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Abstract

Novel statistical methodology can enhance understanding of the interactions between multiple
genes and environmental factors on a complex disease. The massive amount of high-throughput
genomic data brings a great challenge of developing advanced statistical and computational data
mining tools. In this project, we make efforts to develop effective statistical methods for
analyzing these high-throughput data. The project focuses on two types of high-throughput data:
gene expression microarray and single nucleotide polymorphism (SNP) markers. In gene
expression microarray analysis, we will evaluate combinations of the most popular preprocessing
and differential expression methods in terms of validity and reliability. In the candidate-gene
approach of SNP marker analysis, we will consider various SNP tagging criteria, haplotype block
definitions and association tests, and estimate the power and type | error of these combinations.
In the genome-wide approach of SNP marker analysis, we will develop and compare methods to
search for a set of marker loci in different genes and to analyze these loci jointly.

Keywords: candidate-gene association study; gene expression microarray; genome-wide
association study; high-throughput genomic data; single nucleotide polymorphism markers.
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Novel statistical methodology can enhance understanding of the interactions between multiple
genes and environmental factors on a complex disease. The massive amount of high-throughput
genomic data brings a great challenge of developing advanced statistical and computational data
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mining tools. In this project, we make efforts to develop effective statistical methods for
analyzing these high-throughput data. The project focuses on two types of high-throughput data:
gene expression microarray and single nucleotide polymorphism (SNP) markers.

A. Gene expression microarray analysis

Microarray is a device designed to simultaneously measure the expression levels of many
thousands of genes in a particular tissue or cell type. It is widely used in many areas of
biomedical research, especially Affymetrix GeneChip platform. Millions of probes with length of
25 nucleotides are designed on an Affymetrix array. Two categories of probes are designed:
“perfect match (PM)” probe perfectly matches its target sequence and “mismatch (MM)” probe is
created by changing the middle (13th) base of its paired perfect match probe sequence. The
purpose of designing MM probes is to detect the nonspecific binding because their perfect match
partners may be hybridized to nonspecific sequences. A paired PM and MM is called a “probe
pair” and each gene will be represented by 11-20 probe pairs typically. Owing to this distinctive
design, preprocessing Affymetrix expression arrays usually involves three main steps, which are
background adjustment, normalization and summarization. Nowadays, a large number of
preprocessing methods have been developed to estimate expression levels of genes. Another
fundamental goal of a microarray experiment is to identify those genes that are differentially
expressed within different samples. For example, a disease may be caused by large expression of
particular genes resulting in variation between diseased and normal tissues. The method used to
detect the genes that express differentially between different samples is called the differential
expression method.

Various preprocessing and differential expression methods have been proposed, and their
developers using different datasets and criteria claim there are some features superior to other
methods. To help users of the technology identify the best method for the particular task, we use
the common datasets to evaluate combinations of the most popular preprocessing and differential
expression methods in terms of validity and reliability.

B. SNP marker analysis

Population association studies with case-control designs are powerful in detecting the genetic
variations responsible for human common diseases and are increasingly used in epidemiological
studies. SNP markers are preferred for association studies because of their high abundance along
the human genome, low mutation rate and the accessibility of high-throughput genotyping.
Population association studies can be classified into two different types: the candidate-gene
approach focuses on typing 5-50 SNPs within a gene hypothesized to be responsible for the
studied disease, whereas the genome-wide approach seeks to identify the common causal variants
throughout the genome and requires more than 300,000 well-chosen SNPs. This report intends to
compare various analytic combinations in performing the candidate-gene and genome-wide



association studies
C. Specific aims

1. In gene expression microarray analysis, evaluate combinations of the most popular
preprocessing and differential expression methods in terms of validity and reliability.

2. Inthe candidate-gene approach of SNP marker analysis, consider
pairwise-LD/haplotype-diversity criteria for SNP tagging,
confidence-interval/spine-of-strong-LD block definitions and single/multiple-SNP
association tests, and estimate the power and type | error of selected tag SNPs to detect
association.

3. In the genome-wide approach of SNP marker analysis, develop and compare methods to
search for a set of marker loci in different genes and to analyze these loci jointly.
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In the following, I will discuss our results in each aim separately.

Specific aim 1: In gene expression microarray analysis, evaluate combinations of the most
popular preprocessing and differential expression methods.

In the current study, we use various benchmark datasets to evaluate combinations of the most
popular preprocessing and differential expression detection methods in terms of accuracy and
inter-laboratory consistency. This study does not intent to identify the “best” combination of
preprocessing and differential expression detection methods from existing literature. In fact, it is
unlikely to identify the best combination because of the huge amount of existing methods and the
availability of the software. We aim to explore, under different analytic purposes (accuracy and
inter-laboratory consistency) and various microarray datasets with distinct characteristics, the
conditions that best fit to preprocessing and/or differential expression combinations. Here we
consider four commonly used preprocessing algorithms with each taking a distinct adjustment
strategy. They include stochastic-model-based algorithms: Microarray Suite software Version 5.0
(MASS), Probe Logarithmic Intensity Error (PLIER), DNA-Chip Analyzer (dChip) and Robust
Multi-array Analysis (RMA), and physical-mode-based algorithm: Position-Dependent
Nearest-Neighbor (PDNN). There are five popular differential expression methods considered:
Fold-change (FC), two sample t-test, Significance Analysis of Microarrays (SAM), Linear
Models and Empirical Bayes methods (limma) and Parametric Empirical Bayes methods
(EBarrays). Four benchmark datasets in total are used for evaluation. Two are spike-in datasets
used to assess the accuracy: one from Affymetrix Latin square datasets (HGU133 Spike-in) and
one from the Golden Spike Project (Golden Spike). One “real-world-sample” microarray dataset
accompanying RT-PCR measurements from the MAQC project is also used for accuracy (MAQC
RT-PCR). ROC curves are used for the evaluation. To evaluate the inter-laboratory consistency,
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we use another dataset from the MAQC project, which was generated using samples hybridized
to Affymetrix platform at two different laboratories (MAQC Rats). Overlap rates of differentially
expressed gene lists from two laboratories are compared.

We have obtained the following results:

1.  Only part of the area under the ROC curve is used for evaluating accuracy.
Pre-processing methods RMA, PLIER16 and PDNN produce superior accuracy for the
HGU133 Spike-in dataset.

3. Pre-processing method dChip has the best accuracy for the Golden Spike dataset.

4.  dChip is good for experiments with high signal intensities, whereas RMA and PDNN are
good for low signal intensities.

5.  Probe-set-level loess normalization is recommended, especially for experiments with high
signal intensities.

6.  Preprocessing methods PDNN and PLIER16 result in the best agreement with the TagMan,
while differential expression method EBarrays has the worst agreement.

7. Inter-laboratory consistency depends more on differential expression methods than on
preprocessing methods with FC having the best performance.

8.  Source codes for creating ROC curves, overlap plots and histograms of signal intensities
are available.

Details can be found in the following published paper:

Wang YL, Huang GH*: Evaluating preprocessing and differential expression combinations for
Affymetrix GeneChip microarrays via spike-in, RT-PCR and cross-laboratory datasets.
International Journal of Systems and Synthetic Biology 1(2):199-226, 2010 December.

Specific aim 2: In the candidate-gene approach of SNP marker analysis, evaluate
combinations of SNP tagging, haplotype blocking and association testing.

The present study considered pairwise-LD/haplotype-diversity criteria for SNP tagging,
confidence-interval/spine-of-strong-LD block definitions, and single/multiple-SNP association
tests. We were also interested in the effects of various samples used for tag SNP discovery,
different approaches handing SNPs outside haplotype blocks and the sample sizes in association
tests.

The Genetic Analysis Workshop 15 simulated dataset was used for this study
(http://www.gaworkshop.org/welcome.html/). The two region of total of 30 SNPs we selected ,
first region contain the disease locus D length about 260 kb and the other is away from locus D
its length about 340 kb. Locus D has a direct effect on RA risk but a low allele frequency.
Distance between the two regions is above 12662 Kb, 27 CM (centi-Morgan).With this distance
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we can say the null region can not affect the disease. Our goal was getting power from the causal
region to see which match is the best and the null region can get type 1 error to compare. First we
used the character of pair-wise LD plot to understand different of the two regions and difference
number of tag SNPs using the four methods. We used the Haploview software to get the pair-wise
LD plot of the two regions in Figures 1-2:

Figure 2. LD plot used 1500 cases and 1500 control data Cl-blocking in high LD region

Second we did association study by using a mix subject from sample of 500 cases and 500
controls random from populations. Another setting is from 200 case sand 200 controls. When
doing haplotype association study we used three blocking methods: Gabriel blocking, SSLD
blocking and third is using 1 block for all region. Then we defined Bonferroni-corrected p-value
let a =0.05/ (the number of haplotypes + the number of tag SNPs outside blocks) as using the



multi-SNP test; « =0.05/ (the number of tag SNPs) as using the single-SNP test. Then we used
100 repeated random samples and estimated power with the proportion of replicates having
p-value less than type 1 error. Results for Gabriel blocking (Tagger) are shown in Figures 3-4.
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Figure 3. Power of tagger — association methods in casual region

linel-line4 using association sample = 500, line5-line8 using association sample = 200, linel
and line5 using sample = control 50, line2 and line6 using sample = case 50, line3 and line7
using sample = control 100, line4 and line8 using sample = case 100

Tagger
1 —
0.8
. 06
()
53
2
04
02 r
B —S rY
i ‘ § — = ———————
0
Multi-test-1-Block Multi-test-SSLD Multi-test-GAB Single-test
‘—’—linel —#— line2 line3 line4 —*—line5 —*—line6 ——line7 ——line§

Figure 4. Power of tagger — association methods in null region
Specific aim 3: Develop and compare methods for identifying gene-gene interactions.
In the present study, we assessed the importance of gene-gene interactions on schizophrenia risk

by investigating 65 SNPs from 5 candidate genes (DISC1, NRG1, DAO, G72 and CACNG2) in a
sample of 514 cases and 376 controls. We discuss the methodological issues associated with the



detection of gene-gene interactions in this dataset by applying and comparing five commonly
used methods: the chi-square test (Chisq), logistic regression model (LRM), bayesian epistasis
association mapping (BEAM) algorithm, classification and regression trees (CART), and the
multifactor dimensionality reduction (MDR) method.

Single marker effects. In our single marker effects study, chi-square test, LRM, and BEAM
identified that the SNP rsDAQO_13 as the most significant marker (Table 1). CART and MDR
identified that the SNP rsDAQ _7 as the most significant marker, which as the second most

significant marker by chi-square test, LRM, and BEAM.

Table 1. Single marker effects detected by the five methods

rank Chisq LRM BEAM CART MDR
1 rsDAO_13 rsDAO_13 rsDAO_13 rsDAO_7 rsDAO_7
2 rsDAO_7 rsDAO_7 rsDAO_7 rsDAO_6
3 rsDAO_6 rsDAO_6 rsNRG1_6 rsNRG1_6
4 rsNRG1_6 rsNRG1_6 rsCACNG2_3 rsDAO_13
5 rsDISC1_38 rsDISC1_38 rsDISC1_38 rsDAO_8

Two-way interaction. In two-way interaction study, Chi-square, LRM, and CART still shows
that SNPs in DAO gene (rsDAO_6, rsDAO_7, and rsDAO_8) have two-way interaction, whereas
BEAM and MDR did not detected. BEAM identified rsDISC1_E_7*rsDISC1_E_4 as two-way
best model, and MDR identified rsNRG1_14*rsG72_16 (Table 2). It might because that
Chi-square test, LRM, and CART require significant main effect to be detected before including
interaction effects between factors. This is a major methodological limitation for situations where
each marker has relatively small main effects but more substantial interactive effects. In these
situations, using haplotype-base study might give more information.

Table 2. Two-way interaction detected by the five methods

rank Chisq LRM BEAM CART MDR

1 rsDAO 6 rsDAO 6 rsDISC1 E 7 rsDAO 7 rsNRG1 14
rsDAO 7 rsDAO 7 rsDISC1 E 4 rsDAO 8 rsG72_16

5 rsNRG1_6 rsDAQ_7 rsDAO_6 rsNRG1_6
rsDAO_6 rsDAO_8 rsDAQO_7 rsDAO_6

3 rsNRG1_6 rsDAO_6 rsDISC1_3
rsDAO _7 rsDAO_8 rsDAQO_7

i rsDAQ_7 rsDISC1_20 rsDISC1_16
rsDAO_13 rsNRG1_6 rsNRG1_6
rsDAO_6 rsDISC1_16 rsDAO_6

> rsDAO_13 rsDISC1_20 rsDAQO_7




Three-way interaction. The markers detected in three-way interaction study were showed in
Table 3. Most of them were also detected by two-way interaction study. For example, rsDAO_6,
rsDAQO_7, rsG72_16, etc.

Table 3. Three-way interaction detected by the five methods

rank Chisq LRM BEAM CART MDR
rsDAO_6 rsDISC1_16 rsDISC1 E 7 rsNRG1 6
1 rsDAO_7 (NRGL 6 | LCWEETA 5006 rsDAO.G
- - interaction detected - -
rsDAO 13 rsDAO 6 rsDAO 7 rsG72_16
rsNRG1 6 rsDISC1_38 rsDISC1 12
2 rsDAO_6 rsDAO_7 rsNRG1_6
rsDAQ_7 rsDAO_13 rsCACNG2_3
rsNRG1 6 rsDISC1_16 rsNRG1 6
3 rsDAQ_7 rsNRG1 6 rsNRG1 14
rsDAO_13 rsCACNG2_3 rsG72_16
rsNRG1_6 rsNRG1_6 rsDISC1 16
4 rsDAO_6 rsDAO_6 rsNRG1_6
rsDAO_13 rsDAO_13 rsDAO_6
rsNRG1_6 rsNRG1_6
5 rsDAO _7 rsDAO_6
rsDAO_13 rsCACNG2_3

In the present study, we find that SNPs rsDAO_13 and rsDAO_7 have strong main effect. SNPs
rsDAO_6, rsDAO_7, and rsG72_16 have strong gene-gene interaction effects. It can give the
biologist a suggestion to type more markers in these genes for future analysis.

Specific aim 4: Latent class prediction via k-means and hierarchical clustering procedures.

This project presents the k-groups and hierarchical clustering methods to search for the optimal
class allocation that makes measured indicators as independent as possible for objects belonging
to the same class. These proposed methods adopt a clustering algorithm based on k-means and
hierarchical clustering, but using the psychometric criterion of local (conditional on latent class)
independence rather than the usual criterion of distance to cluster mean. Treating the identified
class allocation as a known predictor makes it possible to estimate the parameters underlying
LC/LP models. This approach is theoretically justifiable, allows direct checking of the
conditional independence assumption, and converges much faster than the full likelihood
approach when analyzing high-dimensional data. This project further develops a classification
rule based on the finite mixture model. Simulation results show that the proposed clustering
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methods outperform the traditional EM approach when measured indicators exhibit sparse
response patterns. The real data analysis in this study confirms the ability of the proposed
methods to handle high-dimensional data, and the accuracy of the proposed classification rule in
predicting the disease statuses of new observations.

Details can be found in the following published paper:

Huang GH*, Wang SM, Hsu CC: Optimization-based model fitting for latent class and latent
profile analyses. Psychometrika. In press.

RS Lk
We have met all proposed aims set in the proposal. We have published two papers:

Wang YL, Huang GH*: Evaluating preprocessing and differential expression combinations for
Affymetrix GeneChip microarrays via spike-in, RT-PCR and cross-laboratory datasets.
International Journal of Systems and Synthetic Biology 1(2):199-226, 2010 December.

Huang GH*, Wang SM, Hsu CC: Optimization-based model fitting for latent class and latent
profile analyses. Psychometrika. In press.

Three master theses have been finished under the support of this project. They are:

1. Prediction of underlying latent classes via alternate k-means clustering algorithms (3+5* 47,
June 2010)

2. Genome-wide association for schizophrenia in the NIMH database - genotype imputation
and Rare-variant test (% /% =, June 2011)

3. Genome-wide association for schizophrenia in the NIMH database - patient subgrouping by
latent class analysis (& %= 4%, June 2009)
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Statistical validation of endophenotypes using a surrogate endpoint analytic
analogue (poster)

1.
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The Genomics of Common Diseases 2009 was held at the Wellcome Trust Conference Centre,
Wellcome Trust Genome Campus, Hinxton, Cambridge, UK, September 22 (Tuesday) - 27
(Sunday), 2009. The conference brought together leading participants in the field of genetic
research on common diseases. The meeting addressed the topics of (1) the state of the art in
genome-wide association studies, (2) population genetics, statistics and evolution challenges,
(3) genomics and heritable susceptibility, (4) cell and animal models, and (5) the role of
epigenomics.

The meeting includes 3 keynote lectures, 46 invited talks and 83 selected poster presentations.
I presented my work “Statistical validation of endophenotypes using a surrogate endpoint
analytic analogue” as a poster. This work was just published in the Genetic Epidemiology, 33,
2009. The abstract of my poster is as following:

Endophenotypes, which involve the same biological pathways as diseases but presumably are
closer to the relevant gene actions than diagnostic phenotypes, have emerged as an important
concept in the genetic studies of complex diseases. In this report, we develop a formal
statistical methodology for validating endophenotypes. The proposed method was motivated
by the conditioning strategy used for surrogate endpoints commonly seen in clinical research.
We define an endophenotype to be “a trait for which a test of null hypothesis of no genetic
heritability implies the corresponding null hypothesis based on the phenotype of interest”. An
index, the proportion of heritability explained, is used as an operational criterion of validation.
Statistical inferences on this index are also developed. Usefulness of the proposed method is
demonstrated through computer simulations and a study of assessing the Continuous
Performance Test as an endophenotype of the schizophrenia spectrum.

ggos

This is a great meeting. | presented my work on endophenotypes and got lots of feedback.
Some researchers are very interested in our work and some potential collaboration is under
way.

In the meeting, | also get to know most recent advances in the genome-wide association
studies (GWAS) and the next-generation sequencing technology. These are the two files that |
most want to engage in. It is well known that the GWAS is an excellent way for detecting
disease susceptible genes, but it requires a very large sample size to reach enough power for
finding the true causal genes. Therefore, many institutes have invested enormous money to
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conduct the GWAS with more than 10,000 subjects. Meta analyses that combine many GWAS
together are also under way, which can result in the GWAS with 100,000 or more individuals.
In Taiwan, not many GWAS are conducted and the conducted GWAS are most with less than
2,000 individuals, which is apparently not enough in the current standard. To become visible
in the GWAS research for Taiwan, it is urgent to gather more money to collect big enough
sample size for current or future GWAS, or to seek for collaborations with other countries.

The next-generation DNA sequencing has a profound impact on the current genetic research.
In the meetings, | saw many newly conducted genetic researches using this technique. They
all obtained exciting results. Because this is a pretty new research area, we might be to invest
ourselves to this field to be become the top in the world.

In this meeting, | am also impressed by the efforts of building an integrated genomic research
team in many countries. Take the Wellcome Trust Institute where this conference was hold as
an example. The institute has put all components of genetic researches together, including
molecular and cell biology, animal model, translational genetics, biotechnology,
bioinformatics, statistics, and epidemiology. As a result, the institute has the full capability to
conduct the integrated genomic research. The Broad Institute of MIT and Harvard is the other
excellent example. We in Taiwan will need to think this more aggressive to form our own
genomic research enterprise to catch the world’s progress.
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The Genetic Analysis Workshops (GAWS) are a collaborative effort among researchers
worldwide to evaluate and compare statistical genetic methods and relevant to current
analytical problems in genetic epidemiology and statistical genetics. For each GAW, topics
are chosen that are relevant to current analytical problems in genetic epidemiology, and sets
of real or computer-simulated data are distributed to investigators worldwide. Results of
analyses are discussed and compared at meetings.
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The data distributed for GAWL17 is a “mini-exome” scan, using real sequence data for
several hundred genes donated by the 1000 Genomes Project and simulated phenotypes.
There are 15 discussion groups. They are:

1. Indentifying / incorporating G x E

2. Multiple testing

3. Genes with multiple rare variants

4. Comparing unrelated and family data

5. Conditioning on known genes / variants
6. Scoring routines / aggregate effects

7. Incorporating linkage info

8. Tagging rare variants with common ones
9. Haplotype-based analyses

10. Regression and data mining methods for multiple rare variants
11. Collapsing methods for rare variants

12. Impact of LD

13. Using predicted function of gene / SNP
14. Joint analyses of disease and risk factor
15. Indentifying rare functional variants

In the first day of the meeting, each group met separately to present and discuss papers of
the group members. Each group then come up with a summary of their group members’
works and present to all participants. | was assigned to Group: Indentifying / incorporating
G x E. My contribution was “Detecting gene-environment and gene-gene interactions
through endophenotypes”. The abstract of my contribution is as the following:

There are more evidences that gene-environment and gene-gene interactions are probably
ubiquitous in complex disease. Most current approaches of association studies in practice
evaluate one marker at a time. This simplified approach can ignore markers that are weakly
related to the disease by itself, but can have great impacts on the disease variability after
combining with other markers and/or environmental effects. To facilitate the identification
of interaction genetic effects, the endophenotype approach has been advocated in the present
study. The endophenotype is closer to the underlying genotype than the phenotype in the
course of disease’s natural history and can increase the chance of identifying culprit genes.
We demonstrate how endophenotypes can assist in identifying candidate makers with null
marginal disease association for further interaction analysis. Using the family dataset of
Genetic Analysis Workshop 17 simulated mini-exome data, we have shown the usefulness
of the proposed endophenotype-based approach.
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13



The theme of the meeting is on analyzing rare variants. Association studies have been
successful in detecting disease associated common variants. However, the common variants
can only explain at most 5%-10% of the heritability, which lead to the common disease rare
variants (CDRV) assumption. Indeed, recent studies using next generation sequencing
technologies demonstrated that the common diseases can be due to rare variants that were
ignored in earlier studies. Unfortunately, methods developed in previous studies will lose
power if applied to the rare variants. In this meeting, several new approaches have been
designed to detect the functional rare variants. These proposals also inspire me many new
research topics.

Approaches for analyzing rare variants include: (1) collapsing different rare variants inside
the same genomic block, (2) conditioning on known genes, (3) joint analyses of disease and
risk factors, and (4) incorporating linkage information for identifying disease susceptive
gene loci. Each of these approaches has been applied to the distributed mini-exome data, and
their power and type | error have been evaluated. Although new methods have some success
in detecting rare variants, many efforts are still needed to improve their power.

This is a great meeting. | presented my work on endophenotypes and got lots of feedback.

Some researchers are very interested in our work and some potential collaboration is under
way.
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