
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of platelet count disorders is petechiae on the skin[40]. There is one rare variant (rs41303899) in
TUBBI that was reported as likely pathogenic for this disorder where the gnomAD frequency for
this variant is 1.5E-3 in the European population. Interestingly, one individual in GTEX carries this
rare variant although the disease status of this individual is not available. We find that the adjusted
TUBBI expression Z-score of this individual carrying this rare variant is 1.15 in skin tissue, which

is relatively high.

Another example of an association between RV eGenes found in a particular tissue and a tissue-
specific disease caused by rare variants in those genes is telomere sheltering gene POT1, which is
one of the RV eGenes found in fibroblasts. Fibroblasts were found to contribute to the growth and
drug resistance of melanoma, a potentially lethal form of skin cancer[41]. Previous whole-exome
sequencing studies found that rare variants in POT could increase the risk for familial cutaneous
malignant melanoma, as one of the rare variants, rs587777477, was discovered to perturb telomere
maintenance[42,43]. We also find that /FIH] is identified as an RV eGene in skin tissue, and the
rare missense variant, rs587777446, in this gene has been shown to be pathogenic for autosomal
dominant inflammatory disorder, Aicardi-Goutieres syndrome 7 with the phenotype of skin
swelling[44,45]. These examples indicate that some RV eGenes are associated with diseases
caused by rare variants in relevant tissues, which demonstrates the clinical importance of RV

eGenes.

3.5 Discussion

We have proposed LRT-q as a powerful rare variant association test for identifying the effects of
rare variants on gene expression. Our simulation studies showed that the proposed method had a

well-controlled false positive rate and higher statistical power compared with other methods.
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Through the analysis of gene expression data of 49 tissues from the GTEx dataset, we
demonstrated that LRT-q detected more genes whose expression was regulated by nearby rare
variants, which we call RV eGenes, compared to other approaches including SKAT-O. More
importantly, our method discovered the largest number of novel RV eGenes that were not regulated
by common variants reported in GTEx, which might be particular interest to studies analyzing the
functional effects of rare noncoding variants. These results show that LRT-q is an effective
statistical method for rare variant association analyses for quantitative traits including gene

expression.

RV eGenes discovered from 49 tissues in GTEx provided several important biological insights
about gene regulation of rare variants. First, we found that as expected, a pair of functionally
related tissues shared a high proportion of RV eGenes because their gene expression values were
correlated. However, the levels of tissue-sharing patterns of RV eGenes were not as high as those
of CV eGenes where one main reason is the limited number of RV eGenes compared to the number
of CV eGenes. We detected far fewer RV eGenes than CV eGenes with the same sample size,
which is also expected as we have lower power to detect the effects of rare variants than common
variants even with the rare variant association methods that combine effects of multiple rare

variants[5,46,47]. This suggests that we need larger sample sizes to detect more RV eGenes.

Next, when we checked the tissue sharing patterns of RV and CV eGenes across 20 tissues using
the same number of RV and CV eGenes for each tissue, we found that a higher proportion of RV
eGenes were detected only in one tissue than CV eGenes where CV eGenes had a much higher
proportion of genes shared across more than four tissues. This suggests that the effects of rare

variants on gene expression may be more tissue-specific than common variants, which is important
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in interpreting results of rare variant associations for complex diseases and traits. However, we
anticipate that a higher fraction of RV eGenes will be shared across many tissues as more RV
eGenes are discovered with a larger sample size as we have observed this phenomenon with CV

eGenes[48,49].

Lastly, we explored the characteristics of RV eGenes with a series of enrichment analyses. We
found that all RV eGenes had several outliers whose expression levels deviate significantly from
the rest of the individuals. These outliers had enrichment of rare variants near the TSS of RV
eGenes compared to non-outliers while there was no such enrichment for non-RV eGenes,
suggesting that rare variants carried by outliers may play important roles in causing the abnormal
expression levels of the outliers for RV eGenes. Additionally, we discovered that RV eGenes were
significantly enriched for disease-associated genes across all human disease databases, indicating
that genes whose expression is influenced by nearby rare variants have a higher chance of being
associated with diseases. Moreover, previous findings provided evidence supporting that rare
mutations in our RV eGenes could increase the risk for certain diseases in the same tissues where
they were discovered. This further suggests that rare variants with regulatory effects may help

identify genes associated with diseases.

There are four main features of LRT-q that make it a highly powerful test as demonstrated in
simulation and the GTEx data. First, it prioritizes potential causal rare variants with genotype data
and functional information such as CADD scores. With our formulation of the likelihood ratio test,
LRT-q attempts to find the most likely scenario of causal statuses of rare variants, which increases
the power of detecting potential causal variants. Second, it applies nonlinear aggregation of rare

variants, which results in a nonlinear decision boundary in detecting their effects. Using
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simulations, we show that the nonlinear decision boundary enables LRT-q to emphasize the effects
of causal variants in its test statistic, leading to a higher power. Third, as an extension of the
original LRT method, LRT-q also computes the likelihoods for all possible scenarios of causal
statuses using an efficient decomposition technique, which reduces the computational complexity
and enables LRT-q to be applied to large-scale datasets. Fourth, LRT-q considers both directions
of rare variant effects as LRT-q statistics are based on the normal distribution that considers the
absolute values of effect sizes and not their directions. This is important because some regulatory
variants may increase gene expression (positive effect) while other variants may decrease it
(negative effect). Results from the real GTEx data appear to suggest that rare variants are likely to
have different directions of effect because VT, a method that assumes the same direction of effects
of rare variants, detected much fewer RV eGenes than LRT-q; if variants had consistent directions

of effect, VT would have detected many more RV eGenes.

The application of LRT-q can be extended to other quantitative traits, such as height and BMI. As
the likelihood ratio test is the most powerful test for a particular hypothesis test according to the
Neyman-Pearson lemma[50], one is likely to achieve higher power with LRT-q on other
quantitative traits than other previous methods. Also, LRT-q can be generalized to a gene-based
test or a region-based test as well as analysis of gene sets, pathways, or networks. It is, however,
important to find appropriate weights for rare variants because results may change considerably
depending on those weights as our results showed that different functional annotations of rare
variants affected power to detect RV eGenes. To address this issue, we used a straightforward
approach that employs a variety of functional annotations and combines results. Identifying an
ideal set of weights for rare variants for gene expression and an optimal approach to combine

results remains an important research topic. One of the limitations of LRT-q is that it may be
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computationally demanding as it needs to perform a permutation test to estimate p-value for each
gene. One approach to improve the efficiency of LRT-q is performing an adaptive permutation test
that stops the permutation test when observing p-values from a small number of permutations are
high (e.g., > 0.05). Assuming that most genes are not RV eGenes, we would only need to perform
1,000 or fewer permutations for the majority of genes. For those genes with small p-values
(potentially RV eGenes), we would perform up to 100,000 permutations to obtain more accurate
p-values. We find that the adaptive permutation test yields a similar number of RV eGenes

compared to the permutation test that uses 100,000 permutations (S14 Fig).

For efficient calculation of LRT-q statistic and the corresponding p-value, we assume the
independence between rare variants as previous studies[28,51] have found that there would be very
low LD among rare variants. In this study, we found by performing LD-pruning that violation of
the assumption of independence between rare variants may reduce the power of LRT-q, but it does
not increase FPR. In our analysis of the GTEx data, we did not perform LD-pruning as the optimal
LD-pruning approach is not currently known for rare variants. Researchers may want to apply

LRT-q to their eQTL data after applying LD-pruning to identify more RV eGenes.

3.6 Materials and methods

3.6.1 LRT-q model

Suppose that we have genotype and gene expression data of a population with size N, and perform
an association test for a gene with & rare variants. For rare variant i (1<i<k), there are mi individuals
not carrying a rare variant (e.g. not carrying a minor allele of a rare variant), whose expression
X ={x}.x2 -

Sy . . . . .
levels are +Xi }, and ni subjects carry a rare variant i (e.g. carrying a minor allele),
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whose expression levels are 11 = i vfs '} Note that N = mi+ni. There are two assumptions
in our model: 1) independence among rare variants (e.g. no linkage disequilibrium (LD) among
rare variants) and 2) the normality of gene expression values. Previous studies have suggested that
there would be very low linkage disequilibrium (LD) among rare variants because of their low
frequencies[28,51]. As for the normality assumption, gene expression values are often quantile
normalized in eQTL studies[48,49,52,53], which means that Xi and Yi can be viewed as random

samples from a standard normal distribution. With these two assumptions, Xi and Yi are

~ "V(ll.\', 1 (7?{-. )‘ YJ‘ ~ N {l‘}', 1 0";' )’ where ll.\',' s H i stand for

independently and normally distributed (’\‘
the means of Xi, Yi and 7%+ 7¥: represent the standard deviation of Xi, Yi, respectively). We are

interested in testing the effects of rare variants on gene expression, that is, the difference between

Xi and Yi. Thus, we test the following hypotheses

Hy :V1 <i < k,puy = py versus Hy : 31 <1 < k, uy, # py,

The null hypothesis (H0) asserts that no rare variants have regulatory effects, while the alternative
hypothesis (H1) states that there is at least one causal rare variant affecting gene expression. Here,

7% and 7% are both unknown but assumed to be equal to the pooled variance oi.

To boost the statistical power, we want to infer which rare variants are causal. Here, let vi be an
indicator variable for the causal status of variant i (1<i<k); vi = 1 if variant i is causal and 0
otherwise. Let V' = {v1, v2,....,vk} be the causal statuses of k rare variants. Then there are 2k

possible values for V, because each of the k rare variants can have causal effects on gene expression

,-q ..
23

7 = {4 T . . .
or not. Among them, let /7 = i Vi) be the qth vector, representing a specific scenario of
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causal status. Using the functional information on rare variants, such as CADD scores, we can
obtain the probability of variant i being causal c¢i = P(vi = 1). Using the assumption that rare

variants are independent, the probability of each scenario Vg is given by

P(Vy) = nf:ﬁ';f(l - ('f,)l-‘:‘.f (1)

We calculate the likelihood of the observational data and the inferred causal statuses Vg as follows

LIX, Y, V) = L(X, Y[V P(Vy) *

where X = X1, X2, Xk, Y = Y1, Y2, Yk are gene expression levels of individuals without rare

variants and with rare variants, respectively. This equation considers both observational data (gene
expression and genotype data) and causal statuses of rare variants, and therefore can prioritize
causal variants by functional information. We then calculate our statistic as the ratio between the
likelihood under the null hypothesis and the likelihood under the alternative hypothesis and use a
permutation test to compute the p-value. More detailed information on the derivation of likelihood
ratio test, its decomposition for efficient calculation of the test statistic, and parameter estimation

1s discussed in S1 Text.

3.6.2 Simulation studies

To compare the performance of LRT-q with the widely used existing rare variant association tests,
we measure their type I error rates and statistical power in simulation studies. In this study, data

are simulated with a similar framework described in Wu et al.’s work[23].

Simulation of genotype data.
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The calibration coalescent model[54] (COSI) is used to generate 50,000 haplotypes, assuming that
they have the LD structure of individuals of European ancestry. Any pairs of haplotypes could be
combined into diplotypes. In each replicate, a 5 kb region is randomly selected to simulate the
diplotypes for 1,000 individuals, which contains 33.1 rare variants (MAF < 0.05) on average. We

also perform the power simulation with a 3 kb region including 19.8 rare variants on average.

Type I error rate simulation.
Under the null hypothesis of no association between rare variants and gene expression, we simulate

the normalized expression levels for individual j from the model described as follows.

Ej=4;+¢

where Aj~N(0,1) represents the covariates and ¢/~N(0,1) stands for random errors. Each Ej is
assumed to be independent. We simulate 100,000 replicates to test the type I error rate at the
significance level a = 0.05,0.01,0.001,0.0001. When applying rare variant association methods to
the datasets, we use uniform weights for all rare variants (e.g. assuming all rare variants are likely

causal). VT and LRT-q are run with 10,000 permutations to measure p-values.

Power simulation.
Under the alternative hypothesis where there is at least one causal rare variant influencing gene

expression, we use the following model to simulate the gene expression value for individual ;.

El‘ =A; + ﬂrG_i T
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where 4j~N(0,1) represents the covariates of individual j and ¢~N(0,1) stands for random errors.
Here, we randomly sample s variants out of the total k rare variants as causal variants. Gj =
(gil,...,gjs) is defined as genotypes of s causal rare variants of individual ; where gji = 0,1,2
depending on the number of rare alleles for variant i. Their effect sizes are set to be f =
alloglOMAF|, where MAF represents the minor allele frequencies of causal rare variants and a is
a constant. In this study, a is set to be a fixed constant 0.3, 0.6, 0.9, 1.2, or 1.5 and we also assume
3%, 5%, 7%, or 10% of rare variants to be causal to simulate different numbers of causal variants
with different effect sizes. Thus, in this simulation study, the maximum effect size of a causal rare
variant would be 0.99, 1.98, 2.97, 3.96, or 4.95 assuming 1,000 individuals and a MAF cutoff of
5%. Causal rare variants have 50% probability of having negative effect sizes (e.g. decrease gene
expression), and 50% probability of having positive effect sizes (e.g. increase gene expression).
The statistical power is estimated as the proportion of p-values smaller than a = 0.05 in 10,000
simulated datasets. Similar to the type I error simulations, all rare variants are weighted equally.
Both LRT-q and VT are run with 1,000 permutations to calculate p-values. We also generate
simulations to visualize decision boundaries of LRT-q, SKAT-O, and CMC approaches, and a

detailed description of this simulation is discussed in S1 Text.

To examine the robustness of the LRT-q model, we generate simulations using different settings.
First, we sample a from N(1,1) to add random noises to effect sizes of rare variants. Second, we
perform the power simulation with fewer rare variants in a gene. Third, we simulate Xi (gene
expression levels of individuals not carrying the rare variant i) and Yi (gene expression levels of
individuals carrying the rare variant 7) to have different variances, which violates the assumption
of LRT-q model in parameter estimation. Here, we let Xj = Aj+¢j, where 4j~N(0,1) represents the

covariates and ¢/~N(0,1) stands for random errors. Let Yj = Bj+fTGj+¢j, where Bj~N(0,2)
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represents the covariates, ¢/~N(0,1), and S7Gj stands for the effects of causal rare variants. Hence,

X and Y have different variances.

3.6.3 Analysis of multi-tissue GTEx v8 WGS and RNA-seq data

We download the GTEx dbGaP release v8 RNA-seq data from the GTEx portal and the whole-

genome sequencing (WGS) data from dbGaP accession number phs000424.v8.p2. Genotype data

and transcriptome data from all 49 GTEX tissues are used in this study. There are 838 subjects with

both WGS and RNA-seq data.

Quality control.

We identify 681 individuals of European ancestry using EIGENSTRAT[55]. We consider only
Europeans because they are the largest homogenous population in GTEx. We then extract only
European samples from each tissue, creating 49 separate genotype datasets for the 49 tissues. We
restrict our analysis to autosomal variants. For these 49 genotype datasets, we extract rare single
nucleotide variants (SN'Vs), which are defined as variants with minor allele frequency (MAF) <
5%; we also test a case when rare variants have MAF < 1%. Alleles with genotyping quality (GQ)
less than 20 are marked missing. We remove variant sites that have a missing rate larger than 5%
or failed variant quality score calibration (VQSR)[56]. Then missing genotypes are imputed as two

reference alleles because of the low frequency of rare variants.

RV eGene discovery in the GTEx dataset.

SNVs are functionally annotated with CADD[26] and LINSIGHT[32]. Next, we group variants in
a gene and those located within 20kb upstream or downstream of transcription start site (TSS) of
a gene. The summary statistics of sample size, the number of genes and rare variants for each tissue

after preprocessing is in S8 Table. Covariates of each sample provided by GTEx, which are top 5
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genotyping principal components, PEER factors[57] (15 factors for tissues with fewer than 150
samples, 30 factors for those with 150-250 samples, 45 factors for those with 250-350 samples,
and 60 factors for those with more than 350 samples), sequencing platform, and sex are used to
regress out unwanted confounding effects in gene expression levels for each tissue using a linear
model. Then the transformed gene expression levels are normalized with rank-based inverse
normal transformation using “RankNorm” in the “RNOmni” R package. When applying rare
variant association methods to the GTEx data, different weighting strategies of rare variants are
used, including LINSIGHT scores, CADD scores, MAF, distance to TSS, and uniform weights
(all rare variants have the same weight). Note that weighting by MAF or TSS distance is to use
weights inversely proportional to the values of MAF or TSS distance, so variants with lower
frequency or closer to TSS are assigned higher weights while for other weightings, higher scores
(e.g. CADD or LINSIGHT scores) mean higher weights for variants. We also combine multiple
weights by multiplying two or three weights together for each variant; we create three combined
weights, 1) MAF x TSS distance, 2) MAF x CADD scores, and 3) MAF x CADD scores x TSS
distance. All weights mentioned above are employed to discover RV eGenes in 49 GTEXx tissues.

FDR < 5% is applied for multiple testing correction.

Patterns of tissue sharing in RV and CV eGenes.

We first assess tissue-sharing patterns of RV eGenes in a pair of GTEx tissues. We use FDR <
10% to identify RV eGenes in each tissue to increase the RV eGenes. Next, for each pair of tissues,

we calculate the fraction of shared RV eGenes as

of shared RV eGenes between tissues 1 and 2

min(of RV eGenes in tissue 1,0f RV eGenes in tissue 2)

85



Similarly, to calculate pairwise tissue-sharing patterns of CV eGenes, we select CV eGenes with
FDR < 5% based on the summary statistics in the GTEx v8 dataset and calculate the fraction of
shared CV eGenes using the same equation. To assess tissue-sharing patterns of RV eGenes in
more than two tissues, we choose 20 tissues with at least 200 RV eGenes (FDR < 5%) and calculate
the proportion of RV eGenes shared across different numbers of tissues (i.e. # of RV eGenes
present in only one tissue, in 2—4 tissues, or in more than 4 tissues). To find tissue-sharing patterns
of CV eGenes in more than two tissues among the same 20 tissues, we choose top Nt CV eGenes
from tissue # where NVt is the number of RV eGenes in tissue £. We then calculate the proportion of
CV eGenes shared across different numbers of tissues. We also repeat this analysis with another

group of 25 tissues that have more than 100 RV eGenes (FDR < 5%)).

Single-tissue gene expression outlier discovery.

For each individual, we log-transform gene expression value as log2(TPM+1) for each gene and
each tissue, where TPM is the number of transcripts per million RNA molecules. We then
standardize gene expression value for each gene in each tissue into Z-score to avoid the shrinkage
of outlier gene expression caused by rank-based quantile normalization, using the following

equation:

W I |
7t — Xgi "g
8 g’

Jx 7
where @ and Zg represent unstandardized log-transformed gene expression value and the

!

o

I
standardized Z-score of individual j for gene g in tissue ¢, respectively. Mz and % are the mean

86



and standard deviation of the unstandardized values across all individuals ('\{W' ), for gene g in tissue
t, respectively. Next, for each gene in each tissue, we regress out the covariates, including top 5
genotyping principal components, PEER factors, sequencing platform, and sex from the
transformed and standardized gene expression values using a linear model. The resulting
regression residuals are standardized again using the equation above and the resulting Z-scores are

used to determine outliers.

Single-tissue gene expression outliers in a gene are defined as the individuals with extreme gene expression
levels who have |Z-score| > 2, while the remaining individuals are defined as non-outlier for this gene.
Other Z-score thresholds are also tested, including 1, 3, 4, 5, 6, 7, 8, 9, and 10. Under this definition, an
outlier is specific to a gene in a certain tissue. Therefore, each gene may have different sets of outliers
across tissues, and an individual may be an outlier for multiple genes in one or more tissues. We analyze
all outliers in non-RV eGenes and RV eGenes identified by LRT-q in 41 out of all 49 tissues with at least

one RV eGene (FDR < 5%).

Enrichment analysis of RV eGenes.

To calculate enrichment of proximal rare variants near RV eGenes in gene expression outliers
compared to non-outliers, we consider rare variants (MAF < 5%) within 20 kb of the TSS of a
gene. Similar to the analysis conducted by Li et al.[14], enrichment is defined as the ratio of the
proportion of outliers carrying rare variants to the corresponding proportion of non-outliers. It is
equivalent to the relative risk of having proximal rare SNVs as an outlier. The 95% Wald
confidence intervals are calculated with the asymptotic distribution of the log relative risk. We
also assess this enrichment by varying Z-score thresholds to define expression outliers (from 1 to

10). Enrichment is similarly calculated for non-RV eGenes.
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We also examine the enrichment of RV eGenes for disease- or trait-associated genes in five public
databases, including 6,298 genes from NCBI ClinVar database[34], 2,569 genes from Genotype-
to-Phenotype (G2P) database[35], 20,998 reported GWAS genes from NHGRI-EBI catalog[1],
26,352 genes from Online Mendelian Inheritance in Man (OMIM) database[36], and 7,298 genes
from OrphaNet database[37], We also consider genes related to two non-disease traits, 212 genes
related to BMI and 78 genes related to height that are provided by the GeneRIF database and
downloaded from the Harmonizome database[38]. We construct a 2x2 contingency table where an
outcome is whether a gene is a disease gene for each database and an exposure is whether a gene
is an RV eGene or a non-RV eGene. Odds ratios and 95% confidence intervals are computed by
applying Fisher’s exact test to compare non-RV eGenes and RV eGenes to each of the five lists of

disease- or trait-associated genes.

Analysis of disease-associated RV eGenes.

To find evidence supporting the clinical importance of the identified RV eGenes, we do literature
research in the ClinVar database. We search the database for the information about known
relationships between rare variants in RV eGenes and observed health status. The information
includes diseases, tissues, clinical significance, variants and their frequencies, and supporting

literature.
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Tables

Table 3.1: False positive rate of eight rare variant test methods in simulation

CMC WSS Burden VT SKAT-O ACAT- ACAT- LRT-q

0.05 0.04935 0.04765 0.0490 0.05134 0.05036 0.04971 0.04916 0.04975

4

0.01 0.00958 0.00929 0.0098 0.01021 0.01055 0.00973 0.01006 0.01015

8

0.001 1.17x10° 1.04x107 1.11x1070.99x10~ 1.32%x10< 1.00x10~ 1.00x107< 0.89%x10°

0.0001 1.00x10™ 1.10x10™ 1.20x101.10x10™ 1.10x10™ 1.20x10™ 0.50x10™ 0.90x10™*
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Figure 3.1: Power comparison between LRT-q and seven existing methods on simulated

data. A. for different effect sizes and fixed causal ratio (10%), and for fixed effect sizes (B. <0.99,

C.<2.97,D. £4.95) and various causal ratios. Significance level a = 0.05.



A 2000
[ ]
[ ]
U'
-
£ 1500 Ve
| [ ]
B o
3 ¢
©
Q
o
[
© 1000
8
5 «*
(O]
[
-
° °
2 [ ] L ]
'g 500 °
=]
b4
o S
[ J L ]
a °
0{ e ...,5 *\.
200 400 600
Number of samples
B 2000
»
2
& 1500
(O]
[
>
o 1000
-
)
v
2
€ 500
S
- i
0 o o 0 LL P _l_h #ki 1.-.- LLJ.- e ol
& S O 0 ¢ & & o3 ) S s®
S O Y‘ & S 5 ¥
sé@oé"c\sé d?ie“’g@\@ Q@é’& «&‘}\005’& m"‘/bé?@q & 10k "@9&‘? o)@i«\" 9‘\\\@0%"’\:@(‘&4 $ET o//\i@@wq“’\bq«"@ﬁv > e\) 2, o & <°
PO E T’ PSS SN TN Y & o & Y
0?\? & T T W TS S o I Ny & T & &<
«{f’ 3° & s < Q@ Q’@ @ ~d§ @ 0\>\ <3 R ¥ o & (dg &
L &7 & & & & 5o’ & & & VARt
S R & a7°° Loy & Dk 5
¥ &% of & & S
> §
& &

Tissue

Method [ ACAT-O [l LRT-q [l SKAT-0 [ VT

Figure 3.2: RV eGenes detected from 49 tissues in the GTEx v8 dataset. A. The relationship
between the number of total RV eGenes detected by LRT-q in each tissue and the sample size of
each tissue. The colors of the data points are randomly assigned. Each tissue has its own color. B.
The number of total RV eGenes detected by each method. In panel B, only tissues with more than

one RV eGene detected by any methods are included.
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Figure 3.3: Tissue-sharing patterns of RV eGenes in the GTEx v8 dataset. A. Pairwise tissue-
sharing matrix of RV eGenes. It shows the fraction of shared RV eGenes in each pair of tissues.
Here we use FDR < 10% to increase the number of RV eGenes. Tissues are sorted by clustering.
Only tissues with more than one RV eGenes are included. B. The proportion of RV eGenes and
CV eGenes shared among different numbers of tissues. Only tissues with more than 200 RV
eGenes are selected. It shows the proportion of eGenes that are only detected in one tissue, in 2-4

tissues, and in more than 4 tissues.
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Figure 3.4: Outlier analysis of RV eGenes detected by LRT-q in GTEx v8. A. Enrichment of
proximal rare variants in outliers compared to non-outliers for RV eGenes in each tissue. Tissues
without RV eGenes are excluded. B. Enrichment of RV eGenes in disease-associated genes and
genes related to common traits (BMI and Height) from public databases. The numbers represent
p-values. In both panels, we show the mean values as dots and 95% confidence intervals as error

bars.
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Chapter 4 Designing machine learning algorithms for

the automated diagnosis of atopic dermatitis

4.1 Introduction

Atopic dermatitis (AD) is a type of inflammatory skin disease resulting in red, itchy, swollen,
cracked, and irritated skin, which is a severe form of eczema '. It usually begins in childhood
where about 70% of cases start in children younger than five years old while only 10% of cases
start in adults®. Studies found that about 15-20% of children under 13 years of age are affected
by AD in the United States™. In addition to the discomfort in the skin, children with AD may
develop inhalant allergic diseases such as asthma and allergic rhinitis™® as well as mental
disorders such as anxiety and depression’. Hence, AD may impose a high economic burden and
have considerable negative effects on life quality®’, which is a significant cost to society.
However, there is no cure for this disease except a few treatments to relieve the symptoms'
because its causes are complicated''.

Recently, the important role of colonic epithelial cells (colonocytes) has been implicated in the
host-microbial interactions, and these gut epithelial cells contribute to the microbiota composition
and activities following gut dysbiosis, affecting many chronic human diseases'*. In addition,
integration and correlation analyses of host genes expression and gut microbiota have emerged
as an important opportunity for diagnosis and prediction of human diseases including AD'>'*;
for instance, associations between enzyme commission genes and microbiota in inflammatory

bowel diseases'’, and also between /L-17 and Streptococcus in AD'®. However, there have been

few studies on prediction analysis using machine learning based on the gut transcriptome and
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microbiota in AD.

It is challenging to diagnose AD because of its variable morphology, distribution, and
irregularity. Based on its main clinical features, diagnostic criteria have been developed and used
worldwide'”. Besides, the assessment of disease severity is problematic due to the lack of
objective markers'®. This is concerning as physicians need to make decisions about treatment
based on the diagnosis of AD and its severity, which might be related to the prognosis. Therefore,
an accurate and automated diagnosis of AD and an improved set of biomarkers for it could have

a potentially high impact.

In this paper, we develop a machine learning classifier for an accurate and automated diagnosis
pipeline for AD using the transcriptome of gut epithelial colonocytes and gut microbiota data. A
classifier is an algorithm that implements classification, which maps the input data to specific
classes. In our study, an AD classifier takes transcriptome data and/or microbiota data as input
data and output the predicted status of AD. Specifically, we use transcriptome and metagenome
data to achieve the comprehensive gene expression and microbiota profiles of individuals with
moderate to severe AD and controls. We develop a robust machine learning pipeline including
feature selection, model selection, cross-validation, classification, and follow-up statistical
analyses, which can differentiate between subjects with and without AD based on the omics data

with high accuracy.

4.2 Materials and methods

4.2.1 Sample collection and disease diagnosis

In this study, we collected the transcriptome of gut epithelial colonocytes and gut microbiota

data of 161 subjects including 84 cases (patients with AD), 77 controls (healthy individuals). AD
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subjects were recruited from the Childhood Asthma Atopy Center of Asan Medical Center,
Seoul, Korea, and were diagnosed in accordance with the criteria of Hanifin and Rajkalg. All
individuals are children aged from 6 months to 72 months. The SCOring AD (SCORAD) value,
as an important AD assessment index for the extent and severity of AD, was assessed by
pediatric allergists based on the guidelines for the SCORAD index*’. Total serum
immunoglobulin (IgE) levels in the peripheral blood were measured using the ImmunoCAP
system (Phadia AB, Uppsala, Sweden). The parents and guardians of all children provided
written informed consent for their participation, and this study protocol was approved by the
human ethics committee at Asan Medical Center (Institutional Review Board No. 2008-0616,

2015-1031, and 2017-0923).

4.2.2 Transcriptome and microbiota data

Transcriptome data was obtained from mRNAs extracted the exfoliated colonocytes of each fecal
specimen using the GeneChip Human Gene 2.0 ST Array (Affymetrix, Santa Clara, CA) under
the manufacturer’s protocol. Microbiota data was obtained from the fecal samples using the
Power Microbial RNA/DNA Isolation kit (MO BIO/Qiagen, Carlsbad, CA, USA), polymerase
chain reaction (PCR) amplification based on primers targeting the V1-V3 variable region of 16S
rRNA gene, and sequencing the Roche/454 FLX Titanium system (Roche, Mannheim, Germany)
and MiSeq (Illumina, San Diego, CA) under the manufacturer's instructions. Since there was the
requirement of actual read counts for quality control and the difficulty in a direct comparison
between these two sequencing platforms, we focused on the common phylum and genus. More

detailed information on the sequencing method is provided in our previous studies *'*.
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4.2.3 AD machine learning classifier

We built the supervised machine learning pipeline that predicts atopic dermatitis status using
transcriptome and microbiota data. This pipeline includes prepossessing™, feature selection®”,
model selection and improvements™, integration of microbiota data, and performance evaluation.

The pipeline is implemented with Python 3.7 and the scikit-learn package®®.

Prepossessing

Initially, there were 161 samples in the transcriptome dataset and the microbiota dataset,
respectively. 160 samples were overlapped between the two datasets. For one individual with
only transcriptome data, we imputed its microbiota data using a mean values imputation approach
that assumes missing values are missing completely at random (MCAR). For one individual with
only microbiota data, we removed this sample as it is difficult to impute its transcriptome data
due to a large number of genes to impute (one hundred times more genes in the transcriptome
data than microorganisms in the microbiota data). At the end of this process, we have the set of

identical 161 samples in both transcriptome and microbiota datasets.

Among the 161 samples, there were 84 AD patients and 77 controls, and we split them into the
training set (n = 131) and the test set (n = 30). As the numbers of cases and controls were different,
we used a stratified split to guarantee that the balance of cases and controls is consistent across
training and test sets. We then used min-max normalization to scale the transcriptome and
microbiota data so that the data range from 0 to 1, calculated as:

x —min(x)

[

"~ max(x) — min(x)

where x is the values of a feature. We use this normalization method because we want to ensure

that the scaled data are positive. We normalize the training and test sets together.
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Feature selection

As it is unlikely that a disease is strongly associated with more than 40,000 genes, most of the
genes would be unrelated to the disease or have negligible effects. Therefore, feature selection
on the training dataset is necessary to identify a subset of predictive genes, whose expression data
could predict atopic dermatitis as accurately as possible. The two main aspects we considered
were: (i) the optimal number of features to be selected in the entire dataset, and (ii) the exact
features chosen from the original training set.

Typically, there are three types of widely used feature selection methods. They are Filter,
Wrapper, and Embedded methods®’. We selected three methods from each type: Chi-squared
Test, Recursive Feature Elimination (RFE), and Random Forest Classifier (RFC), because they
are efficient and applied in previous research [PMID: A Nasal Brush-based Classifier of Asthma
Identified by Machine Learning Analysis of Nasal RNA Sequence Data]. Specifically, RFE
requires the results from the models, and hence we chose Logistic Regression (LR), Support
Vector Machine (SVM), and Random Forest Classifier (RFC) as the models in conjunction with
RFE. These combinations are referred to as LR-RFE, SVM-RFE, and RFC-RFE respectively.
After introducing the specific methods for feature selection, we should then consider the problem
of overfitting. It is hard to extract correct features from high-dimensional datasets with small
sample sizes.

Cross-validation (CV) is important in preventing overfitting®®. In our task, we designed two
plans (Plans A and B) for feature selection using cross-validation. Note that we do cross-
validation and feature selection on the training set only so it will not cause data leakage. Plan A:
we performed a 5 by 5 nested cross-validation for feature selection, which consisted of a 5-fold

inner CV round and a 5-fold outer CV round. We used the outer CV on the entire training set to

107



evaluate the model performance, and the inner CV is applied to the outer CV training split to
select the set of predictive features (Supplementary Fig. SIA). In other words, supposing that the
outer CV training split named D is used for feature selection, we executed a 5-fold CV on D (i.e.,
inner CV) and determined the optimal number of features to select in D, which could achieve
best average performance in the inner CV. Then we calculated the overlapping features across all
training splits of the outer CV. Denote the number of features in the final set as n,4. In a given
inner CV training split, all the features are ranked by their weights (feature importance) assigned
by the classification model trained with the inner CV training split. Then we selected top k
features with £ starting from 44608 (all features) and being reduced by 10% in each iteration
until £ = 1, and trained models with the inner CV training split and evaluated them with the inner
CV test split (the validation set). The optimal value of k£ was selected to generate the model with
the best performance. In the outer CV training split, all the features are ranked using the same
method as applied to the inner CV training split. Then we selected & top features to identify the
set of predictive features for this outer CV training split, where £ is the optimal number of
features determined in the inner CV. The outer CV test set will be used for model selection and
hyper-parameter tuning with the & selected features in the follow-up analysis instead of feature
selection. We then repeated this process over all the five outer CV training splits and yielded five
sets of predictive features. Finally, we selected the intersection set of them as the final set of
predictive features for the entire original training set. Plan B: instead of using a nested cross-
validation, we only performed one 5-fold cross-validation on the entire training set and directly
selected np top features on its training splits, D (Supplementary Fig. S1B, S2), where the features
are ranked by test scores such as the p-values of y? test between the features and the disease

statuses. np is determined as the value that produces the model with the best average
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performance in the outer CV test sets (the validation set). The final set of predictive features are
the top np features chosen in the entire original training set.

As mentioned before, to decide the two main aspects regarding feature selection, we considered
different feature selection methods and many possible numbers of features based on a set of
criteria. We used 5-fold cross-validation to evaluate the performance. In detail, we employed the
average Fl-scores from outer CV test sets as metrics. We compared plan A and plan B,
combined with five candidate feature selection methods: RFE-LR, RFE-SVM, RFE-RFC, Chi-
square Test, and RFC. Based on the comparison results (see supplementary methods), we took
the following steps to select the best feature number: we first calculated feature importance in
each training split in the outer CV, ranked the features by their average feature importance, and
chose the top n features from the training set whose feature importance was greater than a
threshold (Plan B). Finally, we chose 35 features using the Chi-squared test in the entire original

training set.

Model selection and improvements

We trained four different machine learning models, 1) Logistic Regression (LR), 2) Support
Vector Machine (SVM) with linear and rbf kernels, 3) Random Forest Classifier (RFC)>, and 4)
XGBoost™ with the outer CV training splits. XGBoost is a tree boosting method, demonstrated
to perform extremely well in multiple classification tasks. We choose the best model among the

four models by comparing the average F1-scores on outer CV test splits.

Jittering
Jittering is a useful tool to mitigate overfitting’'. We added random noises to the training set of
the original data before normalization and feature selection. The noise followed a normal

distribution of
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s~N(0,a2])
where 7 is the intensity of noises and the variance 6 = 1. Although jittering might reduce the
classification accuracy of the model on training sets, proper noises could increase the robustness
of the algorithm, narrowing the performance gap between training and test sets, and therefore
reducing the possibility of overfitting. Note that jittering is only performed on the transcriptome
data in the training set. It is because the microbiota data contain many zero values and thus

adding noises to it will distort the data.

Thresholding

Moreover, we consider the effect of changing the probability threshold (p;) in prediction. A
sample is predicted to be a case by the model if the predicted probability is greater than a
certain threshold (p,) where the default value is 0.5. Different probability thresholds should be
examined to see whether they could further improve the model performance. For this
improvement, we first selected the model with the best performance using the default
probability threshold (0.5). Then we changed the machine learning model such that it generates
the probability (p;) as output. We tested different thresholds and chose the best one based on
outer CV test split evaluation.

Feature importance

After comparison, we selected the Chi-squared test as our feature selection method. We used the
“SelectedKBest" function in the scikit-learn package to implement the Chi-squared test. After
identifying k features, we also want to rank the features based on a certain criterion. This

'

function has an attribute named “scores ", and it returns the scores of features. The Chi-squared

test is used to test the independence of two events.
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In our binary classification problem, we have X as the input data with the size of (n_sample,
n_feature), which are the number of samples and features respectively, and also y as the label of
each sample with the size of n_sample. For calculation, we expand the size of y to (n_sample, 2).
The first column of y represents the first class and the second stands for the second class. For
each row, the elements will either be (1, 0) or (0, 1), which indicates that the sample of this row
belongs to the first class or the second class.
After that, we calculated the observed result f,s,

fors =YX
Next, we calculated the expected result f,,,,. To do this, first, we acquired feature_count, which
is a (1, n_feature) matrix, and each column is the sum of this feature in each sample. Secondly,
we obtained class_prob, which is a (1, 2) matrix, and each column is the mean of this class. Now
we can get foxp,

= class prob’ - feature count
exp D _

Finally, we calculated the y? value by the following equation,

)(2 _ (fobs - fexp)2
fexp

where y?is a (2, n_feature) matrix. We summed up the result along the column and calculated
the scores vector of size n_feature. It represents the scores of the features, where column i of
scores__is the score of the i-th feature.

In our task, higher values suggest higher importance of features. Therefore, we could compare

each feature relatively from their feature importance.

Integration of microbiota data

In addition to the transcriptome data, we integrated the microbiota data to improve the
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performance of the AD classifier. We tested four methods when incorporating the microbiota
data and evaluated their performance using the outer CV test set:

1) a method that uses microbiota data only, 2) a method that uses transcriptome data only, 3) a
method that combines transcriptome and microbiota data first, then performs feature selection
and trains the model, and 4) a method that performs feature selection on transcriptome and
microbiota data separately, then combines the two types of data and trains the model. We used
similar feature selection methods as described above for microbiota data. The comparison of these

four methods is in Supplementary Table S1.

Performance evaluation
We evaluated the prediction accuracy of the AD classifier using the test set, which is not used in
training. We calculated several performance metrics including accuracy, precision, recall, and

F1-score. In binary classification problems, we calculated those metrics as follows:

Predicted Class
True False
b
Actual Class True ¢
(True Positive) (False Negative)
False ¢ d
(False Positive) (True Negative)
a+d 2pr 2a

.. a a
Precision= = — , Recall=r = —, Accuracy= , Fl1-score= =
a+c a+b p+r

at+b+c+d 2a+b+c
We used F1-score as the main evaluation metric in this paper as it is a harmonic mean of

precision and recall, leading to a more general and reliable assessment of the model
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performance, especially when classes are imbalanced. F1-score ranges from 0 to 1 where the
performance is better when the F1-score is closer to 1. In addition to these metrics, we plotted
the Receiver Operating Characteristic (ROC) curve by plotting the true positive rate (TPR)
against the false positive rate (FPR) at different threshold settings. We then calculated the area
under the ROC curve (AUC), which also ranges from 0 to 1 where 1 represents the perfect

performance.

Assumptions in experimental settings

In building and testing the AD classifier pipeline, we have several hyperparameters such as
feature numbers, feature selection methods, and training models. As examining all
combinations of hyperparameters is exponential in the number of hyperparameters, our
experiments are based on the assumption that every variable or hyperparameter is weakly
correlated to each other. It means that optimizing a hyper-parameter one at a time yields a

similar model when optimizing all hyperparameters at the same time.

4.3 Results

4.3.1 Data description

We acquired the transcriptome profiles and the microbiota data of 161 subjects, who were
recruited from the Cohort for Childhood Origin of Asthma and Allergic Diseases birth cohort
and the Asthma Atopy Center of Asan Medical Center, Seoul, Korea. After preprocessing, there
are 84 cases (patients with AD) and 77 controls (healthy individuals). The mean age was higher
in the AD patient group than the controls (17.37+3.48 month vs. 10.81£2.15 month, P = 0.001),
and the serum total IgE levels were significantly higher in the AD group (243.06+160.21 1U/ml

vs. 22.8349.46 1U/ml, P = 0.004) as summarized in Table 1. On average, subjects without AD
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are 3.16 months younger than individuals with the disease. After pre-processing and normalizing
the raw gene expression and the microbiota data, there are 44,608 gene expression probes and

366 taxa of microorganisms used for developing a machine learning pipeline.

4.3.2 Developing atopic dermatitis classifiers

To accurately predict AD incidence, we designed two machine learning classifiers: one using
only transcriptome data (Fig.1a) and the other using both transcriptome and microbiota data
(Fig.1b). Both classifiers consist of several computational steps, and we describe each step
briefly here (see Methods for details). First, we preprocess the data such as removing duplicates,
imputing missing values, splitting the data into training and test sets, and performing
normalization. Second, we perform feature selection using the training set with the cross-
validation to identify the best set of features for prediction (e.g., expression of specific genes or
specific taxa) as well as to choose the best machine learning model. To improve the performance
of the classifier, we consider changing a few hyperparameters such as adding certain levels of
noise to expression data and changing the probability threshold to classify cases and controls.
Lastly, we apply the trained machine learning model and selected features to the test set for
classification and evaluate the performance of the machine learning model. As our dataset
consists of a high-dimensional feature set from a limited sample size, we primarily focus on
developing a machine learning classifier that is robust with the small sample size, prevents

overfitting, and prioritizes genes or features for prediction.

4.3.3 Evaluation of transcriptome only classifier

The transcriptome data are available from 161 individuals whose gene expression profile is

measured at 44,608 probes (“features”). As a large number of features have negative effects on
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classification performance such as causing overfitting, we perform feature selection to identify a
subset of informative features. We use a 5-fold cross-validation approach using a training set
(n=131) and test several feature selection methods such as recursive feature elimination (RFE),
support vector machine (SVM), and chi-squared test. We measure the performance of feature
selection methods using F1 score and find that the chi-squared test approach selecting about 35
features from the training set has the best performance. So we decide to select 35 features with
feature importance > 0.95 which can achieve the highest performance (Supplementary Fig. S3).
Once we identify the set of best features or genes for prediction, we next seek to identify the
best machine learning model for prediction. We test several machine learning (ML) models
such as Logistic Regression (LR), Support Vector Machine (SVM), Random Forest Classifier
(RFC), and XGBoost. We use a 5-fold cross-validation using a training set and 35 features to
evaluate the performance of each ML model and find that SVM with the rbf kernel has the
highest F1 score (Supplementary Table S2). To improve the performance of our ML classifier,
we vary the probability threshold (p;) when making predictions on the case-control status; an
individual is predicted to be a case if the predicted probability is greater than p, and by default,
p:1s 0.5. Results show that p, of 0.3 generates the best F1 score using a 5-fold cross-validation
(Supplementary Table S3). Lastly, another improvement we make to the ML classifier is
jittering, which is adding random noises to transcriptome data. With jittering, it may be difficult
for the machine learning models to fit the data, and therefore it may enhance the generalization
ability and reduce the overfitting. We add different levels of noise and observe the highest F1
score with a noise level of /=0.001 using SVM on a 5-fold cross-validation (Supplementary
Table S4).

After we identify the best ML model and features as well as improvements based on the
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performance using the training set, we evaluate the AD classifier on the test set (n=30). We use
a variety of metrics such as F1 score, accuracy, precision, recall, and the area under the curve
(AUC) under the receiver operating characteristic (ROC) curve. In addition to the best AD
classifier we identified, we also test classifiers without feature selection and the improvements to
observe their impact on the performance. Specifically, we test four models: 1) SVM with all
features, 2) SVM with the best 35 features, 3) SVM with all features and with jittering and best
p: threshold, and 4) SVM with the best 35 features and with jittering and best p, threshold.

Results show that feature selection improves the performance as expected; both SVM models
with feature selection have higher F1 scores (0.76) than models without feature selection (0.71
and 0.73, Table 2). However, the impact of feature selection is not dramatic as the F1 score
improves by at most 0.05, similar to the improvement in the training set (from an F1 score of
0.7397 without feature selection to an F1 score of 0.7809 with feature selection). Also,
improvements that include jittering and the best p, threshold do not improve the performance as
the F1 score of the SVM model with those improvements is identical to that without the
improvements in the test set, although we observe higher F1 scores with the improvements in the
training set where we observed F1 score of 0.80 with the best p, threshold and F1 score of 0.78
without the improvement. In terms of AUC under the ROC curve, the best AUC is observed
when using all features (AUC of 0.75) while the SVM models with feature selection have slightly
lower AUC (0.72, Fig. 2). The modest improvements in performance by feature selection and
other improvements in the test set may be due to the small sample size of the test set. We also
examined the performance of our AD classifier with only 19 of the 35 selected probes, which
explicitly represents expressed genes with gene symbols (Supplementary Table S5). We

observed the greatly increased performance of our AD classifier, which achieved an F1 score of
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0.84 (Supplementary Table S6). Interestingly, applying jittering and thresholding did not further
improve its performance. It was probably due to the smaller number of selected features that were
more representative and informative. So the overfitting issue might be mitigated and thus it is

unnecessary to use jittering and thresholding.

4.3.4 Evaluation of the classifier with microbiota data

In addition to the transcriptome data, we have microbiota data from 161 individuals with 366
phylum and genus features, and we build the ML classifier that uses both transcriptome and
microbiota data (Fig. 1). Similar to the transcriptome-only classifier, we first perform feature
selection on the microbiota features using a training set (n=131) with the same cross-validation
approach and feature selection methods. If using microbiota data only, we observe the best
performance in terms of F1 score (0.73) with the SVM approach using 25 microbiota features
(Supplementary Table S1). Additionally, we perform feature selection after combining
microbiota and transcriptome data and find that 50 microbiota and 35 transcriptome features
generate higher F1 scores (Supplementary Table S1). As for the other improvements in the ML
model, we use the same probability threshold (p; = 0.3) and noise level (/ = 0.001) as ones we
used for the transcriptome-only classifier; these thresholds and noise levels also generate the

best performance (Supplementary Table S7, S8).

Next, we evaluate the prediction ability of the microbiota data on AD using six different
classifiers with a test set (n=30): 1) SVM using all microbiota features, 2) SVM using the best 25
microbiota features, 3) SVM using the best 50 microbiota and 35 transcriptome features, 4) the
first, 5) the second, and 6) the third models with p; and jittering improvements. Results show that
the classifiers that combine microbiota and transcriptome data (the third and sixth models) are

most accurate in predicting AD, achieving an F1 score of 0.78. (Table 3). The classifiers that use
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only microbiota data generally have lower accuracy (F1 scores between 0.69 and 0.74) than ones
that use both microbiota and transcriptome data. Compared to the previous transcriptome-only
classifiers that have the best F1 score of 0.76, the microbiota data marginally improves the
classifier performance to an F1 score of 0.78. In terms of area under the ROC curve (AUC), the
microbiota data does not improve the performance compared to the transcriptome-only
classifiers as the best AUC is identical (0.75) between the classifier that combines microbiota
and transcriptome data and the transcriptome-only classifier (Fig. 3). Additionally, we selected
19 transcriptome features with gene names and 50 microbiota features to train our AD classifier.
We found that it did not perform better than using all 35 selected transcriptome features and 50
microbiota features, where it achieved an F1 score of 0.7273 initially and 0.7778 after applying

jittering and thresholding (Supplemental Table S9).

4.3.5 Top genes selected in the AD classifier

Our feature selection algorithm using the transcriptome data identifies 35 features or probes (Fig.
4) that span over 19 unique genes. These genes are selected as they are most informative in
predicting AD, which suggests they may be implicated in AD. Hence, we perform a literature
search for these 19 genes to examine whether they are known to be related to AD and find a few
cases. First, we find that GRPI (Probe ID: 16907572) is associated with a type of scaffold protein
(Grasp) that potentially influences p53-mediated apoptotic responses in skin®”. It is known that
apoptosis is a crucial process in the development of AD****. Second, another gene called CCL22
(Probe ID: 16819478) is known to play an important role in AD pathogenesis. It encodes
chemokine (C-C motif) ligand 22, which is involved in the immunoregulatory and inflammatory
processes of T cells. Additionally, CCL22 is found to be one of the important biomarkers of

severity in infantile AD according to a study involving 34 patients®. This gene has also been
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reported to be significantly up-regulated with AD in a high-throughput proteomic assay’® and a
transcriptomic analysis’’. Association studies and functional studies further suggest that the
mutations in CCL22 affect the susceptibility to AD in a gain-of-function manner®. Lastly,
according to a genome-wide association study, four SNPs associated with Alopecia are mapped
to our selected gene, TTC27 (Probe ID: 16878890)*. A previous study found that patients with
Alopecia have a higher risk for AD*. Overall, these examples demonstrate the clinical

importance of our selected genes.

4.3.6 Top microorganisms in microbiota selected in the AD classifier

Our feature selection algorithm using the microbiota data and transcriptome data identifies 50
microbiota features (Fig. 5). These microorganisms are chosen to be top predictors for AD, so
they may be involved in AD. To validate our findings, we perform a literature search for these 50
kinds of bacteria to look for related studies and supporting evidence. Here are some examples.
First, Akkermanisia has the highest feature importance in our AD classifier, indicating that the
amounts of Akkermanisia can affect our prediction the most. A recent study found that
Akkermanisia is high in transient AD cases but low in children with persistent AD*'. So
Akkermanisia can be a crucial microbiota indicator for AD. Second, a metagenomic analysis of
microbe-derived extracellular vesicles discovered that Verrucomicrobia, the bacteria with the
second highest feature importance in our AD classifier, had significantly different relative
abundances between the AD and control groups and could be used as a novel biomarker for AD
diagnosis*?. Lastly, Propionibacterium is ranked the sixth most important microorganism in our
AD classifier. It was reported that the relative abundance of Propionibacterium is usually
reduced and the abundance of Staphylococcus aureus is elevated in the skin of AD patients™®,

leading to dysbiosis. Another study observed a dysbiotic status characterized by a reduction of
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Propionibacterium in the gut microbiota of AD patients**. And dysbiosis is considered to be an

45,46

essential driving factor of AD™™. Hence, the selected 50 microbiota features demonstrate the

close relationship between gut microbiota and the pathogenesis of AD".

4.4 Discussion

AD is a paradigmatic chronic inflammatory skin disease characterized by complex
pathophysiology and a wide spectrum of clinical phenotypes. In particular, the phenotype of AD
in early childhood may be influenced by genetic factors and gut microbiota. The purpose of this
study was to predict the phenotype of atopic dermatitis in early childhood with transcriptome and
microbiota data. Therefore, in order to understand this diversity, efforts to find new AD
endotypes by ML technique using these multi-omics are needed. In this study, we integrated and
took the advantage of one of the largest transcriptomic and microbial profiles for AD patients to
the best of our knowledge. We developed an AD classifier solely based on transcriptome and
microbiota data, which accurately distinguished subjects with AD from healthy individuals. The
most accurate classifier selected 35 genes and 50 microbial features (4 phyla and 46 genera)
interpreted via a support vector machine classifier, which can automatically classify AD with
high precision (0.70) and recall (0.88). Also, among the selected genes/probes used in the AD
classifier, we discovered that at least three genes are reported to be directly or indirectly
associated with AD. In summary, our classifier represents the first step toward a precise,
automated diagnosis of AD and provides important biological insights into the development of
the biomarkers of this disease.

Recently, our colleagues have developed an estimated prediction model by multi-omics analyses

and realized the importance of transcriptome data*®; therefore, this study performed the extended
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analyses using a larger sample size and a different machine learning model for a more precise
prediction. Our AD classifier is the first machine learning classifier for this disease based on the
transcriptomic and microbial profiles of patients. To diagnose AD, clinicians typically rely on the

17,49

clinical features of AD """. However, the lack of robust objective measures might have negative

effects on the assessment of AD!7!830!

. To overcome these challenges, previous studies
developed machine learning classifiers for AD diagnosis or severity evaluation based on
electronic health records (EHR)*?, camera photos™, or multiphoton tomography™*. While these
approaches may provide an unbiased diagnosis of AD, they are either not highly accurate,
achieving F1 scores of 0.67 using EHR** and F1 scores of 0.69 using camera photos™, or it may
be more inconvenient or expensive to obtain these kinds of data for the ML classifier. With the
development of high-throughput microarray and sequencing technologies, it may be and is likely
to be cheaper in near future to obtain transcriptome and microbiota data. Another advantage of
our ML classifier is that it does not require patients to be present in the testing sites or hospitals
as they can send their samples to the labs to generate transcriptome and microbiota data and our
classifier can predict the risk of AD based on the data. Thus, our classifier enables the convenient,
efficient, and cost-effective diagnosis of AD as well as improving the accessibility of medical
resources for patients.

In further enrichment analysis using Enrichr (https:// https://maayanlab.cloud/Enrichr/)** based
on the featured genes, interleukin-7 (IL-7) interactions in the immune response pathway (P =
0.032, Supplementary Table S10) was enriched. IL-7 is a critical cytokine for the development
of the group 2 innate lymphoid cells (ILC2s), which are involved in allergic diseases including
AD. In addition, several inflammation-related processes (for instance, lymphocyte, chemokine,

neutrophil, P < 0.05) were enriched in gene ontology observation. Inflammatory responses
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associated with lymphocyte, chemokine, and neutrophil are important in AD mediated by CD4+
T cells”. These results suggest that featured genes in this study might be potentially valuable for
AD diagnosis.

There are a few study limitations. First, the sample size of our dataset is relatively small. As we
only used 161 samples recruited from the birth cohort follow-up group and outpatients group, it
could cause overfitting and biases when training the ML classifier. To address this issue, we
applied nested cross-validation to perform feature selection and model training. We also
introduced jittering to add a small amount of artificial noise into the data to reduce overfitting.
We showed that we successfully controlled the biases and overfitting as our classifier performed
well on the independent test set. Our study also had the limited ability to assess the benefits of
adding microbiota data to the ML classifier as we observed the marginal improvement in
prediction accuracy, possibly due to the small sample size of the test set when we combined
transcriptome and microbiota data. Second, since our subjects from the birth cohort follow-up
group are general population and usually considered to have mild severity of AD, there is a
possibility that the results may differ from those in the severe patient group. Therefore, in order
to validate and improve the ML classifier and to more accurately assess its performance, further
studies in a larger sample size and in an independent cohort are required. Third, age should be
considered as a confounding factor to affect the gene expression and gut microbiota in infants
through developmental stages. The strengths of our study could be an application of non-invasive
gut epithelial cells from fecal specimens and a possibility to apply to early prediction for AD
patients with mild severity and the general population. In addition, to address the issue of no
validation, we created an independent test set from the original dataset and demonstrated the

accuracy of our classifier, which could serve as the independent cohort.
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In this study, we developed an accurate and automated machine learning pipeline for atopic
dermatitis classification. This pipeline can not only be used to predict this skin disease but also
be generalized to classify other diseases based on transcriptome and microbiota data. It could
assist clinicians in diagnosing and assessing diseases and providing timely treatment to patients
and provide new endotypes with performing further research. In addition, we demonstrated the
utility of combining genomics and cutting-edge artificial intelligence (AI) technologies like
machine learning to detect diseases or identify biomarkers. We expect that the increasing
availability of genomics and Al technologies would improve the effectiveness and efficiency of

medical diagnosis.

Tables
Table 4.1: Baseline characteristics of the subjects in this study
All Cases (AD) |Control (No AD) Cases (AD) vs
Control (No AD) t-
test p-value
Average Age: 14.21+£2.14 17.37+£3.48 10.81£2.15 0.001
months
Sex: female 72 32 40 -
*SCORAD - 32.86+5.49 - -
Total IgE 135.191483.53 | 243.06+160.21 22.83+9.46 0.004
(IU/ml)

*SCORAD: SCOring AD value, an AD assessment index that is only available for patients
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Table 4.2: The results on different methods with transcriptome data only

Feature selection method (number of features) + | F1 score |Accuracy |Precision | Recall

Classification method

All features (44608) + SVM (rbf) 0.7272 0.6000 0.5714 |1.0000

chi-squared test (35) + SVM (rbf) 0.7647 | 0.7333 | 0.7222 |0.8125

All features (44608) + SVM (rbf), with noise (/ | 0.7111 0.5667 0.5517 |1.0000

=0.001) and probability threshold = 0.3

chi-squared test (35) + SVM (rbf), with noise (/ | 0.7647 0.7333 0.7222 |0.8125

=0.001) and probability threshold = 0.3

The first method trained the model on the original training set without feature selection. The
second method performed feature selection by chi-squared test and selected 35 features. For the
last two methods, they are similar with the first two methods respectively while the only
difference was that they added the noise and changed the probability threshold. The random seed

of the noise was 21, which was the best result on this intensity (/= 0.001).
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Table 4.3: The first and second methods used microbiota data only

Feature selection method (number of features) +| F1 score | Accuracy |Precision [Recall

Classification method

All features (366) + SVM (rbf) 0.7111 | 0.5667 0.5517 [1.0000
chi-squared test (25) + SVM (rbf) 0.7442 | 0.6333 0.5926 [1.0000
chi-squared test (85) + SVM (rbf) 0.7778 | 0.7333 0.7000 |0.8750

All features (366) + SVM (rbf), with probability| 0.6957 | 0.5333 | 0.5333 [1.0000

threshold = 0.3

chi-squared test (25) + SVM (rbf), with 0.7111 | 0.5667 0.5517 [1.0000

probability threshold = 0.3

chi-squared test (85) + SVM (rbf), with noise (/ | 0.7778 | 0.7333 0.7000 |0.8750

=0.001) and probability threshold = 0.3

The first method trained the model on the original training set without feature selection. The
second method did feature selection by chi-squared test and selected 25 features, while the third
method used both transcriptome and microbiota data, and integrated the data using the fourth
plan mentioned above, and selected 85 features (35 for transcriptome and 50 for microbiota).
For the last three methods, they are similar with the first three methods respectively. The only

difference was that they changed the threshold and added noises.
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Figures
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Figure 4.1: The overview of atopic dermatitis classification pipelines in two settings. (a)

Transcriptome dataset only, and (b) Transcriptome and microbiota data.
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Figure 4.2: The ROC curve of the test set with transcriptome data only. (a) All features
(44608) + SVM (1bf). (b) chi-squared test (35) + SVM (rbf). (c) All features (44608) + SVM
(rbf), with noise (I = 0.001) and probability threshold = 0.3. (d) chi-squared test (35) + SVM

(rbf), with noise (I =0.001) and probability threshold = 0.3.
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Figure 4.3: The ROC curve of the test set with microbiota data. (a) All features (366) + SVM
(rbf). (b) chi-squared test (25) + SVM (rbf). (c¢) chi-squared test (85) + SVM (rbf). (d) chi-
squared test (85) + SVM (rbf), with noise (I = 0.001) and probability threshold = 0.3. For panel

(a) and (b), we only use microbiota data, while for (c) and (d) we also include transcriptome data.
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Feature importance based on chi-squared test feature selection(n=35)
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Figure 4.4: The average feature importance of the top 35 selected probes/genes. See more

detailed annotation information in Supplementary Table S5.
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Feature importance of microbiota data based on chi-squared test feature selection
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Figure 4.5: The average feature importance of the top 50 selected microorganisms from the

microbiota dataset.
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Chapter 5 Conclusions

The development of machine learning applications and statistical methods has become very
important in the field of human genetics and genomics because a large amount of omics data has
been generated to uncover the genetic basis of diseases and complex traits. As the sequencing
cost decreases quickly, GWAS have been widely used to detect associations between genetic
variants and diseases or complex traits. Traditional approaches used in GWAS have limitations
to achieve other research goals beyond simple associations. Therefore, new methods have to be
developed to address the challenges in GWAS. Current proceedings of machine learning and
statistics allow us to design more accurate or powerful statistical approaches for the analysis of
genetic data.

The first problem I tackled in my thesis was to develop a statistical approach to perform quality
control on genetic variants. Variant quality control is an important step before GWAS. Previous
filtering and classification approaches have many limitations. My method was one of the first
works that combined filtering and classification approaches to perform variant quality control.
Our method could improve the quality of genetic variants more than other methods. And it is
very scalable. I believe that my approach will be very useful for other researchers. It also
provides the science community with new ideas to develop methods for variant quality control
with machine learning techniques.

Next, I worked on developing a novel powerful statistical approach to detect the functional
effects of rare variants. Numerous statistical methods have been developed for rare variant
association tests. However, to the best of my knowledge, they neither are designed specifically
for analyzing the regulatory effects of rare variants nor attempt to incorporate the causal statuses

of rare variants in the association. Identifying causal variants and utilizing this information can
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greatly improve the power of tests. My method, LRT-q, employs functional annotations of rare
variants, observational genotype data, and quantitative phenotype data to identify potential
causal rare variants by aggregating statistics of rare variants in a nonlinear manner. I believe that
it is more powerful than current methods, and will be of significant interest to those who want to
discover the effects of rare variants on quantitative traits.

Lastly, I developed an accurate and automated machine learning classifier for the diagnosis of
atopic dermatitis based on transcriptome and microbiota data. The main challenge is the small
sample size of the dataset. To overcome this challenge, I designed an approach to select features
with nested cross-validation and reduce overfitting. Our classifier enables the identification of
atopic dermatitis with high accuracy and low cost. To the best of our knowledge, it is the first
machine learning classifier for the diagnosis of atopic dermatitis solely based on transcriptome
and microbiota data. I believe that this pipeline will be of significant interest to physicians. And
it can help researchers who want to identify novel biomarkers or potential drug targets for atopic
dermatitis as well as those who want to detect the risk of different diseases in using omics data in
general.

In addition to the problems above, new machine learning and statistical approaches can address
many other problems in genetics and genomics, such as variant calling, fine mapping, and
imputation. There are several methods proposed for each of these problems and active research is
in progress. I believe that more machine learning and statistical approaches with higher accuracy
and power can improve the solutions to these problems and that the work presented in this

dissertation will be useful for the scientific community to develop such approaches.
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