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Abstract

ATP binding cassette (ABC) transporters are a family of proteins whose activity is
vital to cell detoxification, protection against xenobiotics and oxidative stress, and
maintenance of homeostasis of endogenous compounds. Subtle changes in
endogenous expression level of these transporters can have significant clinical
implications. In particular, the impact of such variation on the role of ABC
transporters in transport of pharmaceutical agents is of interest; inter-individual
differences in expression of ABC transporters can result in changes in exposure
to pharmaceutical agents or their metabolites, leading to altered drug efficacy or
drug-induced toxicities. Variation in gene expression can be caused by a number
of factors that modulate the “normal” activity during transcription or translation. In
this study, mechanisms that regulate mRNA or protein expression of ATP-binding
cassette transporters were characterized in human tissues. First, the impact of
DNA sequence variation on mRNA expression across individuals was evaluated
in the human kidney. Several expression quantitative trait loci (eQTLs) were
identified for ABC transporters in the kidney, and one eQTL for ABCG2 (BCRP)
was validated in an in vitro reporter-gene assay. Next, the role of alternative
splicing in regulation of transporter expression was explored using transcriptome
sequencing data from multiple individuals in several human tissues. Examples of
splicing events that were found to modulate transporter expression across
individuals include alternate 5 prime untranslated regions (5 UTRs) in the genes
ABCCS5 and ABCAS. Further, a splicing event in the gene ABCC6 was identified

that produces a premature termination codon, triggering the nonsense mediated



decay process; this event may be responsible for regulating inter-tissue
expression of ABCC6. Finally, transcription factor regulators of ABC transporters
were identified by searching for transcription factor binding motif enrichment in
sets of genes co-expressed with ABC transporters in several human tissues. A

number of potential transcriptional regulators of transporters were identified.
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Chapter 1: Background and Introduction
1.1 ATP-binding cassette transporters

ATP-Binding Cassette (ABC) transporters are a family of proteins responsible for
the transport of both endogenous compounds and drugs across cell and
organelle membranes. As a family, the ABC transporters play a central role in
homeostasis and protection of cells in most organisms, including both

prokaryotes and eukaryotes'?.

All ABC transporters contain at least one nucleotide binding domain (NBD)
essential for its function, and most contain multiple transmembrane domains
(TMDs) which allow the transporter to become embedded in a lipid bilayer. In
humans, the ABC transporter family can be further divided into seven
subfamilies. The general functions and structure of each subfamily are described

in Table 1.1.

Table 1.1: Structure and Function of Human ABC Transporter Subfamilies

Subfamily Function Structure’ # of Genes
ABCA Cholesterol and lipid transport 2 NBDs/2 TMDs 12
ABCB Transport of peptides (antigens), iron, bile 2 NBDs/2 TMDs 4

salts 1 NBD/1 TMD 7
ABCC Transport of ions, anions, cyclic nucleotides 2 NBDs/2 TMDs 12
ABCD Very long chain fatty acid transport in 1 NBD/1 TMD 4
peroxisomes
ABCE/F interferon action/translation initiation 2 NBDs 1/3
ABCG Steroid and cholesterol transport 1 NBD/1 TMD 5

'"NBD: nucleotide binding domain; TMD: transmembrane domain

Given the essential endogenous functions of ABC transporters described above,

it is of no surprise that disruption of normal ABC transporter function can have



significant clinical implications. Mutations in ABC transporters cause a number of
hereditary genetic disorders, including psuedoxanthoma elasticum, caused by
mutations in ABCC6°, cystic fibrosis caused by mutations in ABCC7*?, Tangier’s
disease caused by mutations in ABCA7°, and Dubin-Johnson syndrome caused
by mutations in ABCCZ2°. Polymorphisms in ABC transporters have also been
associated with more common diseases and clinical measurements, including
gout with polymorphisms in ABCG2’, high density lipoprotein levels with

polymorphisms in ABCA 1%, and platelet levels with polymorphisms in ABCC4.

ABC transporters are also of particular interest in human health for their role in
transporting drugs; in this capacity they play a key role in drug disposition.
Transporters in the ABCA, ABCB, ABCC, and ABCG families have been shown
to transport drugs. Changes in function or activity of ABC transporters have been
associated with drug response, toxicity, and pharmacokinetic parameters'®'",
While changes in transporter function or activity may be caused by disruption of
protein or transcript structure, they may also be driven by changes in expression.
For example, small differences in the expression of ABCA1, a cholesterol
transporter, between individuals are associated with systematic changes in

plasma high density lipoprotein (HDL) levels and thus increased risk of coronary

artery disease'?.



1.2 Regulation of ABC transporter expression

Variation in ABC transporter expression can occur at the mRNA or protein level.
Changes in transcript or protein levels may be driven by variation in transcription

or translation initiation or changes in stability of transcripts or proteins.
1.2.1 Transcriptional regulation of ABC transporter expression

Transcription in eukaryotes is initiated by recruitment of RNA polymerase |l (Pol
Il) to promoters (immediately 5’ of the gene). The presence of a TATA box
directly upstream (25-30 bases) of the transcription start site allows for binding of
the TATA-binding protein (TBP), ultimately allowing for recruitment of Pol II.
However, most ABC transporter promoters do not contain the common TATA-
box'?. Alternate transcription initiators, such as the presence of a specific initiator
(Inr) sequence’, have been identified in select transporter promoters''°.
Further, like most TATAless promoters, many transporter promoters contain
CCAAT boxes'®", binding sites for the NF-Y transcription factor'®, and GC-rich
elements, which bind Sp family transcription factors'®?*. Other transcription
factors are not constitutively active, but rather must be activated by
phosphorylation in response to signaling cascades. For example, several
transporters in the ABCC (MRP) family may be regulated by activator protein 1

(Ap-1)*>?%, a complex made up of c-Fos, c-Jun, ATF, and JDP families.

Likewise, ABCC1?" and ABCG2? are regulated by Notch signaling.

Transporters are also regulated by a number of inducible transcription factors,

whose activation is dependent on an intra- or extra- cellular ligand. Binding sites



for these inducible transcription factors may be located in the promoter or many
kilobases away as a part of distal transcriptional enhancers or silencers. In
particular, nuclear receptor dimers regulate expression of a number of ABC
transporters' in response to extracellular ligands. Retinoic acid responsive
retinoic acid receptor (RAR) and retinoid X receptor (RXR) can form
heterodimers with other nuclear receptors or with each other. RARa/RXRa
heterodimers activate expression of ABCG1%°*°, ABCG2*', and ABCC2*.
Further, RXRa is involved in the regulation of expression of ABCC6%, and RARa
is involved in regulation of expression of ABCB1%*3®> and ABCA12°*° Liver X
receptor (LXR) is a key regulator of cholesterol, fatty acid, and glucose
homeostasis and plays a role in regulating expression of other ABC transporters
that are important in these processes. For example, LXRa, induced by

oxysterols®®3’

(e.g. (22R)-Hydroxycholesterol), dimerizes with RXRa to regulate
expression of ABC transporters such as ABCA1 *®. Pregnane X receptor (PXR)
plays a role in regulating gene expression in response to the presence of foreign
substances, and is important in regulation of the expression of ABC transporters
involved in detoxification. For example, PXR, induced by a range of endogenous
and exogenous compounds, including steroids, antibiotics, antimycotics, bile
acids, hyperforin and others®, regulates expression of ABCC2***' ABCB14%*3
and ABCC3*. Additional nuclear receptors, such as the peroxisome proliferator-
activated receptor (PPAR) and hepatocyte nuclear factor (HNF) families, also

play an important role in regulation of ABC transporter expression. As

heterodimers with RXRa, PPARs regulate transcription of genes involved in fat



and glucose metabolism, including the ABC transporters ABCA1*°, ABCB1%0#7,
ABCA12* ABCB4*, and ABCG1-2°°2 Ligands of PPARs include fatty acids,
eicosanoids, and a number of drugs®®. HNFs regulate a broad range of genes,
and while they are expressed at highest concentration in the liver, they can
regulate transcription in other tissues as well. HNF4 in particular has been
implicated in regulation of ABC transporters, including ABCA1%*, ABCG5/8°°, and
ABCC2%. Other ligand inducible transcription factors involved in ABC transporter
expression include the sterol regulatory element-binding proteins (SREBP), a
family of sterol responsive transcription factors that regulate expression of
transporters involved in cholesterol biosynthesis or efflux transporters, such as

ABCA1°".

Any change in the ability or availability of transcription factors to bind to DNA can
modulate gene expression®®. For example, variation in DNA sequence can
modulate the binding of DNA and RNA binding factors that regulate transcription
initiation or stability. Such changes in gene expression caused by polymorphisms
can be evaluated via correlative genotype—expression studies, looking for
statistically significant correlations between a variant and gene expression level
in a population. For example, the ABCG2 promoter variant —15994C>T is
associated with higher mRNA expression in multiple human tissue types %
Likewise, promoter polymorphisms in the transporters ABCA1 and ABCD2 were
associated with transporter expression in lymphoblastoid cell lines®. With the
large number of genotype-expression studies that have been conducted across

human tissue types, many such examples have been identified. A selection of



published polymorphisms associated with ABC transporter mRNA expression is

included in Table 1.2.



Table 1.2: Polymorphisms Associated with ABC Transporter mRNA

Expression

Tissue' Transporter Polymorphism Reference
LCL ABCA1 rs1800977 60
LCL ABCD2 rs4072006 €0
Whole Blood ABCA1 rs2102121 o1
Tibial Artery ABCA1 rs2018930 o
Tibial Nerve ABCA2 rs9410155 o1
Whole Blood ABCA3 rs4785914 o1
Skeletal Muscle ABCA4 rs7413585 o1
Lung ABCA5 rs7211418 o
Skeletal Muscle ABCA5 rs7211418 o1
Tibial Artery ABCA5 rs7211418 o
Whole Blood ABCA5 rs7211418 o1
Lung ABCAG6 rs2716226 o
Lung ABCA7 rs3087680 o
Thyroid ABCA8 rs2716185 o
Sun Exposed Skin ABCA8 chr17:66959267:D o1
Thyroid ABCA12 rs6736127 o
Sun Exposed Skin ABCA13 rs71549803 o1
Skeletal Muscle ABCB1 rs4728702 o1
Tibial Artery ABCB1 chr7:87735867:D o1
Sun Exposed Skin ABCB2 rs147942062 o1
Thyroid ABCB2 rs114251877 o1
Lung ABCB3 rs2621323 o
Thyroid ABCB3 rs2621323 o1
Tibial Nerve ABCB3 rs2621323 o1
Heart (Ventricle) ABCB3 rs241443 o1
Sun Exposed Skin ABCB3 rs2621323 o
Tibial Artery ABCB4 rs4148812 o1
Tibial Nerve ABCB4 rs4148812 o1
Whole Blood ABCB6 rs11892048 o1
Skeletal Muscle ABCB6 rs34393607 o1
Lung ABCBS8 rs6947821 o1
Skeletal Muscle ABCBS8 rs6947821 o1
Thyroid ABCBS8 rs2288652 o1
Heart (Ventricle) ABCB9 rs7296418 o
Sun Exposed Skin ABCB9 rs7964876 o1
Thyroid ABCB9 rs28557411 o
Lung ABCB10 rs476609 o1
Sun Exposed Skin ABCB11 rs853789 o
Thyroid ABCB11 rs13387523 o1
Whole Blood ABCC1 rs35605618 o1
Tibial Artery ABCC3 rs9303560 o
Tibial Nerve ABCC3 rs9303560 o1
Skeletal Muscle ABCC3 rs8070592 o1
Whole Blood ABCC3 chr17:48812872:1 o1
Thyroid ABCC4 chr13:95939546: o1
Whole Blood ABCC4 chr13:95874467: o1
Skeletal Muscle ABCC4 rs12865420 o1
Tibial Nerve ABCC4 rs7998388 o1
Heart (Ventricle) ABCC4 rs17189568 o1
Whole Blood ABCC5 rs7632670 o1
Tibial Nerve ABCC5 rs7632824 o1
Adipose ABCC6 rs12933479 o
Skeletal Muscle ABCC6 rs118037182 o1
Tibial Nerve ABCC6 rs1377549 o1
Sun Exposed Skin ABCC6 rs11642570 o1
Thyroid ABCC6 rs212070 o
Whole Blood ABCC6 rs3784870 o1
Heart (Ventricle) ABCC7 rs34654194 o
Tibial Artery ABCC8 rs77889556 o
Heart (Ventricle) ABCC8 rs985136 o
Lung ABCC8 rs67445779 o1
Skeletal Muscle ABCC8 rs985136 o1
Tibial Nerve ABCC8 rs2237967 o1

Sun Exposed Skin ABCC8 rs77889556 o




Thyroid
Whole Blood
Skeletal Muscle
Lung
Thyroid
Tibial Nerve
Whole Blood
Lung
Skeletal Muscle
Tibial Artery
Tibial Nerve
Adipose
Tibial Artery
Lung
Sun Exposed Skin
Thyroid
Whole Blood
Skeletal Muscle
Adipose
Lung
Skeletal Muscle
Sun Exposed Skin
Thyroid
Thyroid
Tibial Artery
Tibial Nerve
Thyroid
Adipose
Heart (Ventricle)
LCL
Intestine
Intestine
Intestine
Intestine
Intestine
Intestine
Intestine
Intestine
Intestine
Intestine
Intestine
Intestine
Intestine
Skin
LCL
LCL
LCL
LCL
LCL
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Liver
Brain (Cerebellum)
Brain (Frontal
Cortex)
Brain (Temporal
Cortex)
LCL

ABCC8
ABCC9
ABCC10
ABCC13
ABCD3
ABCD3
ABCD3
ABCD4
ABCET1
ABCF1
ABCF1
ABCF1
ABCF1
ABCF1
ABCF1
ABCF2
ABCF2
ABCF3
ABCGT1
ABCGT1
ABCGT1
ABCG1
ABCGT1
ABCG2
ABCG2
ABCGH4
ABCG4
ABCG5
ABCG8
ABCA2
ABCA13
ABCA13
ABCA13
ABCA13
ABCA2
ABCA2
ABCA2
ABCC11
ABCC11
ABCF2
ABCA13
ABCF2
ABCF2
ABCC3
ABCF2
ABCF3
ABCB9
ABCA7
ABCC1
ABCA10
ABCC11
ABCCS
ABCAS
ABCB9
ABCB2
ABCF2
ABCET1
ABCG5
ABCB10
ABCA13
ABCAS3
ABCD3
ABCAT1
ABCB2
ABCB2

ABCB2

ABCB2
ABCA1

rs77889556
rs73070702
rs4530855
rs11910187
chr1:94878641:D
rs587552
rs11585564
rs17098989
chr4:146579204:D
rs141237570
rs141237570
rs112357947
rs141237570
rs116512495
rs115769948
rs219233
chr7:150944796:D
rs843360
rs4920081
rs743542
rs12627125
rs186531
rs28689993
chr4:89834373:D
rs34521406
rs6589675
rs9667297
rs34141057
rs6749927
rs233465
rs4130214
rs10238679
rs1526106
rs7384280
rs2784054
rs2811787
rs2811724
rs8047091
rs11076561
rs219229
rs6583476
rs2608291
rs310583
rs3785912
rs2374315
rs6766579
rs1316952
rs4807928
rs9930886
rs12938064
rs16946122
rs4973898
rs12938064
rs4275659
rs2071474
rs5174
rs11026697
rs3792009
rs1828591
rs2277849
rs877534
rs6681849
rs987870
rs241440
rs2071473
rs2071473

rs2071473

rs2472519

61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
61
62
63
63
63
63
63
63
63
63
63
63
63
63
63
64
65
65
65
65
65
66
66
66
66
66
66
66
66
66
66
66
66
66
66
66
67
67

67

67




LCL ABCAT1 rs10991512

Adipose ABCAS rs12450167

LCL ABCA6 rs6501723

Skin ABCA6 rs9911770

Adipose ABCA8 rs4968956

Adipose ABCB3 rs241454

Skin ABCB3 rs241454

LCL ABCB9 rs949143

LCL ABCC1 rs212093

LCL ABCC4 rs7335912

Skin ABCCS rs2139559

Skin ABCC8 rs4757527

—

CL ABCF1 rs2074504

Skin ABCF1 rs3868078

—

CL ABCF2 rs6464134

Skin ABCF3 rs17804191

Adipose ABCGT1 rs7281720

LCL ABCG1 rs2839411

Fibroblast ABCB1 rs2718320

LCL ABCB3 rs241453

Fibroblast ABCB4 rs6946119

LCL ABCB3 rs4148876

Liver ABCB3 rs2071474

Monocytes rs12710103

Monocytes rs2189595

Monocytes rs12485738

Monocytes rs2274403

Monocytes rs9524856

Monocytes rs12054261

Monocytes rs2606228

Monocytes rs869335

Monocytes rs2547851

Monocytes rs4780600

Monocytes rs11172848




72

LCL ABCD2 rs1512943

Liver ABCF2 rs5174

Liver ABCF3 rs2272473

Liver ABCE1 rs1828591

Liver ABCA1 rs987870

Liver ABCB3 rs2071474

Liver ABCE1 rs11026697

Liver ABCA3 rs877534

Liver ABCC11 rs16946006

Liver ABCD4 rs2301345

Liver ABCG2 rs2728126

Liver ABCA3 rs17135889
'LCL: Lymphoblastoid Cell Line

10



1.2.2 Post-transcriptional and translational regulation of ABC transporter

expression

Translation initiation in eukaryotes occurs when the small ribosomal subunit
(40S), along with Methionine tRNA as part of the preinitiation complex (PIC),
locates the initiation codon (AUG) on an mRNA transcript. The specific sequence
context surrounding the start codon can regulate translation initiation™"".
Structural changes to the 5" untranslated region (UTR) that modify efficiency of
ribosomal binding or scanning can affect translation initiation. Alternate start
codons upstream (UAUG) of the true start codon can also reduce efficiency of
translation. For example, multiple uAUGs are present in the ABCC2 (MRP2)
5'UTR’®. Inclusion of the uAUGs results in decreased expression of MRP2 "8,

Alternate transcription initiation sites in different tissues results in variable

expression across tissues’®.

MicroRNAs, short (20-24 nucleotide) noncoding RNAs that bind to specific
sequences, have also been shown to play a role in regulating expression of ABC
transporters either by inhibiting translation by modulating recruitment of
eukaryotic initiation factors (elFs) 9 which prepare the mRNA transcript for PIC
binding, or by promoting mRNA degradationgo. For example, expression of the
MRP4 transporter encoded by ABCC4 is downregulated by miR-124a and miR-
506 expression in kidney tissue®'. microRNAs can also mediate gene expression
in response to particular cell conditions. For example, microRNA-379 mediates

downregulation of ABCC2 in response to rifampicin exposure®,

11



Changes in transcript and protein stability can modulate gene expression levels.
Introduction of premature termination codons (PTCs) in a transcript can trigger
the nonsense mediated decay (NMD) pathway, leading to transcript
degradation®®*. For example, an insertion in ABCC4 (MRP4) results in a PTC,
triggering NMD; this PTC exon is conserved across species, suggesting that the
insertion is a critical mechanism for regulating expression of MRP4%°. Similarly,
alternative splicing of ABCC5 (MRP5) in the retina produces alternate transcripts
with PTCs. These transcripts are targeted by NMD, and appear to be a
mechanism for regulating expression of MRP5.%¢ Variation in protein stability can
occur when changes to protein folding®” or localization®® in the cell mark the
protein for degradation. Sequence variation that occurs in the coding region can
modify transporter stability, resulting in changes in protein levels and disruption
of normal transporter function. For example, the ABCGZ2 (BCRP)
nonsynonomous polymorphism rs2231142 (421C>A, GIn141Lys) has been
associated with decreased BCRP levels®, possibly because of changes in
stability® or mislocalization of the transporter®’, resulting in premature
degradation. This change in expression results in reduced transport of BCRP
substrates SN-38, mitoxantrone, topotecan, or diflomotecan®’. Likewise, a
nonsynonomous polymorphism in ABCC4 (MRP4; rs3765534, 2269G>A)
disrupts stability and membrane localization of MRP4; furthermore, patients with
the 2269A variant have reduced MRP4 function®. Similarly, a nonsynonomous
SNP in ABCC11 disrupts stability of MRP8 protein, activating degradation and

altering function of the transporter.** Perhaps the best recognized example of

12



regulation of ABC transporter expression by a coding region sequence change is
the deletion of a phenylalanine (AF508) in the CFTR protein (ABCC7) which
triggers premature degradation of the transporter and loss of functional CFTR;

ABCC?7 AF508, is the cause of the vast majority of cystic fibrosis cases®, .

1.3 Motivation for Thesis Research

Given the importance of ATP-binding cassette transporters in humans, and the
functional impact that changes in transporter expression can have on both
endogenous functions and response to drugs, understanding the mechanisms
regulating transporter expression is important. Three mechanisms for regulation

of transporter expression were examined:

(i) Variation in DNA sequence across individuals associated with ABC
transporter expression in the human kidney.

(i) Variation in alternative splicing across individuals and tissues in
lymphoblastoid cell lines and the human kidney, liver, adipose tissue,
and heart.

(iif)  Transcription factor mediated variation in gene expression in
lymphoblastoid cell lines and the human kidney, liver, adipose tissue,

and heart.

The motivation for studying each mechanism is described in further detail below.

1.3.1 Variation in DNA sequence across individuals associated with ABC

transporter expression in the human kidney

13



Variation in DNA sequence can modulate the binding of DNA and RNA binding
factors that regulate transcription initiation or stability. While a number of large
genotype-expression association, or expression quantitative trait loci (eQTL),
studies have been conducted, most of these have been conducted in
lymphoblastoid cell lines or a limited number of other human tissues or cell lines.
In particular, for the study of ABC transporters, there is an acute lack of data
available from the human kidney. The kidney is a key organ responsible for
clearance of metabolic waste products and xenobiotics, and in maintaining
homeostasis of endogenous compounds such as hormones and electrolytes.
ABC transporters play a central role in these functions, and altered expression of
ABC transporters in the kidney can result in changes in both systemic and
localized (to the kidney) accumulation of xenobiotics and waste products, and
imbalances in endogenous compounds. Finally, ABC transporters also appear to
play a vital role in tissue regeneration following damage, especially in the

97,98

kidney”" ™", and thus subtle changes in ABC transporter expression may change
the propensity to long term kidney damage. Previous findings suggest that, for
the same set of individuals, anywhere from 50 to 80% of eQTLs are tissue-

66.67.69.71.74.99-119. thus to understand the genetic regulation of expression

specific
in the kidney, the analysis must be conducted directly in kidney tissue.

Furthermore, while many eQTL studies have been conducted, identifying
numerous putative expression regulatory loci, very few attempt to identify

regulatory SNPs and evaluate these at a molecular level. In this study single

nucleotide polymorphisms that regulate ABC transporter expression in the kidney
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were identified and characterized, and proposed regulatory SNPs were further
functionally validated. From these analyses, a set of high confidence variants
were generated that will be valuable in understanding ABC transporter function

and expression in the kidney.

1.3.2 Variation in alternative splicing across individuals and tissues in

lymphoblastoid cell lines and the human kidney, liver, adipose tissue, and heatrt.

At least 74% of genes are alternatively spliced'?’, with some estimates as high
as 94%'%"; the Ensemble gene annotation documents anywhere from 1 to 28
putative isoforms for individual ABC transporters, and these are most certainly
conservative estimates'?. Most alternative splicing (AS) events occur in a tissue-
specific pattern, and are a mechanism for regulating tissue specific
expression'"'?1123 However, differential expression of common isoforms across
individuals can have significant biological implications as well. Estimates suggest
that 10 to 30% of genes show differences in alternative splicing across
individuals in the same tissue'!, and in the few studies that have attempted to
study variation in splicing and expression at the population level, it is evident that
there is significant variation in gene expression across individuals that is driven
by AS®299.101102121.124 "v/ariation in alternative splicing can modify translation
initiation through conformational changes in the 5° UTR or through changes in the
sequence of 5" and 3’ UTRs, or modulate stability through changes in RNA

binding sequences in transcripts or the structure of the translated protein.
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Early studies on alternative splicing relied on Expressed Sequence Tags (ESTs)
(short cDNA sequences) and exon or splice junction arrays; however, these
methods had limited resolution and in general could reliably detect only the most
significant, ‘switch-like’ differences in expression or structure of alternate
isoforms. In recent years, the introduction of whole genome transcriptome
sequencing (RNA-seq) has greatly improved the ability to identify alternative
splice variants'?®. Further, improvements to the technology, such as longer read
lengths and paired end sequencing, have improved the accuracy and resolution
of isoform identification. The available technology is now sensitive enough to
enable the identification of relatively subtle differences in isoform expression

between individuals and across tissues.

While a number of RNA-seq and Exon/Junction Array studies have been
conducted to evaluate alternative splicing, relatively few have attempted a cross-
population evaluation of alternative splicing in human cell lines and tissues.
Several studies have examined alternative splicing across a panel of individuals

using lymphoblastoid cell lines form Caucasian and African American populations

65,101,106 102,112,121,124

using both RNA-seq and exon/junction arrays , and one study
evaluated AS across individuals in brain cortical and blood samples''®. However,
alternative splice variants are known to be highly tissue- and context—specific; for
example about 50% of splicing eQTLs are specific to a single tissue type“s.
Applying the information from one tissue to another or from a cell line to a

primary tissue will likely be misleading.
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Further, while numerous putative alternative isoforms of ABC transporters have
been identified through EST databases and microarray studies, few have been
well characterized. Tissue specific expression of individual isoforms has been
identified primarily by chance on a gene by gene basis in a limited number of
tissues, but a detailed investigation of the extent and nature of tissue specific AS

of ABC transporters is lacking.

In this study, ABC transporter splicing events were identified in four human
tissues and lymphoblastoid cell lines using RNA-seq data from multiple
individuals. Events that may be involved in regulation of transporter expression

both across individuals and across tissues were functionally characterized.

1.3.3 Transcription factor mediated variation in gene expression in

lymphoblastoid cell lines and the human kidney, liver, adipose tissue, and heatrt.

Variation in gene expression across tissues and across individuals is expected to
be modulated primarily by changes in the initiation of transcription'?®, and thus
transcription factors play a central role in the regulation of gene expression.
Characterizing the role that transcription factors play in modulating expression of
ABC transporters across different tissues will be vital to understanding the
expression patterns of the transporters across the body. Transcription factor
binding sites are short, degenerate motifs that occur across the genome; given
that the regulatory regions for a single gene may include many potential binding
sites, it is difficult to predict functional transcription factor binding sites for a single

gene. However, by searching within putative regulatory regions (such as
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promoters) of a set of genes predicted to be under regulation by a common
transcription factor, there is greater likelihood of successfully identifying

functional binding sites.

Genes that show coordinated patterns of expression are predicted to share
common transcriptional regulators of expression, and co-expression analyses
use global gene expression data to gain insight into gene regulation in the
context of other expressed genes. Regulatory “modules” are identified based on
co-expression patterns in a dataset, and these “modules” — groups of co-
expressed genes - can then be screened for enrichment of cis-regulatory motifs
such as transcription factor binding sites (TFBS). Such methods have been
applied extensively in yeast and organisms with “simple” genomes, as well as in
large expression datasets in human cells and tissues'?’~'*2. By exploiting global
expression data from a range of human tissues we can better understand the
role and nature of regulation of ABC transporters by transcription factors. Further,
co-expression has also been shown to be associated with common functional
relationships between genes'*, and has been used to assign function to
previously un-annotated genes; this analysis may provide clues to the function of

ABC transporters that have not been well characterized.

While a number of large studies of gene expression in a range of human tissues
have been conducted, most of these resources have not been exploited for the
purpose of understanding gene expression and regulation from a global context.
In addition, previous human co-expression studies have relied on microarray

data, and comparisons across tissue type have often required comparisons using
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datasets derived from different microarray platforms, giving highly variable and
potentially misleading patterns of expression. Using a set of whole-transcriptome
expression profiles across human tissues generated on a single platform with

high accuracy and reproducibility is ideal for a study of this type.

In this study, sets of genes co-expressed with ABC transporters in the human
kidney, liver, heart, adipose tissue, and lymphoblastoid cell lines were extracted
using RNA-seq data generated under identical library preparation and
sequencing conditions. Transcription factor motifs enriched in the promoters of
co-expressed gene sets were identified; this analysis generated novel
hypotheses about transcription factor mediated regulation of transporter

expression.
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Chapter 2: Expression Quantitative Trait Mapping Identifies Transcriptional

Regulators of ATP-Binding Cassette Transporters in the Human Kidney

2.1 Abstract

ATP-Binding Cassette (ABC) transporters are a family of proteins responsible for
the transport of endogenous compounds and drugs across cell membranes. In
the kidney, depending on their localization to apical or basolateral membranes,
ABC transporters are involved in both secretion of compounds into the proximal
tubule and reabsorption back into the blood stream. Alterations in activity of ABC
transporters, including changes in transporter expression, at the proximal tubule
can have significant renal and systemic effects. Expression regulatory variation
has been studied in a number of human tissues, but has not been explored in the
human kidney. In this study, local or cis-eQTLs associated with ABC transporter
expression in the kidney were identified, as well as distal transcription factors

containing one or more SNPs associated with transporter expression.

2.2 Introduction

While they are expressed throughout the body, the function of ABC transporters
is particularly essential in organs involved in excretory functions, such as the
kidney. ABC transporters are expressed primarily in the renal proximal tubule
epithelial cells, where they are involved in both secretion of compounds into the

proximal tubule and reabsorption back into the bloodstream. ABC transporters
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have also been implicated in protection against damage and regeneration in
several tissues, including the kidney'?. Thus, alterations in the activity of ABC
transporters in the proximal tubule can have significant renal and systemic

effects.

Changes in transporter function can be driven by changes in gene expression.
Further, inter-individual variation in expression of ABC transporters in the kidney
may explain differences between individuals in susceptibility to nephrotoxicity,
systemic drug toxicities, or other conditions caused by disruptions in the
excretion or homeostasis of metabolic wastes and other endogenous
compounds. Genetic variation associated with changes in gene expression —
known as expression quantitative trait loci (eQTL) — may be located proximal or
distal to the gene of interest. Proximal variation, or cis-eQTLs, may be found
within the gene itself or in a promoter or enhancer region outside of the coding
region. Distal variation, or trans-eQTLs, are often located in genes that regulate
expression of the gene of interest or are co-regulated with the gene of interest.
For example, polymorphisms in transcription factors may modulate expression of

the genes they regulate.’

While large eQTL studies have been conducted in lymphoblastoid cell lines*™®
and in selected human tissues’™"", variation in expression caused by genetic
differences is often highly tissue specific'?"*. To date, no eQTL studies have
been published in the human kidney. In this chapter, genetic variants associated

with ABC transporter expression in the renal cortex were identified.
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2.3 Materials and Methods

2.3.1 Tissue Samples

Kidney samples were acquired from two commercial sources (Asterand; Detroit,

MI and Capital Biosciences; Rockville, MD) and included both postmortem tissue

and surgical resection from donors. Kidney samples are from the renal cortex. All

samples originated from Caucasian males and females between ages 3-90

(average age 53.6 yr). Information regarding donors is included in Table 2.1.

Table 2.1: Tissue Donor Information

Sample Vendor Age Sex Ethnicity
1 Asterand 56 Female Caucasian
2 Asterand 78 Male Caucasian
3 Asterand 46 Female Caucasian
4 Asterand 55 Female Caucasian
5 Asterand 59 Male Caucasian
6 Asterand 69 Female Caucasian
7 Asterand 68 Male Caucasian
8 Asterand 53 Male Caucasian
9 Bioscience 74 Male Caucasian
10 Asterand 41 Male Caucasian
1 Asterand 81 Male Caucasian
12 Asterand 55 Male Caucasian
13 Asterand 55 Male Caucasian
14 Asterand 75 Male Caucasian
15 Asterand 52 Male Caucasian
16 Asterand 90 Female Caucasian
17 Asterand 71 Male Caucasian
18 Asterand 38 Female Caucasian
19 Asterand 50 Female Caucasian

20 Asterand 54 Female Caucasian
21 Asterand 4 Female Caucasian
22 Asterand 57 Female Caucasian
23 Asterand 40 Female Caucasian
24 Asterand 3 Male Caucasian
25 Asterand 55 Male Caucasian
26 Asterand 72 Male Caucasian
27 Asterand 48 Female Caucasian
28 Asterand 53 Male Caucasian
29 Asterand 8 Male Caucasian
30 Asterand 45 Male Caucasian
31 Asterand 63 Female Caucasian
32 Asterand 44 Female Caucasian
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DNA was extracted from 60 kidney samples with the Qiagen AllPrep DNA/RNA

Mini Kit and QIAquick PCR Purification Kit (Qiagen; Valencia, CA). RNA was

extracted following the protocol for Trizol reagent (Invitrogen; Carlsbad, CA) and

Qiagen (Valencia, CA) RNeasy MinElute Cleanup Kit; RNA with sufficient quality

(260/280 >1.7 and 260/230 >1.8, RNA Integrity number 3-8) was isolated for 58

kidney samples.

2.3.2 Genotyping and gPCR

Transcript expression levels were quantified for 58 kidney samples using a

custom array on the Biotrove OpenArray™ gPCR platform (Life Technologies;

38



Carlsbad, CA). Raw Ct values for each gene in each sample were normalized
relative to the geometric mean of three housekeeping genes: Beta-Actin,

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and Beta-2

microglobulin (BZM) to give a ACt value per gene for each sample. Because

samples were run across separate arrays and in some cases separate days, all
ACt values for a given tissue type were quantile normalized across samples
using the R preprocessCore package“. To detect outliers in expression data, a
principal components analysis was conducted on kidney samples; based on the
first three principal components, two outliers were detected and removed from

further analyses (Figure 2.1).
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Figure 2.1: Principal components of renal cortex samples. Principal
components 1 through 3 are shown for 58 renal cortex samples. Samples in red
were considered outliers and excluded from further analyses.

Fifty eight kidney samples were genotyped on an Affymetrix Axiom CEU
genotyping array'®. Initial quality control filters for genotype data included SNP
and sample call rate, sex check, and relatedness (by IBD). Six kidney samples
failed initial quality control for sex-check, relatedness, and call rate tests and
were excluded from further analysis. Altogether, genotype and expression data

were successfully generated for 52 kidney samples.
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2.3.3 Association with Age and Sex

Associations between transporter mMRNA expression and donor sex were
detected using the Wilcoxon-Rank rum test, and associations between mRNA

expression and donor age by linear regression.

2.3.4 cis-eQTL Analysis

ABC genes for which = 50% of samples had expression values at the limit of
detection of the gPCR instrument (Raw Ct = 30) were excluded from further
analyses. For each of the remaining 42 ABC transporters, association between
gene expression (normalized deltaCT) and genotype (number of minor alleles)
was calculated by linear regression for all SNPs with minor allele frequency
greater than 1% in two stages, first within 50 kb and second within 500 kb of the
longest isoform (transcription start site - transcription stop site) for each gene.
For transporters where association between transporter expression and age or
sex has p-value 0.2, regressions were conducted including age and/or sex as a
covariate. For each gene, p values from linear regression were corrected for
multiple testing by dividing by the number of haplotype blocks + number of
singletons within the region tested. Haplotype blocks were generated using the

|.16

method of Gabriel at al.’® as implemented in Haploview'. All cis-eQTL analyses

were conducted in PLINK'® unless otherwise noted.

2.3.5 trans-eQTL Analysis — transcription factors
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Because of the small sample size, trans-eQTL analyses were conducted as
gene-based tests, looking at the combined association of SNPs within a gene
with transporter expression, and limiting this analysis to transcription factors
expressed in the human kidney. Transcription factors were defined as genes
associated with Gene Ontology set GO:0003700, “sequence-specific DNA
binding transcription factor activity”, and kidney expression was defined as genes
with an FPKM>0 in the supplemental kidney expression dataset, for a total of 972
genes (Table 2.2). The gene-based analysis was conducted using the PLINK set
test. This test calculates the mean of up to 10 significant (p < 0.05) per-SNP p-
values after filtering for SNPs in linkage disequilibrium (r* = 0.5). An empirical p-
value is applied to each set test by permuting phenotype labels across
individuals (10,000 permutations). SNP p-values were calculated as described in
the cis-eQTL analysis, and gene boundaries were defined as +/- 10 kb of the
transcription start and stop site for the gene. A total of 796 transcription factor

genes contained at least one SNP and were evaluated in the gene-based test.
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2.3.6 trans-eQTL Analysis — distal genes

In addition to the transcription factor — QTL analysis, the analysis was expanded
to all genes in the genome (17,787 genes). Because the gene-based PLINK set
test is computationally intractable for large numbers of sets, the Versatile Gene-
based Association Study tool was used'®. Briefly, association between genome-
wide SNPs and transporter expression (normalized ACT) was conducted by
linear regression in PLINK. The Versatile Gene-based association test collapses
genome-wide associations into a single p-value per gene (most significant p-
value for each gene, defined as +/- 50 kb from the transcription start and stop
site). A simulation for each gene is generated, matching number of SNPs and LD
structure between SNPs to those observed in genotype data. Each gene is then
assigned an empirical p-value, which represents the portion of simulated p-
values for each gene that are larger than the observed most significant p-value.
Linkage disequilibrium for SNPs in each gene was estimated using HapMap data

from Caucasian populations (CEU).
2.3.7 Functional Annotation

For each of the six cis-eQTL SNPs, all 1000 Genomes® Pilot 1 SNPs in LD (% >
0.8) were extracted. Haploreg(v2)?' and RegulomeDB? were used to prioritize
SNPs based on available evidence for regulatory activity at and around the SNP
locus. All selected SNPs had a RegulomeDB score > 4. Evidence of regulatory
activity included protein binding predicted by CHIP-seq, open chromatin state by

DNase-seq® or FAIRE-seq?*, histone modifications indicative of active
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transcription by CHIP-seq, and/or putative change in transcription factor binding
based on position weight matrix. Histone modifications were defined as markers
of “active” rather than repressive state and with experimental evidence in human
cell lines including histone 3 lysine 4 (H3K4) mono-, di-, and tri- methylation,
H3K9 monomethylation or acetylation, H3K14 acetylation, H3K14
monomethylation or acetylation, H3K20 monomethylation, H3K79 mono- or di-
methylation, and histone H2A variant H2AZ. 2>?° CHIP-seq, DNase-seq, and
FAIRE-seq data come from the Encode®’ project. Transcription factor binding
analysis was conducted using TRANSFAC® Match with the 2014.4 matrix library
and high quality matrices from the vertebrate_nonredundant profile, using binding
sites reported to minimize the sum of false positive and false negative error rates

(minSUM setting).

2.3.8 Luciferase Assays

For each SNP, a DNA fragment including the 250 bases upstream and
downstream (500 bases total) was purchased from Integrated DNA Technologies
(Coralville, IA). DNA fragments and pGL4.23[/luc2/minP] and pGL4.13[/luc2/SV40]
vectors (Promega; Madison, WI) were digested with EcCoRV restriction enzyme
(New England Biolabs; Ipswich, MA), ligated using T4 Ligase (New England
Biolabs; Ipswich, MA), and transformed into DHS5alpha competent cells. Plasmids
containing DNA inserts in both forward and reverse orientations in pGL4.23 and
pGL4.13 vectors were purified using the GeneJET Plasmid Miniprep Kit (Thermo

Scientific; Waltham, MA).
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Each plasmid or empty vector was transfected into HEK293 cells using 0.5 ul
Lipofectamine 2000 (Life Technologies, Carlsbad CA) per well, along with
pGL4.74 [hRIuc/TK] (Promega; Madison, WI) control vector in a 96 well plate at
a 20:1 ABC Luciferase Plasmid:Renilla ratio. Luciferase and Renilla
bioluminescence was measured using the Dual-Luciferase® Reporter Assay
System (Promega; Madison, WI), on a GloMax 96 microplate Dual Injector
Luminometer (Promega, Madison, WI) 24 hours after transfection. For all
luciferase assays, HEK293 cells were cultured in High-glucose Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum. Opti-Minimal
Essential (OptiMEM® ) reduced-serum medium (Life Technologies; Carlsbad,

CA) was used during transfections.

Relative luciferase activity for each plasmid was measured by first normalizing
luciferase bioluminescence (in relative light units, RLU) to Renilla
bioluminescence for each well. Luciferase activity was then normalized to the
mean of luciferase activity for six replicates of empty vector. To test statistical
significance of the difference in relative luciferase activity between constructs and
empty vector the nonparametric two-sided Wilcoxon rank sum (Mann-Whitney)

test was used.
2.3.9 Supplemental Expression Dataset

To filter the list of transcription factors, an additional dataset consisting of gene
expression (FPKM) estimates from a transcriptome sequencing study conducted

on a subset of the kidney samples was used®. For this study, library preparation
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was conducted on 100 bp, poly-A selected, paired end reads prepared using a
strand specific (dUTP) protocol. Sequencing was conducted on an lllumina
(Hayward, CA) HiSeq 2000. Reads were aligned using Tophat2(v2.1.1)?°, and
gene expression quantitation was conducted using Cufflinks(v2.0.2). Further

details regarding this dataset are included in Chapter 3.3%%',

2.3.10 Liver Genotype and Expression Dataset

In addition to the kidney dataset, a liver dataset was generated consisting of 34

samples with genotype and ABC transporter expression data after quality control

measures. All sample preparation and analysis details for this dataset are

identical to those applied to kidney samples.
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2.4 Results

2.4.1 Genotype and expression dataset for ABC transporters in human kidney

Gene expression was measured by gPCR for 58 healthy human renal cortex
samples from post-mortem or post-surgical resection. Principal components
analysis (PCA) identified two outlier samples that were excluded from further
analysis (Figure 2.1). Further details regarding normalization are included in the
Methods. Samples came from both males and females aged three to ninety
years. Expression of no ABC transporters were significantly associated with
gender after multiple testing correction. ABCC7 expression was significantly
associated with age (p = 7.51E-06), with an increase in mMRNA expression with
age (Figure 2.2). Association between ABC transporter expression and

age/gender with a nominal p<0.05 are included in Tables 2.3 and 2.4.
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Figure 2.2: Association between ABCC7 mRNA levels and age. mRNA
levels are expressed relative to the geometric mean of three housekeeping
genes (ACt) and are significantly associated with age of donor (p-value = 7.51E-
06), with an increase in ABCC7 expression with increasing age.
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Table 2.3: Association of ABC transporter expression with age in renal

cortex.
Gene P-value Beta' Adjusted R*
ABCA1 0.002 -5.72 0.133
ABCB10 0.032 3.83 0.061
ABCB6 0.003 -7.28 0.126
ABCC1 0.035 -6.12 0.058
ABCC3 0.044 -4.58 0.052
ABCC7 7.51e-06 -9.53 0.282
ABCF1 0.006 -8.98 0.108

'Negative Beta value represents increase in gene
expression with increasing age

Table 2.4: Association of ABC transporter expression with gender in renal

cortex.
Gene P-value Median Difference in Ct'
ABCA12 0.013 -1.95 [-3.34, -0.33]
ABCA5 0.009 0.60[0.19, 1.04]
ABCAS8 0.049 0.49 [6.00 e-05, 9.82e-01]
ABCB10 0.018 0.66 [0.12, 1.24]
ABCD3 0.040 -0.25 [-4.92e-01, -3.05e-05

'Median pairwise difference in Ct (Hodges-Lehmann
estimator) between genders, expressed as Ct in males
relative to females.
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2.4.2 cis-eQTL analysis identifies genomic loci associated with expression of six

ABC transporters

eQTL analysis was conducted by linear regression. Six cis-eQTLs (within 50 kb

or 500 kb of the transcription start and stop site of each transporter) with adjusted

p-value < 0.10 were identified in ABCA9, ABCB8, ABCA10, ABCD1, ABCG1, and

ABCG2 (Table 2.5, Figure 2.3). Minor allele frequencies for these eQTLs ranged

from 7 to 50%, and percent of variance in transporter expression explained by

the eQTL ranged from 9 to 24%.

Table 2.5: ABC transporter cis-eQTLs in renal cortex tissue

Analysis Gene Genotyped Location MAF’

SNP

50 kb ABCA9 rs11077922 4.5kb 5’

50 kb ABCBS8 rs7783954 50 kb
500 kb ABCA70  rs16973316 340 kb
500kb  ABCDf1 rs12841019 400 kb
500 kb  ABCG1 chr21:42428511 60 kb
500kb  ABCG2 rs6532024 240 kb

0.45
0.44
0.07
0.50
0.18
0.36

Adjusted Beta’

R
0.136
0.093
0.202
0.142
0.237
0.138

0.80
-0.48
2.81

-0.60
-1.17
-1.45

P
(adj)?
0.008
0.100°
0.042
0.013
0.071*
0.046°

"Minor allele frequency

P value adjusted by the number of independent tests (#haplotype blocks+#singletons) in region

gested
A Includes age as covariate
Includes sex as covariate

®Beta for association with ACt; negative value corresponds to an association with increase in

transporter expression
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Figure 2.3. Human kidney mRNA expression by genotype for ABC

transporters with significant cis-eQTLs. mRNA expression is given as the ACt

and genotype is expressed as the number of minor alleles. Note that ACt is
inversely correlated with mRNA expression.
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2.4.3 rs1471400 modulates ABCG2 expression in vivo and transcriptional activity

in vitro

For each of these eQTLs, the LD block around each SNP (r? > 0.8) was
examined to identify regions with evidence suggestive of functional activity
(protein binding predicted by ChIP-seq, open chromatin state by DNase-seq or
FAIRE-seq, histone modifications indicative of active transcription by ChlP-seq,
and/or putative change in transcription factor binding based on position weight
matrix). Four SNPs in regions with the most evidence for functional activity were
prioritized, three for the ABCA10 eQTL (rs72631340, rs8078115, rs16967205)

and one for the ABCGZ2 eQTL (rs1471400). (Table 2.6 and Figure 2.4)
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Table 2.6: Predicted ABC transporter enhancer regions

Gene

Genotyped
SNP

SNP

RZ

Evidence for Enhancer Activity+

ABCG2

ABCA10

ABCA10

ABCA10

rs6532024

rs16973316

rs16973316

rs16973316

rs1471400

rs72631340

rs8078115

rs16967205

1.0

1.0

1.0

CTCF binding in 18 cell lines, SMARCA4
binding in 1 cell line, Sensitivity to DNase | in
19 cell lines, open chromatin in 5 cell lines
(FAIRE-Seq), H2az mark in 11 cell lines,
H3K4 monomethylation in 6 cell lines, H3K9
acetylation in 2 cell lines, H3K27 acetylation
in 1 cell line, H3K4 dimethylation in 3 cell
lines, H3K9 monomethylation in 1 cell line,
H4K20 monomethylation in 3 cell lines,
H3K79 dimethylation in 1 cell line, change in
binding of 1 transcription factors (PWM)

MAFK binding in 1 cell line, sensitivity to
DNase | in 1 cell lines, open chromatin in 1
cell lines (FAIRE-Seq), H2az mark in 9 cell
lines, H3K4 monomethylation in 1 cell line,
change in binding of 2 transcription factors

(PWM)

CEBPB binding in 3 cell lines, STAT3 binding
in 1 cell line, DNase | in 35 cell lines, H2az
mark in 11 cell lines, H3K4 monomethylation
in 8 cell lines, H3K4 trimethylation in 1 cell
line, H3K27 acetylation in 5 cell lines, H3K4
dimethylation in 4 cell lines, H3K9 acetylation
in 2 cell lines, open chromatin in 1 cell lines
(FAIRE-Seq), change in binding of 4
transcription factors (PWM)

CTCF binding in 1 cell line, sensitivity to
DNase | in 23 cell lines, H2az mark in 7 cell
lines, H3K4 monomethylaion in 1 cell line,
H3K27 acetylation in 1 cell line, H3K4
dimethylation in 1 cell line, H3K9 acetylation
in 1 cell line, change in binding of 4
transcription factors (PWM))

*H3K* - histone 3 lysine #; H2az - histone 2 variant

57



A

B

1
3

88,774,100|

chr4:88,774,046-88,774,446 (401 bp)
100 bases} { hg19
88,774,200 88,774,300|

88,774,400

Simple Nucleotide Polymorphisms (dbSNP 138) Found in >= 1% of Samples

rs1471400| rs1471401|
i egulatory Eleme

Transcription Factor ChIP-seq from ENCODE V2

ital DNasel Hypersensitivity Clusters in 125 cell txges from ENCODE

Transcriition Factor ChIP-sei 161 factors) from ENCODE with Factorbook Motifs
Digital DNasel Hypersensitivity Clusters in 74 cell tiies i2 reis from ENCODE

Repeating Elements by RepeatMasker

Transcription Levels Assayed by RNA-seq on 9 Cell Lines from ENCODE

H3K4Me1 Mark iOften Found Near Heiulatory

cell li

chr17:66,799,334-66,799,734 (401 bp)

66,799,700|

100 bases} { hg19
66,799,400 66,799,500| 66,799,600
Simple Nucleotide Polymorphisms (dbSNP 138) Found in >= 1% of Samples
159894084 | 1s9899443| rs16973316]
rs9894119| 1s72631340)|

Transcription Factor ChlP-seq from ENCODE V2

H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

tal DNasel Hypersensitivity Clusters in 125 cell types from ENCODE

Trans-cription Factor ChlP-seq (161 factors) from ENCODE with Factorbook Motifs

Digital DNasel Hypersensitivity Clusters in 74 cell types (2 reps) from ENCODE

Reieatini Elements bi ReieatMasker

Transcription Levels Assayed by RNA-seq on 9 Cell Lines from ENCODE

H3K4Me1 Mark (Often Found Ne

66,788,300|

chr17:66,788,246-66,788,646 (401 bp)

100 bases} { hg19
66,788,400] 66,788,500]

ar Regulatory Elements) on 7 cell lines from ENCODE
*\

66,788,600|

Simple Nucleotide Polymorphisms (dbSNP 138) Found in >= 1% of Samples
rs8078115|

Transcriition Factor ChIP—seﬁ from ENCODE V2
Transcriition Factor ChIP-sei i161 factorsi from ENCODE with Factorbook Motifs
Diﬁital DNasel Hiﬁersensitiviti Clusters in 74 cell tiﬁes i2 rei)s) from ENCODE

Repeating Elements by RepeatMasker

rs11657199)|

154968945 |

cell lines from ENCODE

rom ENCODE

Transcription Levels Assayed by RNA-seq on 9 Cell Lines from ENCODE

| 66,779,000|

rs7503863|

H3K4Me1 Mark (Often Found

chr17:66,778,886-66,779,286 (401 bp)
h

Near Regulatory Elements) on 7 cell lines from ENCODE
ﬁ:ﬁ_ i

H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines froi

66,779,200]

100 bases} { hg19
66,779,100|
Simple Nucleotide Polymorphisms (dbSNP 138) Found in >= 1% of Samples
r$9902652|
r$16967205|

H3K27Ac Mark (Often Fi

Digital DNasel Hypersensitivitx Clusters in 125 cell txges from ENCODE

d Near Active Regul

Transcription Factor ChIP-seq from ENCODE V2

Elements) on 7 cell lines from ENCODE

Transcription Factor ChIP-seq (161 factors) from ENCODE with Factorbook Motifs

Digital DNasel Hiﬁersensitiviti Clusters in 74 cell tiﬁes i2 reisi from ENCODE

Repeating Elements by RepeatMasker

Transcription Levels Assayed by RNA-seq on 9 Cell Lines from ENCODE

H3K4Me1 Mark iOften Found Neat
(

H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines from ENCODE

ulatori Elemenlsi on
: )

Figure 2.4. Evidence
of enhancer activity
for A: SNP
rs1471400, B: SNP
rs72631340, C:
rs8078115, and D:
rs16967205. Images
come from UCSC
Genome Browser
GRCH37/hg19
assembly with tracks
showing dbSNP 138
polymorphisms with
minor allele frequency
> 1% and Integrated
Regulation from
ENCODE.

58



For each of these regions, the 500 bp region around the SNP was cloned into a
luciferase vector with a minimal promoter (pGL4.23) and an SV40 promoter
(pGL4.13) and transfected into a human embryonic kidney cell line (HEK293) to
look for increases or decreases in luciferase activity. No putative regulatory
regions showed silencer activity in pGL4.13 vectors. (Figure 2.5) The ABCG2
eQTL region in pGL4.23 significantly increased luciferase activity, indicating

enhancer function (Figure 2.6).
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Enhancer activity of ABCGZ2 eQTL region with rs1471400 minor allele (G>A) was
also examined. Enhancer activity was slightly but significantly lower for the
rs1471400 allele G (pGL4.23.ABCG2.rs1471400G) relative to allele A

(pGL4.23.ABCG2.rs1471400A) (Figure 2.7), in accordance with eQTL results.
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Figure 2.7. Effect of rs1471400 on enhancer activity in vitro. Luciferase
activity is shown for plasmids containing a 500 bp region around putative ABCG2
eQTL SNP rs1471400, expressed relative to empty vector (pGL4.23) and Renilla
activity. Plasmids containing both reference (G) and minor (A) alleles for
rs1471400 were tested. Plasmids containing reference allele (rs1471400G)
result in a decrease in luciferase activity relative to alternate allele (rs1471400A).
Results shown for six replicates on one day; results from subsequent
experiments support these results.
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2.4.4 Polymorphisms in distal genes modulate expression of ABC transporters

Two gene-based frans-eQTL analyses were also conducted, looking for
combined effects of SNPs in distal genes on ABC transporter expression. First, a
set of 796 transcription factors expressed in the human kidney was evaluated,
looking at the combined effect of linkage disequilibrium filtered SNPs in each
transcription factor on ABC transporter expression. Significance of each
transcription factor-transporter association was evaluated by permutation.

Transcription factor-QTLs (tfQTLs) are listed in Table 2.7.

63



Table 2.7: ABC-transporter transcription factor eQTLs in renal cortex

Transporter Transcription Factor # SNPs Used Empirical p1
ABCA1 ZSCAN16 1 <0.001
ABCA10 SLC26A3 1 <0.001
ABCA10 TSHZ3 1 <0.001
ABCA10 USF1 1 <0.001
ABCA12 MYOCD 1 <0.001
ABCA2 IRF2 1 <0.001
ABCA2 ZHX1 1 <0.001
ABCA3 T 1 <0.001
ABCA4 ASCL2 1 <0.001
ABCA4 ATF1 1 <0.001
ABCA6 ASCL2 1 <0.001
ABCA6 GRHL3 1 <0.001
ABCA6 NKX6-1 1 <0.001
ABCA6 ZHX1 1 <0.001
ABCA7 SMAD3 1 <0.001
ABCA7 ZBTB7B 1 <0.001
ABCA7 ZFP36L2 1 <0.001
ABCA8 AFF1 1 <0.001
ABC(CB1 HSF5 1 <0.001
ABCB10 MYOCD 1 <0.001
ABCB4 POU4F1 1 <0.001
ABCB7 ATF5 1 <0.001
ABCB7 PBX1 6 <0.001
ABCC2 IRF2 1 <0.001
ABCC3 RORB 1 <0.001
ABCC4 SIN3A 1 <0.001
ABCC6 BTBD14A 1 <0.001
ABCC6 T 1 <0.001
ABCC7 RELB 1 <0.001
ABCC8 ZNF140 1 <0.001
ABCD1 BTG2 1 <0.001
ABCF1 FOXR1 1 <0.001
ABCF1 VDR 1 <0.001
ABCF1 ZHX1 1 <0.001
ABCG4 EGR2 1 <0.001
ABCG4 ZFHX2 1 <0.001

1p<0.001 is the lowest detectable p-value with 1000 permutations



Next, all genes in the genome were evaluated for an association with ABC
transporter expression, looking for the effect of the most significant SNP in each
gene. Two gene-eQTLs were identified that met the Bonferroni-corrected

threshold of 2.8E-06 (0.05/17,787) (Table 2.8).

Table 2.8: ABC-transporter gene-eQTLs in renal cortex

Gene Gene-eQTL Empirical Top SNP Top SNP
P in Gene P

ABCC10 ARHGAP27 <10°  rs16939964 1.8E-06

ABCB7 ERN1 1e-06 rs8076809 3.3E-06

Because the Bonferroni-corrected thresholds are quite conservative, all
transcription factor and gene based eQTLs down to an empirical p-value of 1E-

04 are included in Table 2.9.
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Table 2.9: Expanded list of ABC-transporter gene eQTLs in renal cortex

Gene' Gene-eQTL Nung:sr of EmpFl’rlcaI TO%::: M TopSNPP
ABCC10 ARHGAP27 5 <1E-06 rs16939964 1.80E-06
ABCB7 ERN1 10 1.00E-06 rs8076809 3.30E-06
ABCC6 CBX8 1 3.00E-06 rs8080723 5.20E-06
ABCAS8 C10o0rf141 16 4.00E-06 rs2489391 7.60E-07
ABCC6 CBX2 1 6.00E-06 rs8080723 5.20E-06
ABCB7 C90rf89 1 9.00E-06 rs10761192 1.10E-05
ABCB7 SUSD3 1 9.00E-06 rs10761192 0.000011
ABCB10 ACOTH4 3 1.00E-05 rs6574129 0.0000018
ABCB7 NINJ1 1 1.10E-05 rs10761192 0.000011
ABCA6 ACOTH4 3 2.00E-05 rs6574129 0.000011
ABCA6 VGLL3 13 2.20E-05 rs9863011 0.0000015
ABCA13 GPR45 19 2.20E-05 rs10496390 0.000021
ABCC2 ARFGEF1 6 2.30E-05 rs891589 0.000012
ABCA10 FAM46A 18 2.70E-05 rs3736841 6.40E-09
ABCA10 DLX1 6 2.90E-05 rs12692981 0.000024
ABCB9 PLEKHO1 2 3.00E-05 rs12124389 0.0000032
ABCB7 LINGO1 7 3.00E-05 rs13313467 0.0000047
ABCA13 TKT 3 3.00E-05 rs6769824 0.0001171
ABCA5 ACOTH4 3 3.10E-05 rs6574129 0.0000036
ABCA10 TACC1 13 3.40E-05 rs7816768 0.000015
ABCB7 ZNF425 3 3.70E-05 rs1202453 0.0001407
ABCC10 PADI1 10 4.00E-05 rs2977268 0.0000014
ABCB11 GSTA1 7 4.20E-05 rs6917325 0.000026
ABCB9 CRMP1 45 4 .30E-05 rs3885409 0.000022
ABCD3 C7o0rf54 4 4.70E-05 rs17151639 0.000021
ABCB7 FAM59A 41 4.70E-05 rs16963326 0.0000039
ABCD2 SF3B3 4 5.20E-05 rs7190039 0.000075
ABCC2 DDT 5 5.20E-05 rs4822458 0.000045
ABCA10 DLX2 10 5.50E-05 rs12692981 0.000024
ABCB5 ZNF558 8 6.10E-05 rs2967747 0.000046
ABCB11 GSTAS 12 6.20E-05 rs6917325 0.000026
ABCA10 SLC7A1 23 6.60E-05 rs3011617 0.0000053
ABCC7 6-Mar 5 6.70E-05 rs1875017 0.0002833
ABCB1 PFN1 5 6.70E-05 rs17706762 0.000047
ABCC7 RELB 2 6.80E-05 rs35891370 0.000336
ABCA10 FLJ33790 4 6.80E-05 rs4348932 0.0000002
ABCE1 FBXL5 6 7.20E-05 rs12649803 0.0005051
ABCB1 RNF167 5 7.20E-05 rs17706762 0.000047
ABCB1 GP1BA 5 7.30E-05 rs17706762 0.000047
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ABCD4
ABCB1
ABCC2
ABCB1
ABCC2
ABCD4
ABCB7
ABCC2
ABCG8
ABCB1
ABCA6
ABCB7
ABCA4

CD5L
SLC25A11
GSTT2-1
ENO3
GSTT2B
FCRL1
HPS3
DDTL
FGF10
INCA1
ZHX1
CNPY1
TRIM39

o O o1 OO O ©

12
142

7.50E-05
7.50E-05
7.60E-05
8.00E-05
8.10E-05
8.30E-05
8.40E-05
8.70E-05
8.80E-05
9.10E-05
9.40E-05
9.60E-05
1.00E-04

rs17690088
rs17706762
rs4822458
rs17706762
rs4822458
rs17690088
rs2681092
rs4822458
rs6883600
rs17706762
rs4871353
rs11760611
rs3130139

0.0006457
0.000047
0.000045
0.000047
0.000045

0.0006457

0.0001323
0.000045
0.000245
0.000047
0.000054
0.000013

0.0002185

'All eQTLs with a p < 1E-04 are shown.
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2.4.5 cis-eQTL analysis in liver replicates published associations

A liver genotype and expression dataset for 34 samples was also generated.
Several large liver eQTL studies have been published previously. cis-eQTL (50
kb upstream and downstream of each ABC transporter) analyses were
conducted to replicate published findings and validate the methodology used in
the kidney analysis. In the liver samples, associations between rs12941297 and
ABCADS5 expression and rs4437575 and ABCB4 expression were detected,

validating the earlier findings from Innocenti et al.? (Table 2.10).

Table 2.10: Previously published cis-eQTLs identified in liver samples

Analysis Gene Published Genotyped LD' MAF* Beta’ P (adj)*
SNP SNP (R?)

50kb  ABCAS5 rs12941297 rs12938097 1.00 0.49 0.87 0.0004

50 kb  ABCB4 rs4437575 rs2235038 0.93 0.44 -0.86 0.0366°

' Linkage disequilibrium with published SNP

% Minor allele frequency

¥ Beta for association with ACt; negative value corresponds to an association with increase in
transporter expression

*P value adjusted by the number of independent tests (#haplotype blocks + #singletons) in region
tested

®Includes age as a covariate
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2.5 Discussion

Genetic markers associated with ABC transporter expression in the human
kidney were identified in the current study. In the first stage of analysis, SNPs
within 50 kb of each transporter were considered. For example, a cis-eQTL for
ABCAQ9 was identified in the promoter region of the gene. Similar to the other
genes in the ABCA gene family, ABCA9 is a cholesterol responsive gene that is
predicted to be involved in lipid homeostasis?. rs11077922 is associated with
decreased expression of ABCA9, and is predicted to create a binding site for
kidney-specific transcription factor Evi-1. In the second stage of this analysis,
SNPs within 500 kb of each transporter were examined. An eQTL for ABCB8
was identified ~50 kb downstream in the AGAP3 gene. ABCBS8 is a
mitochondrial membrane protein involved in iron transport®®, while AGAP3 is an
enzyme involved in receptor trafficking®*. While there are no known interactions
between the two genes, a unique eQTL (rs2288652) for ABCBS8 was identified in
AGAPS3 in thyroid tissue as a part of the Genotype-Tissue Expression (GTEXx)

project®®, suggesting that there may be some relationship between these genes.

Functional validation of cis-eQTLs revealed one region containing a SNP
(rs1471400) associated with expression of ABCG2 with evidence of enhancer
activity in in vitro luciferase assays. The magnitude of effect in the in vitro assay
may be muted because the effect of age in the system was not incorporated into
the assay (the association in tissues is corrected for age of patients). The variant
allele at the polymorphic position was associated with an increase in ABCG2

expression in kidney samples and an increase in enhancer activity in vitro,
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suggesting that this variant contributes to inter-individual differences in
expression of ABCG2. Computational analysis of predicted transcription factor
binding showed a predicted decrease in binding of transcription factor ING4, a
transcriptional repressor®. Further, there is some evidence that ING4 expression
is inversely correlated with age through the actions of one of its regulators, miR-
650%, possibly explaining the role of age in association of ABCG2 expression

with genotype.

ABCGZ2 encodes the breast cancer resistance protein (BCRP); BCRP is involved
in transport of a broad range of substrates, including natural compounds such as
urate® and folic acid®®, as well as a number of drugs and drug metabolites,

4041 statins*?, and chemotherapeutics****. In the

including several antivirals
kidney, BCRP is expressed on the apical membrane of proximal tubule epithelial
cells, and plays a key role in renal elimination of a number of compounds. The
transporter has also been implicated in protection of cells against hypoxic
conditions*® and in regeneration after tissue damage*®. Subtle differences in
expression of this transporter between individuals may be responsible for
differences in systemic or local exposure to drugs excreted by BCRP or
susceptibility to tissue damage. While most studies of clinical impact of ABCG2
polymorphisms have focused on variants within or immediately adjacent to the
gene, the current findings suggest that distal variants, such as the one identified,
may also play a role in modulating clinical outcomes associated with BCRP

activity. Such distal polymorphisms may account for some of the unexplained

variation between individuals in disposition and toxicity of BCRP substrates.
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tfQTLs and gene-QTLs were also identified for renal ABC transporters. An
association between polymorphisms in the RELB transcription factor and
expression of the transporter ABCC7, which encodes the cystic fibrosis
transmembrane conductance regulator (CFTR), was identified in both
transcription factor- and genome wide frans-eQTL analyses. CFTR is a chloride
transporter, and in the kidney plays a key role in chloride secretion, regulation of
salt and water balance, and potentially transport of drugs*’. RELB is a member of
the NF-kB family, and acts as a transcriptional regulator when bound to p50 or
p52*8. While NF-kB is a known transcriptional regulator of ABCC?7, the
experimental evidence for this association has been generated with the more
common RELA-p50 heterodimer*. These results suggest that RELB
heterodimers also play a role in transcriptional regulation of ABCC7, and
polymorphisms in RELB, like the one identified, may modulate inter-individual

expression of NF-kB targets.

It is important to note that the sample size was small, and thus it is likely there
are additional kidney eQTLs for the ABC transporter family that were not
detected in this study. Further, because of this small sample size, an alpha
(significance threshold) of 10% was applied, rather than the more standard 5%,
as these results are intended to generate hypotheses which can be further
explored in additional datasets or experimental studies. Despite this limitation,
several cis-eQTLs for ABC transporters were identified in the human kidney, and
one of these eQTLs was validated in vitro for the transporter BCRP (ABCG2).

Further, the ability to detect previously identified SNP-gene associations in a
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smaller liver tissue set suggests that such associations can be detected even
with small sample sizes. In addition, while the current study was not powered to
conduct a complete frans-eQTL analysis, transcription factor-QTLs for ABC
transporters were identified. The transcription factor-QTLs provide novel

hypothesis about the transcriptional regulation of ABC transporters in the kidney.
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Chapter 3: Alternative Splicing of the ATP-Binding Cassette Transporter

Family Regulates Transporter Expression in Human Tissues

3.1 Abstract

Alternative splicing across tissues and across individuals can regulate transporter
expression. In this study, a systematic evaluation of ABC transporter splicing was
conducted across individuals and tissues. Transcriptome sequencing data from
multiple human tissues were analyzed, and both previously annotated and
unannotated splicing events were identified. Among transporters that were
variably spliced across individuals or tissues, several were associated with
changes in gene expression in in vitro assays, including alternate 5’UTRs for the
genes ABCCS5 and ABCAS8 that may regulate inter-individual expression. A novel
exon in the gene ABCC6 was shown to trigger transcript decay and may regulate
tissue specific expression. These splicing events represent potential

pharmacogenetic and human disease markers.

3.2 Introduction

ATP-binding cassette (ABC) transporters are a family of transport proteins
expressed on cell and organelle membranes responsible for transport of a broad

range of metabolites and xenobiotics across cell membranes. These transporters
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play a key role in both drug disposition and homeostasis of endogenous
compounds’. Variation in expression of ABC transporters can affect these
essential functions in the body. The impact of single nucleotide polymorphisms
(SNPs) on ABC transporter expression have been studied?, and are summarized
in Chapter 1. Changes in secondary structure, or alternative splicing, of the
transporters can also modulate transporter expression. This splicing-mediated
regulation of gene expression can occur through changes in the proportion of
functional transcripts, changes in the efficiency of translation, or stability of
transcripts or proteins. Such splicing may be variable both across tissues®* and
across individuals®®, leading to differences in tissue-specific or inter-individual
gene expression. Thus, comprehensive studies of alternative splicing for a given
gene or gene family must examine such events in multiple human tissue types

and across multiple individuals.

Alternative transcripts have been identified for many ABC transporters, and the
functional impact has been characterized for a small number of events and
transporters *'". In this study, the first systematic evaluation of ABC transporter
splicing across multiple individuals was conducted in four human tissue types
(heart, adipose, liver and kidney) and lymphoblastoid cell lines using
transcriptome sequencing data. Putative “functional” splicing of transporters that
produces alternate transcripts that, when translated, generate functional protein,
as well as “nonfunctional” splicing events that do not produce functional protein

were identified. A significant portion of these events are not included in existing
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transcript annotations. Further, the impact of specific functional and nonfunctional
splicing events on transporter expression was evaluated in vitro. These events

represent potential pharmacogenetic and human disease markers.
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3.3 Materials and Methods

3.3.1 Samples, Library Preparation and Sequencing

Total RNA was extracted using Trizol (Invitrogen; Carlsbad, CA) from 24 liver
(hepatocytes), 20 kidney (renal cortex), 25 adipose (subcutaneous), and 25 heart
(ventricle) tissue samples, along with 44 lymphoblastoid cell line samples.
Further details regarding tissues and RNA isolation have been published'?"8. Al
samples used for library preparation had a minimum RNA integrity number (RIN)
of 6 or higher assayed by Bioanalyzer. cDNA library preparation and sequencing
was conducted at the Baylor College of Medicine Human Genome Sequencing
Center (BCM-HGSC) for liver, kidney, adipose, and heart tissue samples. Library
preparation was conducted as described by Zhong et al.'® Briefly, mMRNA was
selected by oligo(dT) and then fragmented. First strand cDNA was generated
using Superscript Il reverse transcriptase and random hexamer primers,
followed by second strand synthesis using DNA polymerase I. lllumina adaptors
were ligated to double stranded cDNAs and strand specificity was achieved by
incorporating dUTP during second strand synthesis and digestion with Uracil-
DNA Glycosylase prior to PCR amplification. Libraries were sequenced on an
lllumina HiSeq instrument with five samples per lane. cDNA library preparation
for LCLs was conducted by Covance, Inc (Princeton, NJ) according to
manufacturer’s instructions using the TruSeq RNA Sample Prep Kit v2 (lllumina;

San Diego CA) and sequencing was conducted at the University of Washington
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Northwest Genomics Center. Sequencing generated 100 base pair (bp) reads

for all samples.

3.3.2 Alignment and Alternative Splicing Analysis
Reads were aligned to the human genome using Tophat v2.1.1%. Because read
depth was variable across samples and tissues, read depth was normalized to 20

million reads per sample by subsampling reads. Transcript assembly for each

.221 ,22 )23

sample was conducted with Cufflinks v2.0 using the Gencode(v12
transcript annotation to guide assembly. Additional options were included for
upper-quartile normalization (--upper-quartile-norm), library type (--library-type fr-
firststrand), and maximum bundle length (--max-bundle-length 7500000).
Cuffmerge was used to merge all per-sample transcript assemblies to create a
single study-wide transcript assembly annotation. This study wide transcriptome
annotation was used in the JuncBASE(vO.G)24 tool along with junction reads
identified by Tophat to characterize splicing events in ABC transporters. A
Shannon entropy score of 2 was used in JuncBASE as a filter for unannotated
splicing events. In addition, Cuffdiff (v2.2.1) (using the option --library-type fr-

firststrand) was used to calculate sample and tissue specific mMRNA expression

estimates (fragments per kilobase per million, FPKM).
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3.3.3 Functional annotation of splicing events

Functional annotation was prioritized for splicing events with at least 10 reads per
event that were detected in at least two individuals. The median percent spliced
in (PSI) was required to be between 10% and 90% in any sample type or high in
one tissue and low in another (>90% and <10% in at least two different sample
types) for functional consideration. Intron retention events were excluded from
further functional annotation. Annotated splicing events are defined as those
existing in UCSC (hg19), Gencode (v19), RefSeq (release 59-63), or Ensembl

(v75) gene annotations.

For alternate 5’'UTRs, RNA regulatory motifs were analyzed using RegRNA® and
UTRScan® with 5’'UTR motifs from UTRSite?. Minimum free energy of
secondary structure estimates from mFold®’ (with version 3 free energies and

default parameters) and UTR length were also considered.

To identify premature termination codons (PTC), the impact of selected splicing
events on coding sequence was examined, assuming the structure of the
transcript upstream of each event matches the reference gene annotation.
Where multiple transcript structures were available in the annotation databases,
the transcript containing the splicing event for annotated events, or the transcript

matching the CCDS transcript for unannotated events were used.
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Potential single nucleotide polymorphisms (SNPs) that may result in a given
alternative splicing event were identified by searching for polymorphisms (dbSNP
138 with minor allele frequency > 1%) at splice junctions. SNPs in splicing motifs
(exonic and intronic splicing enhancers and silencers) defined in AEdb (the
manually curated component of the Alternative Splicing Database®®) were

identified using RegRNA 2.0%.

3.3.4 Luciferase Assays

For alternative 5’UTRs, each complete 5’UTR region was amplified from pooled
human heart cDNA purchased from Clontech (Mountain View, CA) using primers
containing Ncol restriction site sequences (Table 3.1) and Phusion High Fidelity
DNA Polymerase (Thermo Scientific; Waltham, MA). Primers were purchased
from Integrated DNA Technologies (Coralville, IA). Each amplified UTR was then
inserted into the Ncol site in the pGL3-promoter vector [luc+/SV40] (Promega;

Madison, WI), located immediately 5’ of the luciferase gene in the vector.
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Table 3.1: ABC Transporter 5’UTR Amplification Primers

Primer Name Primer Sequence' (5’ -> 3’)
ABCA8 5UTR_A F TAAGCA[CCATGG]JATAACCTCCACTCTGAAAGCAGTC
ABCA8 5UTR_A R TGATGT[CCATGG]ICTTGTTTCTGGGAAAATGGAAG
ABCA8 5UTR B F TAAGCA[CCATGG]JATAACCTCCACTCTGAAAGCAGTC
ABCA8 5UTR_B R TGATGT[CCATGG]CTTGTTTCTGGGAAAATGGAAG
ABCC5 5UTR A F TAAGCA[CCATGG]GGCCGATGCCGCTATAAA
ABCC5 5UTR_A R TGATGT[CCATGG]CATCTTCTCTGAGTGGAGGTTCC

ABCC5_5UTR_B_F TAAGCACCATGGTTAAAGATAAGTAACAGCTATATCAACTTAGGG

ABCC5_5UTR_B_R TGATGTCCATGGCTTCTCTGAGTGGAGGTTCCA
ABCC5_5UTR_C_F TAAGCA[CCATGG]GAATTCTGATGTGAAACTAACAGTC
ABCC5_5UTR_C_R TGATGT[CCATGG]TTCTCTGAGTGGAGGTTCCA

"Ncol restriction site shown in brackets

PCR conditions were as follows: one cycle for 60 sec at 98°C, followed by 40
cycles of 10 sec at 98°C, 30 sec at 60°C, and 30 sec at 72°C, and a final
extension for 10 min at 72°C. Amplified UTRs and pGL3-promoter vector was
digested with Ncol restriction enzyme (New England Biolabs; Ipswich, MA),
ligated using T4 Ligase (New England Biolabs; Ipswich, MA), and transformed
into DH5alpha competent cells. pGL3-promoter-UTR plasmids were purified

using the GeneJET Plasmid Miniprep Kit (Thermo Scientific; Waltham, MA).

Each plasmid or empty pGL3-promoter vector was transfected into HEK293 cells
using 0.5 ul Lipofectamine 2000 (Life Technologies, Carlsbad CA) per well, along
with pGL4.74 [hRIuc/TK] (Promega; Madison, WI) control vector in a 96 well plate

at a 20:1 pGL3-promoter-UTR:pGL4.74 ratio. Luciferase and Renilla
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bioluminescence were measured using the Dual-Luciferase® Reporter Assay
System (Promega; Madison, WI), on a GloMax 96 microplate Dual Injector
Luminometer (Promega, Madison, WI) 24 hours after transfection. For all
luciferase assays, HEK293 cells were cultured in High-glucose Dulbecco’s
modified Eagle’s medium (DMEM) (University of California San Francisco Cell
Culture Facility) with 10% fetal bovine serum (Axenia BioLogix, Dixon CA) Opti-
Minimal Essential (OptiMEM®) reduced-serum medium (Life Technologies;

Carlsbad, CA) was used during transfections.

Relative luciferase activity for each UTR plasmid was calculated by first
normalizing luciferase bioluminescence (in relative light units, RLU) to Renilla
bioluminescence for each well. Relative luciferase activity for all plasmids was
then expressed to the mean relative luciferase activity for six replicates of the
plasmid containing the reference gene annotation (ABCC5_5UTR_A and
ABCA8_5UTR_A). To test statistical significance of the difference in relative
luciferase activity between un-annotated and reference UTR constructs was

tested using a nonparametric two-sided Wilcoxon rank sum (Mann-Whitney) test.

3.3.5 Nonsense Mediated Decay Assays

Splicing events that created a PTC > 50 bases upstream of an exon-exon
junction were evaluated in vitro to determine if the putative-PTC junction creates
a transcript that is a target of the nonsense mediated decay (NMD) process.

Cells were treated with the translation inhibitor puromycin to evaluate whether
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splicing events were targets of NMD. Primers that overlap exon-exon junctions
for both the putative PTC and the non-PTC event were used for gqPCR. HepG2 or
HEK293 cells were treated with 100 ug/ml puromycin (Life Technologies;
Carlsbad, CA) for 6 hours, and RNA was extracted from cells with and without
puromycin treatment with the Qiagen RNeasy MiniKit (Valencia, CA). cDNA was
prepared using the iScript Select or iScript cDNA synthesis kits (Bio-Rad
Laboratories Inc; Hercules, CA) using 1 ug RNA. gPCR assays were run using
event specific primers (Table 3.2) (Integrated DNA Technologies; Coralville, 1A)
with the Maxima SYBR Green/ROX master mix (Thermo Scientific; Waltham,
MA) using standard cycling protocols on an ABI7900 Real Time PCR System
(Life Technologies; Carlsbad, CA). For all puromycin treatment assays, HepG2
and HEK293 cells were cultured in DMEM or RPMI-1640 (University of California
San Francisco Cell Culture Facility) with 10% fetal bovine serum (Axenia

BioLogix, Dixon CA).
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Table 3.2: ABC Transporter Nonsense Mediated Decay Primers

Primer Name

Primer Sequence (5’ -> 3’)

ABCC3_Ext_PTC_F
ABCC3_Ext_ PTC_R
ABCC3_Ext_F
ABCC3_Ext_R
ABCC2_Trunc PTC_F
ABCC2 _Trunc_ PTC R
ABCC2_Trunc_F
ABCC2_Trunc_R
ABCA6_PTC_F
ABCA6_PTC_R
ABCA6_Trunc_F
ABCA6_Trunc_R
ABCC2_PTC_F
ABCC2_PTC_R
ABCC2_F
ABCC2 _R
ABCC3_PTC_F
ABCC3_PTC_R
ABCC3 _F
ABCC3 _R
ABCC6_PTC_F
ABCC6_PTC_R
ABCC6_F
ABCC6_R

ABCA8_PTC_F

CAGCGCTTCATGGACCTT
TACCAAAGTCCTGCCAGAGG
CAGCGCTTCATGGACCTT
CAAAGTCCTGCCAGAGGAAG
GCCGGTGGTCAGATTATCA
GAACAGGATGGGGTCTGG
GATTATCATTGATGGAGTAGATATTGC
GGGTCCTGGGGGATGAT
CCAAGATTCAGCATTCCAAA
GTGGCTCCCAAGGAATTGT
AGATTCAGCATTCGCTCTCC
TCATGACTATAATTTGGGTGAATG
GCCAACTTGTGGCTGTGATA
ATGATCTTGATGGTGATGTGC
GCCAACTTGTGGCTGTGATA
GGTGCCTTGATGGTGATGT
GCTCTTTGCTGCACTATTTGC
AGGTCTACCTGCAAGGAGTAGG
GCTGCACTATTTGCCGTCAT
GCAAATGTCACCCTGCAA
GCCAAGATGAGAAACCAAAA
TCAATCCCTGCTATGAAATCAA
GGGTCCTTGGTCCCATCTAC
GAATCCAAGCACCCATCTTG

AGGAAGGAAGTTACTGTACATGAGTG
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ABCA8_PTC_R GTGACCTTCCTGTGCCCATC
ABCAS8_F ATCTTCGAAAGTGATATTCCATTTA

ABCA8_R GAGAAGATGAGAAGATAAGAACAAACA

Relative mRNA expression for each junction was represented by the average of
three replicate cycle threshold (Ct) values (excluding any obvious outliers), which
denote the cycle number at which SYBR® Green fluorescence crosses a
threshold value. Each Ct represents a two-fold decrease in expression, and
higher overall Ct values represent relatively lower mRNA expression. The relative
MRNA expression of putative PTC junctions in each condition was calculated by
normalizing average PTC junction Ct to the average non-PTC junction Ct values

in each condition.
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3.4 Results

3.4.1 Extensive Novel and Variable Splicing of the ATP-Binding Cassette

Transporters

Paired-end RNA-seq data for 139 samples from four human tissues — adipose,
liver, kidney and heart — and lymphoblastoid cell lines were used to explore
alternative splicing of ABC transporters with the splice event identification tool
JuncBASE?*. JuncBASE identifies individual splicing events using junction reads
(those that cross exon-exon boundaries) from transcriptome sequencing
experiments. ABC transporter events identified in two or more individuals in any
given tissue type and those with median PSI between 10 and 90% or >90% and
<10% in at least two different sample types were defined as high confidence
splicing events. This high confidence splicing set consists of 22 unannotated
events (events that are not included in UCSC hg19, Gencode v19, RefSeq
(release 59-63),, or Ensembl v75 gene annotations) and 28 annotated events
across the four tissues and lymphoblastoid cell lines (Table 3.3). Unannotated
events include both putative novel exons, cassette exons, and truncated or

extended exons.
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3.4.2 “Functional” splicing events modulate transporter expression

“Functional” splicing events were defined as those that result in a predicted
functional transcript — that is, the splicing event does not change the function of
the protein itself, but rather alters the untranslated region or changes the coding
sequence in a region of the protein that will not disrupt function. Events that alter
the coding sequence but retain both ATP-binding domains and all
transmembrane domains were also included in the set of putative functional
events. Events that met these criteria for generating potential functional protein
and had variable PSI either between individuals or between tissues were
included in the set of putative functional events (Table 3.4); these events are
more likely to be involved in regulation of gene expression. Two functional
splicing events in the 5" UTR were characterized further; these events occur in

two genes expressed in the human heart - ABCA8 and ABCCS.
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Table 3.4:

Putative Functional ABC Transporter Events

Event

Gene D Annotated2 Event Effect of splicing event

ABACS 13 N Last Exon Early termination event occurs after a[l ATP-binding and
transmembrane domains

ABCA5 7 N Cassette Exon Deletion of 38 amino acids after all ATP-blndlng and all
transmembrane domains

ABCA6 10 N Last Exon Early termination event occurs after a[l ATP-binding and
transmembrane domains

ABCAS8 12 Y Cassette Exon Changes structure of 5'UTR

ABCA9 15 v Cassette Exon Creates an early termination event after.all ATP-binding and
transmembrane domains

Deletion of 47 amino acids does not change frame and occurs

ABCB4 7 Y Cassette Exon outside of ATP-binding and transmembrane domains

ABCC2| 27 N Truncated Exon Creates an early termination event after.all ATP-binding and
transmembrane domains

ABCC5| 33 N First Exons Changes structure of 5'UTR

ABCCY| 41,42 Y Alternative Last Exons Early termination events occur after all ATP-binding and

transmembrane domains

" See Table 3.3 for event descriptions

2 Annotated events are those in UCSC (hg19), Gencode (v19), RefSeq (release
59-63), or Ensembl (v75) gene annotations

Inclusion of a cassette exon in the 5’UTR of ABCAS8 results in two alternate

5UTRs - ABCA8 5UTR_A and ABCA8 5UTR _B (Figure 3.1A). The percent of

transcripts including the cassette exon varies between 8 to 40% (Figure 3.1B)

across individuals in the heart.
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Figure 3.1: ABCAS alternate 5’ UTRs. A: Structure of alternate ABCA8 5’
UTRs. Exon 1b is a cassette exon excluded in ABCA8 5UTR_A. B: Percent of
reads representing inclusion of each splicing event by individual in the heart.
The two alternate 5’UTRs for ABCA8 were evaluated in vitro by inserting each
UTR into a luciferase vector upstream of the luciferase gene. These plasmids
were transfected into cells to look for a difference in luciferase activity between
the two sequences. The shorter ABCA8_5UTR_A (without cassette exon)
showed significantly lower luciferase activity relative to the longer
ABCA8_5SUTR_B (inclusion of the cassette exon) (Figure 3.2). UTR motif
analysis of the alternate UTRs predicted the introduction of an Internal

Ribosomal Entry Site (IRES) in ABCA8-5UTR-B (Table 3.5).
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Figure 3.2: Transcriptional activity of ABCA8 5’UTR sequences. Luciferase
activity is expressed relative to Renilla and the ABCA8_SUTR_A plasmid.
ABCA8_SUTR_B has significantly higher luciferase activity relative to
ABCCS5_5UTR_A (p<0.05). Data shown from six replicates in one experiment
and are representative of at least three independent experiments.

Table 3.5: Analysis of ABCA8 5°UTRs

Length Min - Motifs?
(bp) AG'
ABCA8 5UTR_A 179 -28.6 TOP
ABCA8 5UTR_B 340 -84.6 IRES, TOP,
uORF

"Minimum free energy of 5’UTR folding predicted using mFold
25'UTR RNA binding motifs predicted using RegRNA: uORF:
Upstream Open Reading Frame; IRES: Internal Ribosomal Entry
Site; TOP: Terminal Oligopyramidine Tract
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Two previously unannotated first exons for ABCCS5 in the heart result in a novel
5UTR- ABCC5_5UTR_B (Fig 3.3A), in addition to the annotated 5’'UTR,
ABCCS5_5UTR_A. The two alternate 5’UTRs for ABCCS are expressed variably
across individuals in the heart (Fig 3.3B). The first 58 bases of the ABCC5
5'UTR (ABCC5_5UTR_C), which exists as an independent 5’UTR for ABCCS in
gene annotations, was not detected in this sample set, but was included in
functional assays. As with the ABCA8 UTRs, the alternate UTRs were evaluated
in an in vitro luciferase assay; ABCC5 5UTR_C, was also included in in vitro
assays. ABCC5 5UTR_B resulted in a significant decrease in luciferase activity
relative to the reference ABCC5-5UTR_A, and ABCC5-5UTR-C resulted in a
significant increase in luciferase activity relative to the reference ABCC5-5UTR-A
(Figure 3.4). Predicted 5’UTR motifs and estimates of folding free energy change
for ABCC5 5’UTRs are included in Table 3.6. A predicted IRES site in

ABCC5 S5UTR_A and ABCC5 5UTR_B is not found in the shorter transcript.
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Figure 3.3: ABCCS5 alternate 5’ UTRs. A: Structure of alternate ABCCS5 &’
UTRs. Exons 1a and 1b represent two alternate first exons for ABCC5.
ABCC5_ 5SUTR_C represents the constitutive portion of the ABCC5 5’'UTR, but
does not exist as an independent event in this dataset. B: Percent of reads
representing inclusion of each splicing event by sample in the heart. Only
samples with sufficient read count in the 5’UTR to estimate a PSI are shown.
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Figure 3.4: Transcriptional activity of ABCC5 5’UTR sequences. Luciferase
activity is expressed relative to Renilla and the ABCC5_5UTR_A (annotated
5’UTR) plasmid. ABCC5_5UTR_B has significantly lower luciferase activity
relative to ABCC5_5UTR_A (p<0.05), and ABCC5_5UTR_C has significantly
higher luciferase activity relative to ABCC5_5UTR_A (p<0.005). Data shown from
six replicates in one experiment and are representative of at least three
independent experiments.

Table 3.6: Analysis of ABCC5 5°UTRs

Length  Min -AG’ Motifs?
ABCC5_5UTR_A 153 -53.3 IRES, TOP, uORF
ABCC5_5UTR_B 190 -46.4 IRES, TOP
ABCC5 5UTR_C 58 -10.7 TOP

"Minimum free energy of 5’UTR folding predicted using mFold

25'UTR RNA binding motifs predicted using RegRNA: uORF: Upstream
Open Reading Frame; IRES: Internal Ribosomal Entry Site; TOP:
Terminal Oligopyramidine Tract
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3.4.3 “Nonfunctional” splicing of ABCC6 regulates transporter expression

Splicing events in ABC transporters that are predicted to produce a non-
functional protein, for example because of a premature termination codon (PTC)
that would truncate the translated protein, were also identified. Many transcripts
with a PTC will be targets of the nonsense mediated decay (NMD) process,
which serves to eliminate erroneously spliced transcripts. Selected ABC
transporter splicing events that may yield transcripts that are targets of the NMD
process were identified by looking for events that create a premature termination
codon >50-55 bases upstream of an exon-exon junction (Table 3.7) *.

Table 3.7: Putative Nonsense Mediated Decay Events

Gene Event ID'  Annotated? Event
ABCC3 30 N Extended Exon
ABCC?2 27 N Truncated Exon
ABCA6 10 N Truncated Exon
ABCC2 28 N Exon
ABCC3 29 N Exon
ABCC6 36 N Exon
ABCAS8 13 N Exon

" See Table 3.3 for event descriptions
2 Annotated events are those in UCSC (hg19), Gencode (v19),
RefSeq(release 59-63), or Ensembl (v75) gene annotations
To determine whether the identified events are targets of the NMD process,
changes in relative transcript mRNA levels were measured by qPCR in HepG2

and HEK293 cells before and after treatment with puromycin, a translation

inhibitor. A transcript targeted by the NMD process should proportionally increase
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in expression after translation inhibition and decrease in expression after removal
of the translation inhibitor. Of the seven events tested, five did not meet criteria
for nonsense mediated decay under the conditions used, and one (ABCA6
truncated exon, event ID 10) was not detectable at high enough levels in either
cell line tested. One event, a novel exon in ABCC6 (Figure 3.5A), was a target of
the NMD process (Figure 3.6). Further, in these samples, tissue level PSI of the
ABCC6 NMD targeted splicing event is inversely correlated with tissue level
MRNA expression (FPKM) of ABCC6 (Figure 3.5 C), suggesting that usage of
this alternate event is a mechanism for tissue-specific regulation of ABCC6

expression.
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. A: Structure of alternate ABCCG transcript.
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variable levels between individuals and between tissues. C: Median PSI for the
event is inversely correlated with average FPKM across tissues, suggesting that
inclusion of the novel event may be one mechanism for regulating tissue-specific

expression of ABCC®6.
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Figure 3.6: Relative expression of ABCC6 premature termination codon
(PTC) junction. Relative expression of PTC junctions represents the average Ct
of three replicates for the putative PTC junction normalized to the average of
three replicates for the non-PTC junction in each condition. HEPG2 human liver
cells were exposed to translation inhibitor puromycin for 6 hours. Recovery from
translation inhibition was evaluated by replacing puromycin containing media and
allowing 24 hours recovery. Each colored line represents a single set of
experiments. Relative expression of the PTC junction decreases with inhibition of
translation (and inhibition of nonsense mediated decay) and increases after re-
initiation of translation and the nonsense mediated decay process, suggesting
that this transcript is a target of the nonsense mediated decay process.
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3.5 Discussion

Splicing events for ABC transporters were identified in four human tissues and
lymphoblastoid cell lines, including a number of previously unannotated splicing
events. The functional outcome of selected splicing events in ABC transporters

were evaluated, focusing on events that may modulate gene expression.

While alternative splicing at any position in a transcript may alter gene
expression, splicing in regulatory elements of the gene, particularly the 5’ UTR,
are most likely to modulate gene expression®'. Alternative 5 UTRs in ABCC5
and ABCAS, key ABC transporters in the human heart, were shown to modulate
luciferase activity in vitro, suggesting that these alternate events may regulate
gene expression in vivo. In the heart, ABCCS has been localized to cardiac
myocytes and cardiac endothelial cells*>. ABCC5 encodes the multidrug
resistance associated protein 5 (MRP5) that transports cyclic nucleotides,
including cyclic GMP; cGMP acts as a second messenger of nitric oxide levels,
and plays a role in regulating cardiac contractility and protecting cardiomyocytes
during cardiac ischemia®’. ABCAS is expressed at high levels in the heart and
has been shown to transport drugs and endogenous compounds, including
glucuronide conjugates, leukotriene Cs, and estrone sulfate **. Expression of
alternate 5’UTRs in these transporters varies across individuals in the heart,
suggesting that alternative splicing in these transporters may regulate transporter

expression between individuals.
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To identify potential mechanisms driving differences in expression,

5’'UTR motifs were identified in these alternate UTRs. An IRES site was identified
in the 5’UTR of the longer ABCA8 5’'UTR, associated with increased luciferase
activity in vivo. In mammalian mRNAs, IRES sites have been associated with
increased translation under particular cellular conditions®. Thus it is possible that
inclusion of the cassette exon allows for finer control of ABCA8 expression in
certain individuals. However, computational predictions of RNA binding
elements, such as IRES, are still being refined and the results of such analyses

must be interpreted with caution®®.

Secondary structure of each 5’UTR was also examined. More stable secondary
structures, typically associated with longer UTRs, are generally associated with
less efficient translation.>®*" As expected, more efficient translation (as indicated
by higher luciferase activity) was found for the shortest ABCC5 5’UTR with
lowest minimum free energy (ABCC5_5UTR_C)*®. A decrease in luciferase
activity was associated with the longest 5’UTR, however no 5’UTR motifs or
significant changes in stability of the secondary structure were identified unique

to this UTR that could explain this change in translation.
Variability in alternative splicing across individuals, as detected for ABCA8 and

ABCCS in the heart, may be driven by polymorphisms at canonical splicing

acceptor and donor sites®® or in the binding sites of proteins that regulate splicing
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in exons and introns**~*2. These splicing factors can enhance or suppress
splicing, and their binding sites are termed exonic and intron splicing enhancers
or silencers. ** No common (minor allele frequency > 1%) polymorphisms were
identified that occur within splicing acceptors or donors or predicted splicing
silencers or enhancers in the ABCA8 and ABCC5 UTRs. As with the

identification of RNA binding elements in UTRs, methods to predict splicing factor
binding sites are still being developed, and it is possible that novel splicing

enhancer or silencer sites occur around or within identified events.

The NMD process can also regulate expression of a wide range of genes**.
Putative NMD inducing events were studied in vitro and one event targeted by
the nonsense mediated decay process was identified for ABCC6. ABCCG6 is
expressed in multiple tissues, with highest expression in the liver; mutations in
ABCC6 cause the hereditary metabolic disorder pseudoxanthoma elasticum*
and other disorders involving mineralization of tissues. Further, there is some
evidence in humans of association between more common ABCC6
polymorphisms and cholesterol and cardiac phenotypes, such as plasma high
density lipoprotein (HDL) and triglyceride levels and coronary heart and artery
disease 8. Very little is known about the precise function of ABCCB in the
body, but it is possible that its role in lipid levels is due to either some direct
involvement in lipid transport or indirectly due to mineralization and damage of

renal tissues, as renal failure has been associated with dyslipidemia®®°.
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Inclusion of the NMD targeted splicing event is inversely correlated with tissue
level expression of ABCCG6, and may be involved in regulating tissue-specific
expression of this important transporter. Further, inclusion of the identified event
varies across individuals, and may contribute to inter-individual variability in
expression of ABCC6 and potentially the activity of its encoded transporter,
MRP6. In mice, Abcc6 gene dose is associated with response to cardiac injury,
including infarct size and level of calcification, with more severe phenotypes with
lower Abccb levels®'*2. Thus variation in expression of ABCC6 across
individuals may increase susceptibility to or modulate severity of any phenotypes

associated with this ABC transporter.

One limitation of RNA-seq data is the lack of complete transcript sequence for
alternative events. As a result, an underlying assumption of the reported
functional analyses is that each event that was detected in the RNA-seq analysis
is the only event in the transcript. It is possible that some of the predicted
premature termination codons are mis-annotated where the transcript structure
upstream of the event does not match the reference gene annotation. While it is
known that some true premature termination codons can evade the nonsense
mediated decay process®?, it is likely some of the putative NMD events identified
do not in fact meet criteria for NMD. Likewise, because the NMD process
eliminates transcripts, there are likely additional splicing events that could not be

identified in this dataset that are targets of NMD.
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Identification of alternative splicing events is dependent on both read depth and
gene expression. As membrane proteins, ABC transporters can play significant
roles in cell function without high expression levels. In this study, only common
splicing events were captured for transporters with higher expression levels.
Transporters without identified splicing events tend to be expressed at lower
levels, and may require greater read depth to capture alternative splicing events.
For example, no splicing events were identified in the transporter ABCG2
encoding the breast cancer resistance protein, BCRP. BCRP is expressed at low
levels even in tissues in which it serves a key physiologic function, such as the
liver and kidney. It is possible that splicing events for ABCGZ2 do exist in these
tissues but did not meet read count thresholds in the current analysis. Further,
intron retention events were not considered in this study. While intron retention
events do occur in the human transcriptome, and have been associated with

biological outcomes®*~°

, it is difficult to separate biologically meaningful intron
retention from incompletely or un-processed transcripts or genomic DNA

contamination.

Rare ABC transporter splicing events, events in transporters expressed at low
levels in all studied tissues, and biologically meaningful intron retention events,
might not have been detected in this analysis. However, a number of previously
unannotated splicing events in ABC transporters were identified. Further, by
including multiple individuals per tissue type, a valuable picture of variability in

splicing of ABC transporters was developed. Alternative splicing of transporters
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was found to modulate inter-individual and inter-tissue gene expression, and may
represent a source of variation in susceptibility to drug toxicity or common
disorders, variability in drug response, or tissue specificity of drug disposition or

disease phenotype.
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Chapter 4: Identification of Transcriptional Regulators of ABC Transporter

Expression

4.1 Abstract

Transcription factors play a key role in regulation of ABC transporter expression,
and transcription factor mediated regulation of transporters has been
characterized for specific genes and transcription factor families. As genes with
similar co-expression patterns in a given tissue may be regulated by the same
transcription factors, sets of genes co-expressed with ABC transporters in
several healthy human tissue types were extracted and transcription factor
binding motifs enriched in the 1000 bp region upstream of these genes were
identified. Known and novel transcription factor regulators of transporter
expression were identified in each tissue type. Further, enrichment of gene
ontology biological processes in genes co-expressed with ABC transporters was

evaluated to generate hypotheses about transporter function.
4.2 Introduction

Transcription factors play a key role in regulation of ABC transporter expression,
and transcription factor mediated regulation of transporters has been
characterized for specific genes and transcription factor families’. Discovery of
new transcription factor regulators of ABC transporter expression typically occurs

through accidental discovery during study of a disease or drug related
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phenotype? or targeted evaluation of a specific transcription factor®. An unbiased
approach to identification of transcription factor regulators of transporter
expression may reveal novel associations. On the assumption that genes with
similar co-expression patterns in a given tissue are regulated by the same
transcription factors, sets of genes co-expressed with ABC transporters were
extracted and then transcription factor binding motifs enriched in the 1000 bp

region upstream of these genes were identified.

Several approaches to co-expression analysis have been applied to gene
expression data. At the simplest level, correlations in expression patterns
between two genes across multiple samples can be calculated. This pairwise
analysis can provide valuable information about the relationships between any
two genes, but doesn’t reflect true biological interactions between multiple genes.
Clustering methods have also been applied to gene expression data*. Such
methods do allow for identification of sets of genes whose expression patterns
are similar across individuals, but do not reveal the relationship between genes in
a cluster. Co-expression network analyses address these issues; in these
methods, a graph is constructed with links (edges) between genes (nodes)
representing co-expression between pairs of genes. Edges can be dependent on
some threshold of co-expression®’, over which pairs of genes are linked, or can
be weighted by the correlation between pairs of genes®®. Clustering methods
applied to the graph allow for the detection of co-expression network modules or
clusters, while still preserving the relationship between pairs of genes'®'". In this

study, a weighted co-expression network method and associated R package,
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Weighted Gene Coexpression Network Analysis (WGCNA)'? was used to identify
co-expression modules containing ABC transporters in four human tissues (liver,

adipose tissue, heart and kidney) and lymphoblastoid cell lines.

Many methods and approaches have been developed for motif enrichment in a
set of sequences. Broadly, such methods look for overrepresentation of a
specific sequence motif in a set of test sequences relative to a set of background
sequences. Motifs may be pre-defined (such as a set of selected transcription
factor motifs) or may be identified ab initio from the test sequence itself'>. The
latter approach allows for identification of potential novel transcription factors, but
is a less effective method for detecting overrepresentation of known transcription
factor motifs. Transcription factor binding motif enrichment, even of known motifs,
is complicated by the fact that these sequences are short, 7-10 bp, and can be
highly degenerate. Consensus sequences describe the probability of seeing each
nucleotide (A, T,C,G) at each position in the motif. These sequences can be used
to estimate the affinity of a given transcription factor to a particular DNA
sequence. Most published methods for estimation of motif enrichment rely on a
contingency table approach to estimate enrichment, counting the number of
times a motif reaches some defined affinity threshold in test and background
sequences'*'®, with some methods taking into account the fact that a given motif
can be identified multiple times in a single sequence’’. However, multiple binding
sites with varying degrees of affinity for a single transcription factor can exist
within a given regulatory region'®"?. In this study, a motif enrichment method,

Cloverzo, that takes into account motif affinity scores in the enrichment analysis,
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was used rather than setting a hard threshold on affinity, and allows for multiple

matches for a given motif in a single sequence.

Finally, because co-expressed genes may share functional relationships in
addition to transcriptional regulators*?', an evaluation of genes co-expressed
with ABC transporters may generate novel hypotheses about the function of ABC
transporters; to explore function, annotated biological pathways enriched in sets
of genes co-expressed with transporters are identfied. Together, the co-
expression network analysis and transcription factor motif enrichment will
generate novel hypotheses about the function and transcriptional regulation of
ABC transporters in human tissues. An overview of the methodology used in this

study is included in Figure 4.1.
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Figure 4.1. Overview of methodology. Steps 1-3 are conducted for each tissue
type studied. Steps 4 and 5 are conducted for each ABC transporter co-
expression module identified in a given tissue type.
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4.3 Methods
4.3.1 Co-expression Network Analysis

All samples for co-expression analyses come from healthy human heart, liver,
adipose, and kidney tissue and lymphoblastoid cell lines. Gene expression
(FPKM, Fragments Per Kilobase Of Exon Per Million Fragments Mapped)
estimates come from analysis of RNA-Seq data with Tophat v2.1.1?%, Cufflinks
v2.0.2%2* and Cuffdiff (v2.2.1). Further details regarding sample preparation,
alignment, and analysis are included in Chapter 2. The analyses in this section
were restricted to 18 randomly selected samples per tissue type for consistency
across tissues. Gene expression for each individual was calculated by summing
FPKM values for all isoforms for a given gene for each individual from the
isoforms.read_group_tracking file generated by Cuffdiff. Genes with any isoform

with a status of “HIDATA” were excluded from subsequent analyses.

Data preprocessing steps included removal of genes with zero variance, setting
minimum FPKM values to 1, and transforming FPKM values to log2 scale. Co-
expression network construction was conducted with the Weighted Gene Co-
expression Analysis (WGCNA) package'®. Soft thresholding was used to
transform coexpression (pairwise Pearson correlations) values by a power, beta;
these values were selected for each tissue type using the pickSoftThreshold()
function. The following powers (B) were used for each tissue: kidney 10, heart
12, adipose 10, liver 10, LCLs 8. Scale free topology R? for each selected B was

>0.8, with the exception of heart tissue (R? = 0.77 for p = 12). Weighted
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unsigned modules were generated using parameters minModuleSize=5,

deepSplit=4, and mergeCutHeight=0.1.
4.3.2 Gene ontology enrichment analysis

To generate hypotheses about the function of ABC transporters that have not
been characterized, biological process ontologies in the Gene Ontology?’ (as
defined in the bioconductor package GO.db release 2.14) overrepresented in
sets of genes co-expressed with ABC transporters were identified using the

conditional hypergeometric test as implemented in the bioconductor package

GO.stats?®. Genes expressed in each tissue (FPKM > 1) were used as

background gene sets.
4.3.3 Transcription factor motif enrichment analysis

For each module in a given tissue type containing an ABC transporter, the 1000
bases upstream of the transcription start site (TSS) of each gene in the module
was extracted using the R package biomaRt with Ensembl gene definitions®”.
This sequence set was analyzed for enrichment of transcription factor binding
sites using Clover?® with default parameters. A background sequence set was
generated containing the 1000 bases upstream of the TSS of all human genes.
The human chromosome 20 sequence and human CpG islands (from UCSC
genome browser, 14-Apr-2003) were also used as additional background

sequence sets.
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Transcription factor motifs for enrichment analysis come from analysis of the

1000 bases upstream of ABC transporter TSSs using TRANSFAC® Match with

the 2014.4 matrix library, high quality matrices, and the minimize false positives

(minFP) setting (Table 4.1). Motifs identified in the ABC transporter upstream

region were used in Clover motif enrichment search.

Table 4.1: Transcription factor binding sites evaluated in enrichment

analysis
AHR CRX AP1 LRH1 POU2F1 TATA
BEN CTCF GFI1 MAF POUG6F1 TBX5
TTF1 DEAF1 GKLF ARID5a RBPJkappa TEF1
XVENT1 deltaEF1 GLI MAFA RELA
YY1 DLX3 GRE MAZ REST
ZFP105 DMRT4 HES1 MEF2 NR1D1
ZF5 LXR HIC1 MEIS1 RFX1
ZFX DRI1 HIFlaplpha MUSCLE RFX
ZNF333 E2A HMGIY MYOGENIN RNF96
ZSCAN4 Ebox HNF1 MZF1 RREB1
BRCA1l AML1 HNF3beta NANOG RUSH1alpha
CDhpP EGR1 AP2alpha NF1 SF1
CDX2 ERalpha HNF4 BBX BCL6
CEBPA EVI1 HSF1 NF-AT1 SMAD4
CHCH FAC1 ING4 NFY SOX10
cMYB FPM315 IRF1 NKX2 SP100
COE1 FREAC3 ISLET1 p53 SP1
CPBP GATA KAISO PBX SREBP
ATF2 GCM2 LBP9 PIT1 SRY
AIRE INITIATOR LEF1 PLZF STAT1
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4.4 Results

Using gene expression data from multiple individuals in multiple human tissue

types, co-expression networks were constructed for ABC transporters. A

representative example of these networks is shown in Figure 4.2.
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Figure 4.2. Unsigned co-expression network module for ABCB9 in liver
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Transcription factor motif enrichment analysis was conducted on the 1000 bp
region upstream of genes within each module containing an ABC transporter.
Only motifs identified in the 1000 bases upstream of the ABC transporter were
tested. Enrichment of a specific motif was evaluated relative to its presence in
the 1000 bases upstream of all human genes, the sequence of human
chromosome 20, and in human CpG islands. Enriched motifs were defined as
those with enrichment p-value < 0.01 for all three background sequence sets and
a positive raw Clover enrichment score. Transcription factors with motifs
enriched in genes co-expressed with an ABC transporter are included in Table
4.2, and enriched motifs that occur in two or more tissues for a single ABC
transporter are listed in Table 4.3. Several known transcriptional regulators of

specific ABC transporters were identified, along with many novel associations.

As co-expressed genes may also be functionally related, an evaluation of sets of
genes co-expressed with transporters may generate novel hypotheses about the
role of the transporter in each tissue type. Enrichment of gene ontologies
representing biological processes was calculated using a conditional hyper-
geometric test, which takes into account the tree-like structure of the ontologies
in calculating enrichment. Ontologies enriched (enrichment p<0.001, >5 genes
present in transporter gene set) in genes co-expressed with transporters are
listed in Table 4.4. Up to three ontologies for each transporter are included in the

table.
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4.5 Discussion

Using gene expression data from eighteen individuals each from lymphoblastoid
cell lines and human liver, kidney, adipose tissue, and heart, we identified
putative transcriptional regulators of ABC transporter expression by transcription
factor motif enrichment in co-expressed gene modules containing ABC

transporters.

Among the transporter-transcription factor associations, a number have been
previously reported in the literature including regulation of ABCA1 expression by
activating enhancer binding protein 2 alpha (AP-2alpha) * and forkhead box
protein A2 (FOXA2)*' and regulation of ABCB8%, ABCB1*, and

ABCC1%** expression by specificity protein 1 (Sp1). A number of novel

associations were identified as well; some of these are discussed in detail below.

For some novel transcription factor-transporter associations, while there is no
direct evidence in the literature for transcriptional regulation of these genes by
the transcription factor, there is indirect evidence based on disease associations.
For example, Ras responsive element-binding protein 1 (RREB-1) was identified
as a transcriptional regulator of several ABC transporters. RREB-1 is upregulated
in prostate cancer®, as is ABCC1 expression®, suggesting RREB-1 may play a
role in the transcriptional activation of ABCC1. Likewise, RREB has been
identified in an Alzheimer’s disease specific gene cluster*®, and ABCB17 has been

37-

implicated in Alzheimer’s disease®~°. In other cases, a transcription factor-

transporter association was identified in other members of a transporter
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subfamily where there is known regulation by the transcription factor. For
example, nuclear factor of activated T-cells, cytoplasmic 2 (NFAT2C) has been
previously shown to be a regulator of ABCA1 expression and binds in the ABCA1
promoter region4°. While an association between ABCA7 and NFAT1 has not
been published previously, given the expected functional similarity between
ABCA1 and ABCAY7, it is likely that NFAT1 is also a transcriptional regulator of
ABCAY. Likewise, hepatocyte nuclear factors (HNF1,3,4) have been widely

implicated in regulation of ABC transporter expression*'**

, and may be involved
in regulating additional transporters identified here. Similarly, specificity protein 1
(SP-1) activates transcription of a number of ABC transporters®***344" from
multiple subfamilies, and likely activates transcription of additional transporters.
Likewise, early growth response protein 1 (EGR-1) regulates transcription of
several trasporters.*>*® Indeed, there is evidence of co-operative transcriptional

regulation between EGR-1 and SP-1%°; transporters regulated by SP-1 may also

be regulated by EGR-1 in particular tissues or cell conditions.

While ABC transporters are generally studied in the context of their function in
differentiated cells, they are expressed in and play a key role in the function and
differentiation of stem cells, including embryonic*® and hematopoietic stem
cells®®®'. Several identified transcription factors are known to play a role in
hematopoiesis, such as the aryl hydrocarbon receptor (AHR)*?, myeloid zinc
finger protein 1 (MZF1) ****, acute myeloid leukemia 1 protein (AML-1), early
growth response protein 1 (EGR-1)°, dead ringer homolog (DRI-1, ARID3A)®,

and ecotropic virus integration site 1 protein homolog (EVI-1)°’. Others play a key
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role in maintenance and differentiation of embryonic stem cells, such as
homeobox protein NANOG®2. Given the importance of both the ABC transporters
and these transcription factors in stem cells, it is possible that they play a role in

regulating transporter expression.

Transcription factors were identified from unsigned co-expression network
construction methods. Unsigned methods allow for both positive and negative
correlations between genes; transcription factor regulators of gene sets identified
from such networks may be dual-regulators, causing increase in expression of
some genes and decrease in expression of others. Many transcription factors
can act as both repressors or enhancers depending on the gene target and cell

conditiong®%%°

, and it is possible this dual regulatory role is important for many
transcription factors. For example, gut-enriched Kruppel-like factor (GKLF) is a
transcription factor with known ability to both activate and suppress
transcription®’. Suppression of transcription can be mediated by GKLF’s ability to
disrupt Sp-1 mediated transcriptional activation and enhance Sp-3 mediated
transcriptional suppression®. Activation of transcription by GKLF can be
mediated by interactions with CREB-binding protein (CBP) as part of the
CBP/p300 complex®’. In this analysis, ABCC8 was associated with GKLF in the
kidney. Given that there is evidence that Abcc8 is regulated by Sp-1 family in
mice®®, GLKF may act through this transcription factor to modulate transcriptional
activation or repression in the identified transporters. Likewise, while little is

known about ZNF263, a gene expression analysis after knockdown of the

transcription factor suggested that it can both activate and repress gene
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expression®® | as can nuclear factor Y (NFY)®°. Even transcription factors that
generally act as either repressors or activators can take on a dual-regulatory role
in some promoters. For example, SP1, a transcriptional activator of many genes,
can act as a repressor of certain genes®®’. Given the potential for so many
transcription factors to activate or repress transcription, unsigned co-expression

networks can be valuable when studying transcriptional regulation.

Any analysis of transcription factor binding motifs, including the current analysis,
is limited by the quality and availability of binding motifs. While the quality and
quantity of these motifs continue to improve, it is likely that numerous additional
transcription factors and further improvements to the consensus sequence of
existing motifs will generate additional results in the future. Further, transcription
factors can bind to sequences much farther upstream than the first 1000 bases
before the transcription start site, and can also bind to sequences within the gene
itself, most commonly within the first intron®®®°. However increasing the
sequence space in the analysis would also increase noise, thus in this study we
limit sequences to the 1000 bp region upstream of each gene. Limiting the
analysis to this regulatory region minimizes the number of false positive motifs,

albeit at the cost of missing some true transcription factor motifs.

In addition to exploring transcriptional regulation, co-expression analyses can
also be used to explore gene function. Biological process gene ontologies
enriched in genes co-expressed with ABC transporters were identified in the
current analysis. A handful of identified processes have been previously

associated with function of transporters. For example, ABCC8 encodes a
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sulfonylurea receptor (SUR1) that is involved in potassium ion transport™. In
adipose tissue, genes co-expressed with ABCCS8 are enriched for the ion
transport biological process. Likewise, ABCB8 and ABCB7 were associated with
the gene ontology biological process for energy derivation by oxidation of organic
compounds occurring in the mitochondria. Both genes are mitochodnrial
membrane transporters that play a key role in mitochondrial function”""%.
However, a large number of the identified processes do not have any apparent
relationship with ABC transporter function. As others have found previously in co-
expression analyses conducted in other organisms, annotating gene function
based on co-expression information alone has limited sensitivity’®, particularly in
healthy tissues and cells™. While the goal was to study transporter function in
healthy cells, such functional annotation may be best conducted in tissues or
cells with some disease or environmental exposure that perturbs a particular
biological system. Further, there has been some success in functional annotation
of genes using co-expression methods that take into account conservation
between species’™""; such methods may prove more fruitful for examination of
transporter function. Finally, as with any study involving pathway and gene set
databases and ontologies, the value and accuracy of the results depend largely
on the quality of the gene set annotation in the literature. As the function of many
genes have not been fully characterized, functional annotation in co-expressed

gene sets will only be successful in sets in which the majority of genes have

complete gene annotation.
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Both motif enrichment and gene ontology enrichment analyses are limited by the
quality of the input sequences that are determined to be co-regulated. All genes
that fall within a co-expressed network module with ABC transporters are
included, including both direct and indirect associations. While direct associations
are more likely to be co-regulated with ABC transporters, exclusion of indirect
associations may result in a loss of power for enrichment analysis. In addition,
the parameters applied during module detection in WGCNA were selected to
provide the most conservative definition of a co-expression network module,

while still retaining information about biological interactions between genes.

Further, co-expression analyses only detect groups of genes in a given dataset
with similar expression patterns. While these patterns of expression may be
similar due to shared transcription factor regulators, it is also possible that co-
expression is driven by technical artifacts, functional similarities between genes
without co-regulation, or other regulatory mechanisms aside from transcription
factors. The use of expression data generated by RNA-Seq rather than
microarray and use of identical study protocols across all samples and tissues
minimizes artifacts in the data, but it is possible additional factors that could not

be controlled for in the study contribute to co-expression results.

Using high-quality gene expression data, co-expression network modules
containing ABC transporters in human heart, liver, kidney, adipose tissue and
lymphoblastoid cell lines were identified. Transcription factor motifs were found in

ABC transporter 5’ regulatory regions enriched in these co-expression modules.
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The transcription factors that bind these motifs may represent novel regulators of

ABC transporter expression.
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Chapter 5: Summary and Perspectives
5.1 Summary

ATP binding cassette (ABC) transporters are a family of proteins whose activity is
vital to cell detoxification, protection against xenobiotics and oxidative stress, and
maintenance of homeostasis of endogenous compounds.'™ While rare and
extreme disorders typically result from complete loss of function or expression of
these essential transporters, more subtle changes in endogenous expression
level can also have clinical implications. In addition, the role of the ABC
transporters in movement of pharmaceutical agents across cellular membranes
is of particular interest; inter-individual differences in expression of ABC
transporters can result in changes in exposure to pharmaceutical agents or their
metabolites, leading to altered efficacy or drug-induced toxicities®. Variation in
gene expression between individuals and between tissues can be caused by a
number of factors that modulate the “normal” activity during transcription or
translation. While a number of large scale studies have been conducted
examining various sources of expression regulation, most of these have been
carried out in lymphoblastoid cell lines or a limited number of other human
tissues or cell lines. The goal in this dissertation was to characterize mechanisms
that regulate mRNA or protein expression of ATP-binding cassette transporters in
human tissues, with a special emphasis on mechanisms regulating inter-

individual variation in expression.
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In the second chapter, variants in DNA sequence, or single nucleotide
polymorphisms (SNPs), that are associated with mRNA expression levels of ABC
transporters in the human kidney were identified. While a number of such
expression quantitative trait loci (eQTL) analyses have been conducted in human
tissues, no such studies have been performed in the human kidney. Six SNPs
located within 500 kb of ABC transporters and associated with mRNA expression
levels of the transporter in human kidney samples were identified, and the role of
one of these variants (rs1471400) in regulating gene expression was validated in
an in vitro reporter gene assay. Transcription factors containing variants that are
associated with ABC transporter mRNA expression levels were also identified.
These transcription factor-QTLs (tf-QTLs) also provide evidence for transcription

factors involved in regulating ABC transporter expression.

In the third chapter alternative splicing events in ABC transporters were
examined. While splicing of transporters has been studied on a gene by gene
and tissue by tissue basis in a small number of samples, ideally an unbiased
exploration of transporter splicing would be conducted using transcriptome
sequencing data in multiple samples and tissue types. Splicing events in ABC
transporters were cataloged using transcriptome-sequencing data from over
twenty samples each for four human tissues and lymphoblastoid cell lines; these
events include both previously annotated events, as well as novel events that are
not a part of existing gene annotations. Further, selected events were identified
that may be responsible for regulating inter-individual or inter-tissue variation in

transporter expression. For regulation of inter-individual expression, | focused on
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two sets of splicing events in the 5’ untranslated regions of transporters ABCAS8
and ABCC5 in the human heart, and demonstrated using in vitro reporter gene
assays that usage of alternate 5’UTRs results in variation in reporter gene
expression. For regulation of inter-tissue expression, | focused on splicing events
containing a premature termination codon that may be targets of the nonsense
mediated decay process, and demonstrated that one event in the gene ABCC6 is
a target of the decay process, and may be responsible for regulating inter-tissue
expression of ABCC6. These examples suggest that alternative splicing of
transporters likely plays a significant role in regulation of expression, and should

be considered in future studies of transporter expression.

Finally, transcription factor regulators of ABC transporter expression were
identified by looking for overrepresented transcription factor binding motifs in sets
of co-expressed genes in multiple tissue types. Both known and novel
transcription factor — transporter associations were identified. Co-expression
networks were also used to explore further the function of ABC transporters.
These analyses provide novel hypotheses about the regulation and function of

ABC transporters.

5.2 Perspectives and Future Directions

Three key mechanisms of regulation of ABC transporter expression were
examined in this dissertation — DNA sequence variation, alternative splicing, and

transcription factor usage. Missing here is an additional important mechanism —
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the role of epigenetic modifications in regulating gene expression. Two main
forms of epigenetic changes include addition of a methyl group to cytosine
nucleotides and various forms of chemical modifications to histone proteins that
are involved in maintaining DNA conformation and tertiary structure*®. Changes
in both types of epigenetic modifications regulate the accessibility of a particular
sequence to the transcription machinery, thereby regulating gene expression.
The impact of epigenetic modifications to ABC transporter expression has been
studied for a handful of transporters, particularly in the context of multidrug
resistance and cancer therapeutics®®, but in general this area requires more
study. In particular, epigenetic changes may be responsible for gene expression
changes in response to environmental exposure, such as drug treatment®, and

thus is of particular interest in the regulation of expression of drug transporters.

Four tissues types are included in this body of research — kidney, liver, heart, and
adipose tissues — along with one cell line. These sample types were selected to
represent important tissues for the function of ABC transporters. However, two
key tissues were missing from this research — the brain, specifically the blood-
brain barrier (BBB), and the intestine. At the BBB, ABC transporters such as
Pglycoprotein (Pgp,ABCB1) and breast cancer resistance protein (BCRP,
ABCG?2) protect the brain by effluxing toxins and xenobiotics'®. Transporters at
the BBB are of particular interest in development drugs whose site of action is in
the brain. In the intestine, a number of ABC transporters are expressed on the
apical membrane or intestine epithelial cells, where they may efflux compounds

back into the intestinal lumen and modulate bioavailability of orally ingested
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drugs'’. Research on the regulation of transporter expression in these tissues

would be a valuable addition to the results presented in this thesis.

In addition to the inter-individual variability that was studied explicitly, | also
noticed significant tissue-specificity in both expression patterns and in regulators
of gene expression. Table 1.1 indicates that the majority of identified eQTLs have
been identified in a single tissue type. Most of the kidney eQTLs detected have
not been previously identified, despite the sizable number of tissue types that
have been studied. Splicing patterns were also quite variable across tissues, and
may themselves be a mechanism for regulating tissue-specific expression, as |
suggest is the case for one splicing event in the ABCC6 gene. These
observations emphasize the need to study transporters in a variety of tissue
types, and to avoid the use of cell lines as proxies for human tissues as far as

possible.

Finally, over the course of this research | noted that the function of a large
number of ABC transporters still has not been well characterized. While selected
transporters have been studied in great detail, particularly those that were initially
associated with drug transport and multidrug resistance, the majority of
transporters still have not been studied, and their presumed function in the body
is typically assigned based on structural similarity with other transporters. Given
the clinical and biological importance of these ABC transporters in the body,
efforts to study these genes will prove valuable. Functional annotation of
transporters based on co-expression was discussed briefly in Chapter 4, but

more targeted functional evaluation is necessary to understand the role of
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transporters in the body and the clinical significance of variation in their

expression.
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