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Abstract

RNA-sequencing data are replacing microarray data as a new and powerful tool to measure
gene expression. At the same time, RNA-seq brings new challenges in statistical analyses of
differential expression analysis and gene association networks. We explore solutions to the
problem of modeling the count data in such statistical analyses using RNA-seq data. As a
result of analyzing three data sets, we conclude that an appropriate transformation of the count
data provides a key to the problem. To address the hidden confounders, surrogate variable
analysis (SVA) has also been studied in data and a simulation. It has been shown to remove the
effects of both hidden confounders and gene co-expression, which makes it unsuitable to use
in conjunction with gene network analysis. In the analyses of differential expression, none of
the choices for modeling the distribution of RNA-seq counts has emerged as a superior choice.
Thus all of these problems merit further investigation.

The primary goal of the thesis is to use RNA-seq data obtained from the CommonMind
study, together with the results of a genetic association study, to predict genes that increase
risk of schizophrenia. This valuable resource, the largest of its kind, includes gene expression
measurements obtained from more than 600 brains (including subjects with schizophrenia,
bipolar disorder, as well as controls). We also will incorporate results from the largest GWAS
of schizophrenia to date by utilizing a map between SNPs and genes based on the eSNPs
identified by the CommonMind study. To succeed this task depends on each of the open
questions described above as well as many others that will be addressed in this thesis.
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1 Introduction

1.1 Statistical Approaches to Gene Expression Studies
Genetic studies help researchers understand genetic basis of diseases, which are guided by statisti-
cal analyses such as association tests and network analysis. Many models of such studies have been
developed based on microarray data. With the emergence of next-generation sequencing technol-
ogy, microarray data is being replaced by RNA-sequencing (RNA-Seq) [37] data. Therefore, new
models are needed to fit the new data. We propose new models for association tests and network
analysis of gene expression studies using RNA-seq data

Association Tests−Differential Expression and eQTL mapping: In the area of genetic studies,
there are two main statistical problems of interest: differential expression (DE) and eQTL mapping.
Differential expression identifies the genes whose expression levels change between two or more
groups, such as conditions, tissues or treatments. Using a multiple testing procedure, we can detect
genes that are significantly differently expressed between different groups. eQTL mapping tests
the association between a gene’s expression and a genetic marker. By doing this, we identify the
genetic markers (or SNPs) associated with expression of a particular gene.

Network Analysis−Gene Association Network: In gene expression studies, another impor-
tant problem is to capture the dependence between genes , or co-expression. When genes are
co-expressed we conjecture that they may have selected function. There are many methods for
modeling the dependence between genes. One of them is to infer a gene-gene association network
from gene expression levels in specific tissues.

1.2 New Data: RNA-Sequencing Data
Compared to microarray technology, RNA-seq has several advantages, such as an increased dy-
namic range, a lower background level, and the ability to detect and quantify the expression of
previously unknown transcripts and isoforms. By obtaining tens of millions of short sequence
reads from the transcript population and mapping these reads to the reference genome, RNA-seq
generates highly reproducible results with less technical variation [23].

Models for tests of significance and network analysis were developed for continuous approx-
imately normally distributed microarray data; however, recent developments in next-generation
sequencing present new challenges via RNA-sequencing data. Modeling the experimental error
presents a new challenge in that the expression levels generated from RNA-seq produces count
data that does not appear to follow any of the popular models such as Poisson or negative bino-
mial.

There are two different types of replications in RNA-seq experiments: biological replicates and
technical replicates. Biological replicates are the “true” replicates, which measure different biolog-
ical samples. Technical replicates are just repeated measurements from the same biological sam-
ple. We would like to investigate the biological differences between conditions/tissues/treatments,
while accounting for the technical variations.
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1.2.1 Sources of Noise in RNA-Seq Data

Between-sample Difference−Sequencing Depth: Due to the random sampling nature of RNA-
seq, the transcripts at a low expression level need to be measured by a large number of sequences.
That is because with a low sequencing depth, the short reads in weakly expressed genes would
have either 0 count or very small number of counts, which brings inaccurate measurement and
large variation of estimates. Therefore, to get accurate enough measurements on weakly expressed
genes, sufficient depth is required. This problem has been widely discussed [2], and it is suggested
that about 700 million reads would be required [23] in a mammalian genome to obtain accurate
quantification of > 95% of expressed transcripts. Choosing an appropriate sequencing depth is a
concern of upstream analysis.

In a downstream analysis, a problem occurs when we have samples of different sequencing
depth. These counts are not directly comparable. Hence we should estimate the depth and then
reduce the effect of it on our analysis. Sequencing depth is usually estimated as the total number of
mapped sequences (short reads). Nevertheless, according to the the limit of the sequencing depth,
for any given sequencing depth, low count transcripts are often excluded from the analysis because
these reads show low consistency between technical replicates and hence cannot be considered
reliable.

Within-sample Difference−Gene Length and Others: First, the sequencing process is not an
unbiased random sampling due to the effect of transcript length. As a longer transcript tends to have
larger chance to be sampled, after mapping the short reads to the genome, counts for transcripts are
not uniformly distributed. Therefore, from the raw count data we expect to observe larger counts
for a longer gene and lower counts for a short gene although they are truly expressed at the same
level.

Second, there will be some sequence polymorphisms between biological replicates. This can
result in a gain or loss in reads from different biological replicates depending on their concordance
with the reference genome. For example, a short read with a SNP cannot be matched with the
reference sequence and hence might not be counted.

1.2.2 New Challenges in RNA-seq Data

To model the noise in RNA-seq data, first we need to develop new normalization strategies that
specifically address each of them. Furthermore, besides the need for new normalization, RNA-seq
data brings new challenges to the downstream analysis including differential expression (DE) anal-
ysis, eQTL mapping, and estimation of a gene network. Previous approaches will not work without
adaptation because these array-based analyses relied on the normal distribution assumption. The
normal assumption is clearly violated for RNA-seq counts. This suggests either development of
new models for count data or making appropriate transformations to achieve approximate normal-
ity.
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2 Literature Review

2.1 Normalization of RNA-Seq Data
The sampling process of generating RNA-seq data is as follows: for gene i, i = 1, 2, ...G, let µi be
the true expression value for each gene i and let Li be the gene length. Then the probability that a
read is from gene i is pi = µiLi/

∑G
i=1 µiLi. The underlying idea of the normalization strategies is

that most of the genes are non-DE genes, and all of the non-DE genes are equivalently expressed,
which means they should have similar read counts across samples.

According to the normalization issues mentioned in the Introduction, we need some normaliza-
tion strategies to address the effects of both sequencing depth and transcript length. To adjust the
effects of both, Mortazavi et al. (2008) proposed a natural normalization, which is RPKM/FPKM
(Reads/Fragments Per Kilobase per Million mapped reads) [23]. It is based on the idea that the
distribution of pi’s are approximately the same across genes. With RPKM/FPKM, expressions of
a gene across samples are assumed to be comparable, also have different genes from one sam-
ple at comparable scales. However, sometimes we do not need to normalize the count data with
respect to transcript length: in some studies, such as DE analysis and computation of gene cor-
relation, genes from different samples need not be compared directly. Thus transcript length has
no impact on the results. Therefore, a simpler measure, like Count per Million (CPM) or Tran-
script per Million(TPM) [35] [13], that adjusts based on sequencing depth, is utilized. For both
RPKM/FPKM and CPM/TPM, the sequencing depth is estimated as total count nNi = niTi

T̄
. Be-

sides total count, there are other options for simple statistics, such as nNi = ni

Q3,i
Q̄3 for upper

quartile, nNi = niMediani for median, nNi = niqi
q

for quantile.
In addition to normalization by estimated sequencing depth, there are other model-based meth-

ods. Robison et al. (2010) proposed a normalization method for DE analysis called Trimmed
Mean of M-values (TMM) [29]. First, it computes the log fold changes (M) and log total counts
(A) for all genes. Then the genes with extreme M and A values are discarded,and it computes a
weighted mean of M’s for the rest of the genes, in which the weights are the inverse of the ap-
proximate asymptotic variances. Anders and Huber (2010) proposed a robust way (implemented
by DESeq) to estimate the sequencing depth, which takes the median of the ratios of observed
counts to estimate the size factors [1]. Hanse et al. (2012) proposed a gene-specific normalization,
which gives each gene a different normalization factor. Gene-specific biases were also considered,
including GC content, and gene length. The basic model assumption is Yg,i|µg,i ∼ Poission(µg,i),
and µg,i = exp{hi(θg,i)+

∑p
j=1 fi,j(Xg,j)}, for gene i in sample j, where hi(θg,i) is the part of true

expression, and
∑p

j=1 fi,j(Xg,j) accounts for the biases, including GC content. This gene-specific
normalization has the potential to over-fit.

The choice of normalization has a great influence on the subsequent statistical analyses; differ-
ent normalization strategies have been evaluated both in simulations and real data. For example,
RPKM is pointed out to be insufficient for removing the gene length bias [3] [24] [8]. And in
the context of DE analysis, only DESeq(via the geometric mean) and TMM are able to maintain
a reasonable false-positive rate without any loss of power [8]. Generally, RNA-seq data do not
require sophisticated normalization [37].
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2.2 Modeling of Count Data in Association Tests
In the context of DE analysis, to appropriately model the variation of RNA-seq data, many models
have been proposed. Besides t-test, most of them are based on parametric assumptions and use
Poisson or negative binomial (NB) distribution to model the counts. In addition, nonparametric
models and appropriate transformations have also been suggested.

2.2.1 Simple t-test

To detect differentially expressed genes in groups, classic parametric tests are often used. For
example, Baggerly et al. (2003, 2004) and Lu et al. (2005) used differences in proportions or
Fisher’s exact test and Ryu et al. (2012) adapted two-sample t-test. We cannot expect these tests to
perform very well as, however, with small sample sizes because the normal assumption would fail.
Therefore, choosing Poisson or negative binomial distribution is a better choice for the fragment
counts of RNA-seq data.

2.2.2 Poisson Model

Poisson model is a natural choice for count data; however, the variation from RNA-seq data is
usually much larger than the mean causing over-dispersion.

If there are only technical replicates and all of the variation arose from the random sampling
variance of sequencing, Poisson has been shown to be a good fit. However, typically we do not
have technical replicates available. The expense of current sequencing technology limits access
to technical replicates. As a result, we cannot decompose the variation due to technical random
sampling variation and biological variation.

To conquer the problem of over-dispersion, Baggerly et al. explored using beta-binomial
(2003), and more generally over-dispersed logistic (2004). More recently, Lu et al. (2005) showed
that the negative binomial distribution is more flexible than the beta-binomial distribution.

2.2.3 Negative Binomial Models

Negative binomial models were proposed to model variation of the counts because it allows vari-
ance larger than the mean. Lu et al. (2005) firstly proposed the gamma-Poisson (i.e. negative
binomial) model by letting Y be an negative binomial random variable with mean µ and dispersion
φ as Y ∼ NB(µ, φ). We have E(Y ) = µ and V ar(Y ) = µ+αµ2. However, for either the Poisson
or negative binomial, the estimation of parameters will be very difficult with a small sample size.

To address the difficulty of estimating parameters, Robinson and Smyth (2007, 2008 and 2010)
proposed an adjusted version of negative binomial models that assumes all genes/transcripts are in-
dependent. With this assumption, we can estimate the common dispersion for all genes/transcripts,
and then use an empirical Bayes estimate to smooth the gene-specific estimators towards a com-
mon parameter and yet obtain different estimates for variances. Anders and Huber (2010) proposed
a similar negative binomial model, in which they computed a pooled estimate of the dispersion pa-
rameter for each gene. Then they used local regression to find the mean-variance relationship,
and employed the conservative approach of selecting the largest among the fitted value and the
individual dispersion estimate for each gene.
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However, the adjusted negative binomial models are not perfect as the assumption of inde-
pendence does not always hold; we know some fragments (exon, transcript, or gene) might be
co-expressed and have a correlated pattern. The negative binomial models can be implemented in
edgeR [20] and DESeq [1] Bioconductor packages.

2.2.4 Nonparametric Models

Besides the parametric models including the Poisson and negative binomial, some nonparametric
models have been proposed for DE analysis using RNA-seq data. For example, Li and Tibshirani
(2013) proposed a resampling nonparametric method that uses the Wilcoxon statistic to account
for different library sizes [16]. They favor this approach because the Poisson or negative binomial
models are heavily influence by outliers in the data. And they showed that when the assumption
of parametric models do not hold, the models have low accuracy in estimating False Discovery
Rate (FDR). When the sample size is large in the simulations, the resampling method was shown
to remove the technical effects from the sequencing depth, and leave the biological effects for
downstream DE analysis. However, when the sample size is small, the nonparametric model has
much lower power to detect DE genes.

2.2.5 Variance Modeling at the Observational Level (VOOM)

All of the above are the DE models that fit the counts of RNA-seq data appropriately. Besides
developing new models for RNA-seq data, we can also transform counts and fit the established mi-
croarray models. Law et al. (2013) proposed such a pipeline that (1) transforms counts by VOOM
[13], and (2) fits the adjusted version of an empirical Bayes model for microarray implemented by
limma [30] [31]. The idea is to simply treat the log-counts per million (log-CPM) as analogous
to the log-intensity values from a microarray experiment. And differences in log-CPM between
samples can be interpreted as log-fold-changes. The challenge is that the log-CPM do not have
constant variances, a solution is to use weighted least squares in the limma pipeline.

Simulation studies of VOOM shows that it outperforms the negative binomial based methods
in edgeR and DESeq, and also performs better than other methods with respective to type I error
rate, power, false discovery rate and computing speed.

2.3 Account for Hidden Confounders: Surrogate Variable Analysis
In genetic studies, besides the primary variable of interest, some other covariates are usually mea-
sured and included in the association tests. However, it is not possible to measure all the variables
related to gene expression. In addition to the known and measured variables, there might be some
unknown and unmeasured factors that contribute to the heterogeneity of expression levels of par-
ticular genes. Their effect cannot be ignored because the unmodeled factors, either biological or
technical, can bias the expression or induce extra variability in the gene expression and decrease
the power to detect the association between gene expression and the primary variable. Or they
might introduce spurious signals of the association as the variation on the gene expression could
be confounded by a unmodeled factor and the primary variable.

Leek and Storey (2007) proposed Surrogate variable analysis (SVA) [14] which was designed
to address this problem. SVA aims to identify and estimates the components of expression hetero-
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geneity (EH), and parse the signal and noise more accurately and reproducibly. SVA has become
a popular way to address the problem of hidden confounders.

2.4 Gene Network Estimation
Gene network modeling is a fundamental tool to help understand biological pathways; there are
multiple types of networks based on gene expression data. We focus on reconstructing static undi-
rected association networks by inferring network edges and identifying gene modules as potential
functional groups.

To estimate such gene network using gene expression data, in general, there are three following
approaches: (1) Correlation-based co-expression network: Pearson correlation has been a popu-
lar measure compared to the other alternatives such as Euclidean distance, because correlation is
invariant to linear transformations. Either hard (Carter et al. 2004) [6] or soft (Langfelder and
Horvath, 2008) [12] thresholding have been proposed to produce a binary or weighted network,
respectively. Correlation-based co-expression network is easy to interpret and is not computation-
ally intensive. However, this approach cannot infer the conditional independence structure, which
may lead to false positive of edges. (2) Mutual Information (MI) based network: MI is a more
general way to measure gene relationship than correlation as it measures and captures the nonlin-
ear relationship between two genes [7]. However, Steuer et al. (2002) showed that MI tends to
produce almost identical results as the correlation measure [32]. (3) Gaussian Graphical Models
(GGM)/Partial Correlation: Assuming that the gene expression levels follow a multivariate normal
distribution, the conditional independence structure can be recovered by estimating the precision
matrix (the inverse of covariance matrix, i.e. Ω) of the expression data. We have genes i and j
to be conditionally independent when the corresponding element Ωi,j to be zero. This problem
of estimating a sparse precision matrix is equivalent to the neighborhood selection method that
is based on penalized regression to select genes with non-zero partial correlations. For instance,
Meinshausen and Buhlmann (2006) applied lasso for the neighborhood selection of each gene [22].
Peng et al. (2009) proposed a joint sparse regression method for estimating the inverse covariance
matrix [26]. Besides, there are many methods proposed to estimate the inverse covariance matrix
directly using penalized maximum likelihood approaches (Friedman, Hastie and Tibshirani, 2008
[9]; Cai, Liu and Luo, 2011 [5]; Cai and Zhou, 2012 [4]; Ma, Xue and Zou, 2013 [19]). In ad-
dition to capturing the conditional independence structure, GGM is able to infer some edges not
reconstructed by the pairwise correlation/MI. This is the case when a gene interacts with a group
of other genes but not have a strong marginal relationship with any single one of the group. How-
ever, compared to the co-expression network, GGM implemented by neighbor selection method or
maximum likelihood approach will usually cause a computational burden.
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3 Preliminary Work
In Section 3.1, we first give a brief description for three available data sets. Then, in Section 3.2
we conduct simulation studies to discuss hidden covariates, specifically on how surrogate variable
analysis [14] affects on network estimation. Section 3.3 compares models of differential expression
in two data sets. Finally, in Section 3.4, we discuss transformations of RNA-seq data, estimate the
gene association network with different transformations and compare the results.

3.1 Data Description
BrainSpan The BrainSpan transcriptome data set (Kang et al., 2011) measures 16 brain regions
of human subjects that were sampled in 57 postmortem brains, with a wide age range from six
weeks post-conception to 82 years of age [11].

BrainSpan data include both gene expression and sample covariates. Gene expression data are
measured in RNA-seq and microarray for the same tissues, which makes it possible to directly
compare the different technologies for downstream analysis. RNA-seq data are available in the
measure RPKM at gene-level and exon-level. Sample covariates include age, sex, PMI (Post-
mortem Interval in hours) and PH. The count measurement of RNA-seq data at both gene-level
and transcript-level will be available soon.

CommonMind CommonMind is a consortium of seven organizations that generate large scale
data from human subjects with neuropsychiatric disorders. The data were generated from the
Anterior Cingulate Cortex region of human brains. The data were collected from 3 sites: Hospital
Mount Sinai, University of Pittsburgh, and University of Pennsylvania.The aggregation of samples
collected from multiple organizations has made the data set the largest RNA-seq on brains ever
assembled to date, with more than 600 human subjects are classified into schizophrenia, bipolar
disorder and control groups.

CommonMind also provides RNA-seq data of gene expression and sample covariates. Ex-
pression data are available in two measurements (count and FPKM) and different levels (gene,
transcript and exon). Sample covariates include disease state, age, sex, BMI and ethnicity. Co-
variates measured during the sequencing, such as RIN (RNA Integrity Number), PMI, PH and
intergeneric rate, are also available.

CHD8 Knock-Down Data According to autism spectrum disorder (ASD), from whole-exome
sequencing studies, to date nine ”high-confidence” ASD risk genes have been identified. Of these
genes,CHD8 has the strongest association with ASD risk. CHD8 has also been shown to regulate
expression of some other genes by binding their promoters and some other ways.

We have 12 samples from human neural stem cells (hNSCs), among which 4 have CHD8
knockdown at C, 4 have CHD8 knockdown at G and 4 normal samples as controls. For each gene
at each sample, gene expression data is available in the measurement of counts.

3.2 Simulation Study of SVA
Before moving to the downstream DE analysis and network estimation, we discuss whether sur-
rogate variable analysis (SVA) is able to appropriately account for hidden confounders. To better
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understand how SVA works under situations that have both confounders and gene co-expression,
we conduct the following simulation study. To simulate the co-expression, we generate 1,000
genes in total, made up of 10 blocks, each of which contains 100 genes. We generate 200 samples
from a multivariate normal distribution that has correlation within one block to be 0.4, and the
correlation between blocks is set to be 0.1. Then we add the effects for case-control status (DX)
and the confounder (CONFOUND). In total we have 100 cases and 100 controls, and the first 20
in blocks 1 and 2 are affected by the case/control state. The effect of the confounder is on genes
16 - 55 in each of the blocks, and on half of the cases and half of the controls.

First, we look at the performance of SVA in DE analysis. SVA estimates 11 significant surro-
gate variables (SVs); we fit a model including these variables as well as Disease Status (DX). We
compare estimated coefficients, p-values and standard error of coefficients for DX with the true
model, which includes the confounder. In Figure 1, we notice that the coefficient is estimated in
an unbiased manner (a), but the standard error is underestimated (b), leading to inflated p-values
(c). This suggests that SVA tends to identify too many genes as being differentially expressed.

Next, we explore the feasibility of applying SVA to remove the effects of the hidden confounder
when estimating a gene network. Figure 2 shows the hierarchical clustering dendrograms of the
residuals from previous two models. We notice that in the true generating model (top left), the
structure of 10 blocks can be detected clearly. However, in the model fitting SVs (bottom left),
we find the co-expression structure has been removed in the residual. As a result, we conclude
that SVA not only removes the effects of the hidden confounder, but also removes co-expression
structure among the genes. For this reason, we will not include SVs in our further network analysis.
Furthermore, we observe a clear pattern of separation on the 11 estimated SV, among which one
SV is highly correlated with the hidden confounder (with correlation 0.89) and the other 10 SVs
are lowly correlated (with correlation smaller than 0.29). The clustering results on the residual
removing the correlated SV (bottom right in Figure 2) seems to recover the co-expression structure
of the true generating model. If we can distinguish between SV(s) accounting for confounders
and SV(s) describing co-expression, we might be able to improve surrogate variable analysis in
estimating a gene network.

3.3 Differential Expression Analysis
In RNA-seq data, the measurement RPKM was widely accepted [23] because both sequencing
depth and transcript length have been adjusted. Gene quantification and differential expression
can be analyzed using Cufflinks [33] and CuffDiff [34], respectively, based on the RPKM mea-
sure. However, recently the RPKM measure has been shown to be inconsistent among samples
[35] which makes it unreliable. As an alternative, a simpler measure Count per Million (CPM)
or Transcript per Million(TPM) that is only adjusted by sequencing depth, is preferred [35] and
adopted for the DE analysis [13]. Next, we compare some popular differential expression (DE)
models based on the measure CPM and count data.

3.3.1 Models of DE on CommonMind Data

We use CommonMind data and apply two models to detect the DE genes: (1) a negative binomial
model [27] [28] [21] implemented by edgeR [20] and (2) a linear model fitted by weighted least
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squares regression on transformed data, which is implemented by VOOM [13] and limma [31]
[30].

From CommonMind data, after removing the outlier samples, which are significantly different
from all of the others, there are in total 610 samples with both gene expression and covariates
recorded, in which 262, 55 and 293 samples are from Scizophrenia, Bipolar and control groups,
respectively.

Gene Filtering According to the nature of RNA-seq data, the transcripts and genes with low
counts have extremely high variance, and it is almost impossible to differentiate their signal from
noise. As a result, the first step of DE analysis using RNA-seq data is to filter out the genes with
very low counts. For example, edgeR [20] recommend keeping only the genes with CPM greater
than 1 in more than half of the samples.

Sample Covariates For DE analysis, besides the disease status (Schizophrenia or control), the
effects of other related covariates on gene expression cannot be ignored. From dozens of covariates
in CommonMind data, we use forward stepwise method to select features that contribute to the
heterogeneity of gene expression. As a result, we make the decision to include Sex, Age, PMI ,
RIN , RIN2, Batch and Site.

DE analysis As pointed out in the literature, the Poisson models fail due to the over-dispersion.
In Figure 3 we observe over-dispersion especially on the genes with relatively low counts.

By fitting the negative binomial model [27] [28] [21], after normalize the count data by TMM
[29], we first estimate one common dispersion parameter φ for all the genes. Then based on the
estimated common parameter, we estimate a tag-wise dispersion parameter for each gene. With the
estimated parameters, we test associations between gene expression and Schizophrenia for all the
genes, and eventually get a list of 1288 genes differentially expressed at the significance level 0.05
by False Discovery Rate (FDR) adjustment for multiple testing. In the linear model by limma, we
transform the count data by applying VOOM and follow the pipeline of the empirical Bayes model
implemented by limma. As a result, 1057 genes are detected to be differentially expressed at the
same significance level 0.05.

We compare the results of the above two models. In Figure 4, we notice that most of the de-
tected genes in the two models agree with each other. 74% of the DE genes detected by limma
are also significant by the negative binomial model, while 61% of the DE genes by negative bino-
mial model are significant in limma model. However, the remaining significant genes by only one
approach differ notably, with 276 only by limma and 507 only by the negative binomial model.

3.3.2 Models of DE on Knock-down Data

We apply two models: Poisson and negative binomial models to the knockdown data, to observe
how they perform in detecting differentially expressed genes between the knock-down groups and
the control group.

After filtering out extremely lowly expressed genes, we have 14,841 genes left, which then
are normalized by TMM [29]. We apply Poisson and negative binomial models on both treatment
C and treatment G. The distributions of the DE p-values are shown in Figure 5. We notice that
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the large number of small p-values suggests a strong effect of CHD8 knockdown on many genes
while a portion of small p-values could be due to the failure of model assumption.

Next, given a list of genes bound by CHD8 from previous research, we analyze gene enrich-
ment to see if the above models could truly detect genes bound (probably regulated) by CHD8.
Among all the 14,841 genes, 8,140 are bound by CHD8 and 6,701 are not. The genes bound by
CHD8 are expected to express differently when a depletion of CHD8 happens, and they should be
detected by an appropriate DE model.

To compare the two groups of 8,140 and 6,701 genes, we use a Wilcoxon rank test, in which
the ranks of genes are based on the DE p-values acquired from the above models. First, by using
the p-values from the negative binomial model, the two groups of genes are significantly different
from comparing treatment C and controls, with p-value 9.7 × 10−5. However, from comparing
treatment G and controls, the p-value of the Wilcoxon test is 0.0681, which suggests depletion of
CHD8 at G has no different impact on the genes bound by CHD8. This contradicts with previous
conclusions. However, we get significantly small p-values for the Wilcoxon test based on Poisson
model of DE. These results suggest that negative binomial model may not capture the variation
of count data well, at least for this specific data set, possibly leading to inaccurate signals of DE
analysis in general.

3.4 Estimation of Gene Association Network
As we move away from using microarray to RNA-seq, continuous data is being replaced by discrete
count data; to estimate the gene association network, the previous models for microarray data
will probably fail for the following reasons. In a co-expression network based on either pairwise
correlation, the correlation coefficients will be different in RNA-seq from microarray, as show in
Figure 6 (a) from BrainSpan. An estimated network based on pairwise Mutual Information(MI)
results in the same situation. As for a network based on partial correlation(Gaussian Graphical
Models), the assumption of normality fails in the count data. As a result, to address the problems,
we need to either transform the count data appropriately to have similar correlation structure with
microarray data to meet the model assumptions, or we have to develop a brand-new model for
count data.

3.4.1 Transformation of Count Data

Gaussian Transformation The first possible transformation suggested by VOOM is to trans-
form the count data by taking the logarithm. We take the log-transformation of RPKM from
BrainSpan data and compare the pairwise correlations to those obtained from microarray data.
Figure 6 shows an example of correlation coefficients between gene AQP4 and the other genes,
in which we can see the pairwise correlations are more close to the ones from microarray data in
Figure 6 (b), with a higher correlation 0.8987 from log-transformation compared to 0.8278 from
untransformed RPKM data.

Besides the log-transformation, Liu et al. (2009) proposed Nonparanormal [18] [42] transfor-
mation, generally on any type of distributions to relax the normality assumption in estimation of
network. After nonparannormal transformation, each gene follows a standard normal distribution.
However, Figure 6 (c) shows it does preserve correlation structure of microarray data as well as
log-transformation.
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Poisson Transformation Both of the above try to make the data meet the normality assumption
with transformation; however, some other attempts of Poisson transformation were also proposed.
Li et al. (2011), Witten at al. (2010) and Witten et al. (2011) adopted a power transformation to
make the overall distributions across all genes approximately Poisson [17] [38] [40]. As we see in
the DE analysis using RNA-seq data, the Poisson model naturally captures the variation of count
data. However, we can always observe problems of over-dispersion relative to the Poisson model.
Witten at al. (2011) showed that even when the data are truly generated from a negative binomial
model with over dispersion, clustering methods based on the Poisson model performed well on the
transformed data [40].

The idea of this Poisson Transformation is based on a test of the goodness of fit. Let Xij

be the counts of gene j for sample i, and X ′ij = Xij
α, where α ∈ (0, 1] is chosen such that∑n

i=1

∑p
j=1

(X′
ij−X′

i.X
′
.j/X

′
..)

2

X′
i.X

′
.j/X

′
..

≈ (n−1)(p−1). In Figure 7, we notice that most genes have variance
larger than the mean, while after transformation almost half of the genes below the mean. Besides,
after transformation we observe a much lower common dispersion and many more genes with
zero dispersion that follows Poisson distributions. But we also observe the pairwise correlation in
Figure 6(d) , Poisson transformation is not as good as the other two transformations to keep the
correlation structure of microarray data.

Empirical Comparison For all of the above transformations, Figure 8 shows examples of gene
expression distributions before and after the transformations. The correlation between microarray
and transformed RNA-seq data in Pearson correlation coefficients is 0.7740, 0.7681 and 0.7634
for log-transformation, power-transformation and nonparanormal-transformation respectively. All
is better than the correlation between microarray and untransformed RPKM data, which is 0.7531.
Empirically, all transformations are better than original data in keeping the correlation structure of
microarray data. And log-transformation is slightly better than the other two alternatives.

3.4.2 Sparse Canonical Correlation Analysis

To justify if a transformation is necessary and which transformation is more appropriate for RNA-
seq data, we propose applying sparse canonical correlation analysis (sparse CCA) to microarray
and transformed RNA-seq data. With sparse CCA, we conclude that log-transformed RNA-seq
data has the most similar structure to microarray data. And with this result, we will proceed
to adopt log-transformation in the microarray framework of estimating gene network in Section
3.4.3.

Review of Canonical Correlation Analysis (CCA) Let X ∈ Rn×p be a matrix comprised of
n observations on p variables, and Y ∈ Rn×q be a matrix comprised of n observations on q
variables. CCA was introduced by Hotelling (1936) to find maximally correlated linear combi-
nations between the two sets of variables. More explicitly, we would like to find a ∈ Rq and
b ∈ Rp that maximize aT

∑
Y Xb, subject to aT

∑
Y Y a = 1 and bT

∑
XXb = 1, where

∑
(.,.) is a

correlation matrix. In practice, the population correlation matrices will be replaced with sample
correlation matrices, which are

∑̂
Y X = SY X = Y TX/(n − 1),

∑̂
XX = SXX = XTX/(n − 1),∑̂

Y Y = SY Y = Y TY/(n− 1), assuming the columns of X and Y have been centered and scaled.
Then the problem turns to maxa,baTSY Xb, subject to aTSY Y a = 1 and bTSXXb = 1.
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Sparse CCA However, when min{p, q} > n, the classical CCA does not work because the
singular value decomposition method by Hotelling (1936) requires sample covariance matrices to
be invertible, which is not possible in high dimensional genomic data. Motivated by this problem,
a number of studies imposed a sparsity constraint on the leading canonical correlation directions
(Waaijenborg, Verselewe de Witt Hamer and Zwinderman (2008); Witten, Tibshirani and Hastie
(2009); Parkhomenko, Tritchler and Beyene (2009)) [36] [39] [25]. As a result, only a subset of
the p variables in X and a subset of the q variables in Y correspond to nonzero coefficients in a
and b, for each of the leading canonical directions.

Here we adopt the diagonal sparse CCA criterion by Witten, Tibshirani and Hastie (2009) [39],
which treats the covariance matrices as diagonal and relaxes the equality constraints for convexity:
maxa,ba

TY TXb, subject to aTa ≤ 1, bT b ≤ 1, p1(a) ≤ c1, p2(b) ≤ c2, where p1 and p2 are
convex penalty functions. We apply the sparse CCA on the Brainspan data set, in which Y1, Y2, Y3

, Y4 and X are defined to be RNA-seq data with RPKM, log-transformed RPKM, nonparanormal-
transformed RPKM, power-transformed RPKM and microarray respectively. The matrices X , Y1,
Y2, Y3 and Y4 have matched rows that are samples and matched columns that are genes.

In Figure 9, we observe in the first 20 leading canonical variables, the original RPKM has
lower correlations than the three transformations. Log-transformation and power-transformation
are almost the same, and both are better than nonparanormal. We compare the selected genes (with
nonzero coefficients) in X and Y ’s; in total we selected about 160 genes out of 10,800. For the
log-transformation, the overlap of selected genes is as high as 50% while for the original RPKM
and the other transformations it is below 40%. Furthermore, we look into the correlation of the
weights for selected genes between microarray and RNA-seq, and it is much higher (0.84) for the
log-transformation than the others which range from 0.15 to 0.37.

The above results suggest that we need to do some transformation on the original RNA-seq
data prior to performing network analysis. We believe the same conclusion also applies to the
measure in CPM because for each gene, CPM = l × RPKM , where l is the gene length. We
also conclude that log-transformation is better than the other available counterparts.

3.4.3 Gaussian and Poisson Graphical Model

After comparing different transformations, next we explore reconstructing gene association net-
works based on microarray data and transformed RNA-seq data. To capture the conditional in-
dependence structure, we adopt Gaussian Graphical model on microarray data, log-transformed
data and nonparanomral-transformed data. For the power-transformed data, as the data is approxi-
mately Poisson distributed, we apply a Poisson version of GMM, of which the details are discussed
below.

There are different approaches to implement GGM, and here we use neighborhood selec-
tion based on lasso-regularized regression [22], by regressing gene i on the other genes: Xi =∑

j 6=i βijXj + εi. The Poisson Graphical Model is simply replacing the above by a Poisson re-
gression using the log link function. In practice, we use a slightly different version−Partial Neigh-
borhood Selection (PNS) (Liu et al. 2014) that starts with a subset of candidate connected genes
instead of all the available genes to obtain a more manageable dimension. This is because (1)
partial correlation computed from all the available genes will contain genes that are not biological
correlated, leading to spurious dependency and false positive edges in the network; (2) as our ul-
timate goal is to detect disease-specific genes, the dependency among risk genes for a particular
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disease is more essential than of non-risk genes, suggesting analysis restricted to a group of risk
genes as candidate neighbors; and (3) it has been shown that ignoring some components of high
dimensional parameter will lead to better estimation accuracy [15].

Therefore, before applying the PNS to construct network edges, we first select a subset of
risk genes for ASD by using the p-values for each gene obtained from the Transmission And
De novo Association (TADA) test (He et al., 2013) [10], which integrated multiple sources of
exome genome sequencing data. Firstly, we exclude genes with p-value pi > t, where t is some
threshold. Second, we use hard-thresholding based on pairwise correlation to exclude the genes
that are not connected to any others. Third, since genes with large p-values (low risks) may be
closely connected to risk genes but have been removed in step 1, we retrieve the neighbors of the
genes we obtained in step 2. After the above 3 steps, we will have a group of candidate genes.

Next we apply lasso regression on one gene each time against the other candidate genes to
select neighbors. The penalized parameter λ is chosen to obtain a network that follows power-law
distribution (Zhang and Horvath, 2005) [41]. As a result, compared to the other transformations,
we have gene network estimated from log-transformation to be the most similar to the counter-
part from microarray data, with the smallest distance (in Frobenius norm) between the adjacency
matrices.
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4 Research Plan

4.1 Core microarray and RNA-seq analysis in BrainSpan
A major area for further study relies on the BrainSpan data for which both microarray and RNA-
seq data are available from the same tissue samples. This valuable source of data provides us with
great opportunities for improved understanding of the two technologies.

• Assuming that the correlation between genes should be similar regardless of technology,
sparse CCA has provided a direction for determining an appropriate transformation. Al-
though this approach has lead to insights about optimal transformations, there are some
weaknesses to this approach. Specifically, the genes included in each sparse representation
are not necessarily matches. Hence we have future plans to refine and improve this type of
analysis, moving from CCA to PCA performed on a function of both data types.

• In principle RNA-seq is supposed to provide additional data for genes with expression in
the lower end of the range. This advantage is particularly important for transcription factors
(TF), which have a big impact on other genes even when their expression level is low. We
aim to investigate differences in the pattern of correlation observed for this type of gene in
both types of data. Such insights could aid in modeling genes with low expression.

• One limitation of DAWN has been the inability to include genes with poor expression in
network analysis due to lack of knowledge about correlation patterns. We aim to use results
obtained from (2) to improve our analysis of gene networks in DAWN. One simple option is
to use expression from both sources to derive networks and particularly to patch in missing
edges.

4.2 Case-control RNA-seq analysis in CommonMind
• From the simulation study shown in Figure 2, we notice that SVA tends to account for both

the hidden confounder and co-expression structure in the gene expression matrix. Using
RNA-seq control samples, we aim to model the biological correlation, which will help to
differentiate gene co-expression structure from the effects of hidden confounders. The aim
is to remove the confounding effects only and preserve the biological structure. This will
improve surrogate variable analysis (reduce false discoveries) and facilitate analysis of true
biological structure.

• Aim to develop a high dimensional approach akin to sparse CCA to compare paired samples
of cases and controls to identify covariates (genes) that predict similarities and differences
between the two groups with respect to their networks.

4.3 Network analysis to discover Schizophrenia genes and subnetworks
In the DAWN framework (Liu et al. 2014), p-values for Autism were used in partial neighborhood
selection (PNS). As for CommonMind data, we are going to incorporate the results of p-values
from DE analysis to the PNS procedure, estimating gene association network in schizophrenia.
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Since the real relationship between genes may change over time or across disease states, we are
going to estimate networks in both cases and controls separately. The difference between them
will help understanding how gene relationships change according to schizophrenia and then the
biological pathway of the disease.
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(a) Coefficients

(b) Standard Error

(c) p-values

Figure 1: Simulation Study of SVA: Coefficient and p-value
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Figure 2: Simulation Study of SVA: Co-expression Structure

Figure 3: Over-dispersion of CommonMind data
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Figure 4: Comparison of DE Models
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Figure 5: p-values for DE on CHD8 Knock-down Data
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Figure 6: Correlation between Microarray and RNA-seq Correlation Coefficients
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Figure 7: Mean vs Variance: before and after power transformation
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Figure 8: Distribution of Gene Expression after Transformations
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Figure 9: sparse CCA on Transformations
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