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ABSTRACT OF THE DISSERTATION

Discovery and characterization of human exonic transcriptional regulatongets

by

Arshad H Khan

Doctor of Philosophy in Molecular and
Medical Pharmacology
University of California, Los Angeles, 2012

Professor Desmond J. Smith, Chair

We sought regulatory elements by shotgun cloning human exonic DNA fragmeritiférase
reporter vectors and assessing transcriptional regulatory activiter cells. Seven elements
within coding regions and three within 3° UTRs were discovered. Putativeateguelements
were generally but not consistently evolutionarily conserved, enriched in knawacription
factor binding sites (TFBSs) and associated with several histone modifattvidence of cis-
regulatory potential of an element within a TUBA1B exon was establisheortglating
expression of TUBAL1B with activation of transcription factors predicted to hanenlgi sites
within this element. Nevertheless, no clear rules defining coding reguéémmgnts emerged.
We estimate that hundreds of exonic regulatory elements exist, an unexpectegthatli

highlights a surprising multi-functionality of sequences in the human genome.
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Chapter 1 Introduction

1.1 Background

An important key to deciphering the human genome is to identify the regusdeangnts
that control gene expression. Indeed, disruption of these elements has been linked to a number
of human diseases including cancers [1], preaxial polydactyly [2], Van Bucheaséif3], and
facioscapulohumeral muscular dystrophy [Mlevertheless, the vast majority of regulatory
elements remain unidentifiedne major hurdle to annotatitrg@nscriptional regulatory
elements is that they are ubiquitous and are found in both intef§ebi¢ and intronic regions
[2; 5]. More surprisingly, isolated examples of transcriptional regulatoryesienimave recently
been found in exons, both coding [5; 6; 7] and non-coding [8; 9]. These coding regulatory
elements, though critically important given their dual function, are poorlyrstodel and almost

completely uncatalogued.

Because regulatory elements can be found anywhere in the genome, l&gkigica
throughput screens are needed to identify them efficiently. Genome-widhesehave met
with some success by exploiting several features of regulatory e example their
enrichment in transcription factor binding sites [10; 11; 12; 13], and their associ&tion w
histone modifications [12; 13; 14; 15]. Unfortunately, coding regions have the samdipspper

complicating the identification of regulatory elements within coding regions.



1.2 Compar ative genomics

Comparative genomics were among the first approaches used to seauncictionél
elements by identifying sequences more conserved across species than wrpkttses dy
chance [16]. Although successfully used in intergenic regions, this strategy ialvietfor
finding regulatory elements within coding regions as both types of sequenespectd to be
highly conserved and thus indistinguishable. In fact, early attempts to idegtifaticey
elements genome-wide intentionally masked coding reg@nRecently, it has been shown
that regulatory elements within coding regions may be even more conservedrkingfla
coding regions [7] , presumably due to dual selective pressure to retain bothorganait
coding function. Whether or not coding regulatory elements are super conseavagais

unknown.

1.3 Transcription factor binding sites

The current view of transcriptional regulatory elements is that theyumsters of
transcription factor binding sites (TFBSs), which when bound by complexes of ipaonscr
factors (TFs) can recruit or block various critical components of the trptisnal machinery
such as RNA polymerase Il [17]. By identifying such clusters, genome-aidputational
methods have been used to predict the locations of 118,000 regulatory elements [11]. However,
TFBS sequences are typically short, 5-15 bp, and degenerate, creating aialfatanpositive
problem when only computational methods are used. Alternatively, TFBSs can beadentifi
genome-wide experimentally, via ChlP-chip or ChIP-seq [12; 13]. Althoughffessré and
much more laborious than computational methods, these methods can at least vantyirid-

to predicted elements.



1.4 Histone M odification

Histone modification is a means by which gene expression can be controlled
independently of the DNA sequence. Regulatory elements are often assotiafeattrcular
chromatin states marked by a number of histone variants, particularly hlabsee methylated
and/or acetylated [14; 15; 17] . Genome-wide maps of histone modification have been used to
predict a set of 55,000 enhancers [14]. As transcribed regions are themseleedeabsvith
their own histone modifications, how these modifications might change in regions opoverla

with regulatory elements is unclear.

1.5AIm

Here we report an unbiased search for exonic regulatory elements aditves.i We
expand on previous work in which vegaluated genomic DNA from the ApoE gene cluster on
chromosome 19 for regulatory elements [5]. In that investigation, we shotgun clbienhid
luciferase reporter vectors to assay regulatory activity. For dsepr study, we interrogated
putative regulatory sequences only from exonic DNA. We assessed the psopfetiese
coding regulatory elements by characterizing their degree of evolwtiooaservation, TFBS

enrichment, GC-content, and association with histone modifications.

Chapter 2 Experimental Methods

2.1 Cdll culture and cDNA synthesis
To normalize transcript levels used to generate cDNA, RNA was pooled in equal

amounts from three human cell linéEK-293 (kidney), C3A (liver) and SvGp12 (astrocyte)



(all from ATCC).Cell lines were grown iizagle's Minimum Essential medium (ATCC 30-
2003)and 10% fetal bovine serum (Invitrogen) until 75% confluency was reached. For each cell
line, the Oligotex mMRNA mini kit (Qiagen) was used to isolate and purify mARN&acted

MRNA from all cell lines was then pooled together to synthesize cDNA usidgisheDNA

Double Stranded cDNA Synthesis Kit (Agilent). Random hexamers were clepemars to

avoid the 3’ bias of oligo-dT primers. Quality of RNA and cDNA were assessagl usi

spectrophotometry and gel electrophoresis, respectively.

2.2 Library construction

Samples of pooled cDNA were digested by either Sau3Al or Alel(England
Biolabs)and sub-cloned into the pGL3-promoter vector (Promefyggsted with Smal or Bglll,
respectively.Vectors were then transformed ilNtAX efficiency DH5-alpha chemically
competent bacteria (Invitrogen), clones isolated, and plasmid DNA purified usings@gidPla

Miniprep Kit (Qiagen).

2.3 Control clones

The pGL3-promoter and pGL3-basic vectors, both from Promega, served as neutral
(promoter, but neither enhancer nor silencer) and negative controls (no promoteceeoha
silencer), respectively. The reporter gene for both vectors way fueifersase. For a positive
control, we used the previously identified human APOE liver-specific enhbi@iRiinserted

into the pGL3- promoter vector [18].



2.4 Transfection and reporter gene activity assays

For each clone, 100 ng of firefly experimental luciferase plasmid and 10 ng of control
Renilla luciferase plasmid (phRL-TK, Promega) were co-transfected into C3Arhlivea cells
(ATCC) using the Effectene transfection reagent (Qiagen) in 96-welbpldteeRenilla
plasmid serves as a control for transfection efficiency. Transfectionexi@smed when cells
had reached 80% confluency. Cells were then grown in Eagle's Minimum Esseatiahm
(ATCC 30-2003) and lysed after 24 hours. Luciferase reporter gene activitgseged using

the Dual-Luciferase Assay Kit (Promega).

2.5 Screens and sequencing

Relative luciferase activity, the lggratio of firefly toRenilla luciferase signal, was used
as a measure of expression relative to transfection efficiency. Riawtya@atios were quantile
normalized across 96-well plates. Clones were chosen for further scrapomgemonstrating
activity two standard deviations away from the mean after normalization. Seguehputative

clones was performed at GenoSeq, the UCLA genotyping and sequencing core.



Chapter 3 Results

3.1 cDNA library creation and lucifer ase assays

Three human cell lines, C3A (liver), HEK-293(Kidney) and SVGp12 (Astrocytes} w
selected for cDNA synthesis. To maximize transcript coverage, mRN&ctedrfrom all three
lines was pooled together. Because we were only interested in exonic sequenessjctedr
our assays to cDNA rather than whole genomic DNA. Pooled cDNA was digested
independently by Sau3Al or Alul and subcloned into the multiple cloning site upstream of the
basal SV40 early promoter of the pGL3-promoter vector. A total of 1932 clones wated;r
1008 from Sau3Al and 924 from Alul with an average fragment size of ~167 baskgsamdson

sequencing.

All clone-containing firefly luciferase vectors were co-trantf@avith Renilla luciferase
vectors into C3A cells in 96-well plates. Expression of each luciferasessageal
independently, and the regulatory activity of the putative element estifnatedhe logg ratio
of firefly to Renilla reporter gene activityThis measure evaluated expression of the tested
element relative to transfection efficiencyransfection efficiency measured using the CMV-

GFP construct (b EGFP-N3, Clontech) was uniform at approximately seven gbicent

3.2 Screening for regulatory elements
Quantile normalization was used to compare luciferase activities acrtess plad the
activities of clones produced by Sau3Al and Alul digestion were normalizechsspéFig. 3-

1(A) and Fig. 3-1(B))Controls acted as expected: vectors with neither a promoter nor enhancer



had low activity, vectors with a promoter but no enhancer had moderate activity, tord vec
with both a promoter and the known liver enhancer element HCR1 [18] had high activity. The
distribution of non-normalized relative luciferase activities was neengnal and negatively
skewed, as described in a previous study [5] (Fig. 3-1(C) and Fig. 3-1(bg)didtribution’s
unimodality reinforces our previous findings that the distinction between reguéatd
nonregulatory sequences is not hard and fast, particularly in the case of eshahiterthe
extended negative tail suggests that silencers have a wider range tdizgéfethan enhancers
[5].

The overall screening procedure was designed to identify coding fragaintsliably

show strong regulatory signals, with more stringent thresholds for inclusiochastea (Fig. 3-

1(E)).
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Figure 3-1. Distribution and workflow. (A) Quantile normalized relative luciferase activity for
Sau3Al-digested exonic fragments in liver C3A cells compared within and dreplates.
Relative luciferase activity is the lggatio of firefly luciferase tdRenilla luciferase. Batch
number indicates corresponding 96-well plate. (B) Quantile normalized rdlatiferase

activity for Alul-digested exonic fragments in C3A liver cells. (C¥tbbution of relative
luciferase activities for Sau3al-digested fragments in liver C3A cBl)Distribution of relative
luciferase activities for Alul-digested fragments in liver C3A c€ly Workflow for identifying
regulatory elements.



From the initial, unbiased screen of all 1,932 fragmewgsselected for additional
evaluation clones with luciferase activity beyond two standard deviations frometre Bach
of these clones was then sequenced, and its sequence aligned with the human genome (NCBI
build 37.2) using BLAT [19]. Non-exonic clones were culled by retaining only those<l
whose top BLAT match resided in coding exons, 3’ untranslated regions (UTRS) or § (@R
matches had 100% identity, except one unusually long 305 bp fragment with 98% identity).
Exonic clones were then subjeciadC3A liver cells to two subsequent rounds of testing for
regulatory activitythe first round consisting of three replicate assays and the second round
consisting of eight. Clones were removed from consideration if they did not den®nstrat
luciferase activity significantly different from the pGL3-promotenirol in each round of assays
as determined by one-sample t-tests (DF = 2, DF = 7, for three and eiglatesplrespectively)
controlled by false discovery rates (FDR < 5% used as threshold for inclusiemwek
confident that eight replicates would provide a robust signal of regulatomyitgices luciferase

signals across replicates were highly correlated (Pearson tomele+ 0.978, p < 16.

3.3 Putativeregulatory elements
Two clones that showed significantly higher activity than the promoteratontr
across the eight replicates were deemed putative enhancers, whildangistwith lower

activity were deemed putative silencers (Figs. 3-2(A) and 3-2(B)).
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Figure 3-2. Regulatory activity of putative elements. (A) Mean activities of 8 replicates of
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Genomic locations, lengths and host genes of putative elements are provided3rltable
Sequences for each element are provided in tableC¥-fhe ten putative elements, six resided

in coding regions, three in 3’ UTRs, and one resided in the single non-coding exon of a

mitochondrial gene (Fig. 3-3).
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Collagen, type V, alpha 2 S2

20 kb + :
chr2: 201475000 201495000 201515000 201535000
AOX1 WWMWWW3
Aldehyde oxidase 1
5kb |
chr11: 18417000 18420000 18423000 18426000 18429000
LDHA - » - T — - -
Lactate dehydrogenase A S4
1kb+ |

chr12: 49522000 49522500 49523000 49523500 49524000
TUBA1B s ? <<<<<<<< S —
Tubulin, alpha 1b

10 kb |
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Tetraspanin 3

5kb: .
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RSL1D1 ?7 - as e e e -
Ribosomal L1 domain containing 1
10 kb .

chr17: 47870000 47880000 47890000

MYST2 " S:8 L + * # »
MYST histone acytyltranferase 2

Figure 3-3. Genomic locations of exonic regulatory elements. Positions of fragments within
exons, including coding regions (thick boxes) and 3' UTRs (thin boxes).
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3.4 Evolutionary conservation of putative regulatory elements

As judged by phastCons (UCSC genome browser, [16]) seven of the ten putative
regulatory element sequences were strongly conserved across all vestéiesan base-by-base
phastCons score for element > 0.5), two were somewhat conserved (score > 0.1), and one was
not conserved at all (score < 0.1) (Figure 3-4 and Table 3-3). Generally, regalatognts
found in coding exons were more highly conserved than those elements found in InuEERS
coding exon score = 0.707 = 0.143, mean 3'UTR score = 0.392 + 0.AS&) whole, regulatory

element conservation scores preserve both amino acid sequence and reguletiory[fn

We compared the mean phastCons conservation score of each regulatory eldment to t
mean conservation scores of all other exons within the same gene using onet-testpld able
3-3). Surprisingly, none of the putative elements were significantly morergedgsban their
neighboring exons, whereas two coding elements, S7 and S8, appeared to be sigh&ssantly
conserved than their neighboring exons at FDR < 5%. Fragments S3 and S4 were also les

conserved, but were in non-coding regions so would not be expected to be superconserved.
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Figure 3-4. Conservation of fragments. PhastCons scores, which represent the probability that
a base is conserved across vertebrates, for all bases in each fragmerteseque

13



3.5 Transcription factor binding siteswithin putative regulatory sequences

We searched for TFBSs using the UCSC Genome Browser ENCODE/HAIB
Transcription Factor Binding Sites “peaks” track, which annotates siteshei best evidence (p
< 10°) for TFBS along the entire human genome as determined by ChIP-seq. Because mos
DNA-protein interactions were tested in HepG2 liver cells, we confined atctsto that cell
line. In addition, HepG2 cells and the C3A cells used in our study both originatevesm i
Transcription factor binding site peaks found within the putative element seqaeadisted in
table 3-4. Four of our putative elements had known TFBSs as determined by Chitsseitf) t
multiple sites. The most common binding site was for HNF4A, hepatocyte nusstear4:.
HNF4A is known to be liver-enriched and to target at least 260 genes, possibly thousands of

genes covering a wide array of functions [20].

We also employed the UCSC Genome Browser HMR Conserved Transcription Fact
Binding Sites track, which uses comparative genomics to predict TFBS locati@mazh§ <
0.01) across human, mouse, and rat. TFBSs are computationally determined, but not
experimentally verified, using TFBS sequence data in the TransfaxNdattabase [10]. Three
of our putative silencers contained conserved TFBS (Fig. 3-5). The S5 sileratedlwithin
the TUBA1B gene contained two overlapping TFBS for RORA1 (z = 2.45, p = 0.0071) and

PPARA (z = 2.64, p = 0.0041). We explore this protein-DNA interaction in more detail below.
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Figure 3-5. Conserved transcription factor binding sites. Positions of transcription factor

binding sites conserved across human, mouse and rat relative to amino acid sequence of
fragment.

3.6 GC-content of putative regulatory sequences

GC-richCpG islands (CGls) are most often found in the core promoter region
immediately upstream of the transcription start site. However, the digauv@iCGl in the
intron of the PAX6 gene that may act as an alternative transcriptionit@dras introduced the
notion that CGls not associated with the core promoter may also play a rolesgriptonal
regulation [21].To determine whether the putative exonic regulatory elements were found within
CGils, we employed the USCS Genome Browser CpG island prediction track, witfieisle
sequences at least 200 bp long consisting of > 50% GC-content arranged as CpG idiesialeot
least 60% as frequently as expected from GC-content. None of the putative elearerftaund

in CGls.

It is possible that regulatory elements may actually be less likélg in CGls than
coding exons in general. We therefore compared the GC-content of each etether@C-
content of all exons within the same gene using one-sample t-tests (Tabl&l¥&g of the ten

elements had significantly less GC-content than their neighboring exonsre3iiisis expected
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for the two elements located within 3’ UTRS, as non-coding exons typically av@C-
content. However, the lower GC-content of coding element S2 is somewhat surpssiijhas
the highest GC-content of all putative elements, although its host gene alse haghest GC-

content of all genes.

3.7 Histone modification signatures of regulatory elements.
Well-studied histone modifications associated with enhancers include H3H4MmdBb],
H3K4me2 [15], H3K27ac [14] and H2A.Z [14]. Histone modifications that predict sileacers
not as well known, but several combinations of modifications at promoters have been found to be
correlated with low expression, most of which contain H3K27me3 [15]. To determinieawvhet
the putative exonic regulatory elements were associated with histoneaaiialiis, we aligned
our regulatory sequences with the ENCODE/Broad Histone Modification track 0fGBE€
genome browser, which maps histone modifications across the genome as ddteynGhéP-
seq across several cell lines including liver. Because only a portion aof hestiene

modifications were mapped in HepG2 liver cells, we used tracks from laipes.

True to their versatility, fragments varied in the number and types of histone
modifications with which they were associated (Table 3-6). The E1 enhaas@&sgsociated
with all 3 known enhancer modifications, H3K4mel, H3K4me2, and H3K27ac, the latter two in
liver. On the other hand, four of eight silencers were also associated with [d3kada
H3K27ac, although none of them in liver. Repressive signature H3K27me3 was assatiated w
7 of 8 silencers as well as enhancer E1. Other modifications associated wjthity wia

fragments include H3K79me2 and H3K20mel.
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3.8 Cis-regulation of host genes

If exonic enhancers and silencers cis-regulate expression of their hasttgene
manipulation of transcription factors that bind to the regulatory element shtarlthal
expression of the host gene. To test this hypothesis, we searched the GeneoBXpresgous

(GEO,http://www.ncbi.nlm.nih.gov/gedor studies in which the relevant transcription factor

was perturbed and the target gene’s expression was measured. We focusedranttrgeje

tubulin alpha 1b (TUBA1B) and the putative silencer S5, located inside one of the coding exons
of the gene. Two transcription factors, peroxisome proliferator-activated cecdptPARA)

and retinoic acid receptor-related orphan recep{®ORA) have overlapping binding sites

within the boundaries of the S5 silencer. Both PPARA and RORA are involved in lipid

metabolism and so are both highly expressed in liver [22; 23].

We first analyzed data from a pair of studies in which global gene expresson wa
measured in wild-type and PPARA-null mice after administration of eitfeePPARA agonist
WY 1463 [22] or after fasting [24]. Fasting is known to induce PPARA expression in small
intestine [24]. To ensure that expression changes due to PPARA induction wefie, speci
also tested for association between PPARA activation and expression of tubuln DeaB4.
Tubulin beta belongs to the same protein family as tubulin alpha, but has no known PPARA

binding site.

Figure 3-6(A) shows the effects of PPARA activation on TUBA1B exmess small
intestine in wild type and PPARA-null mice treated with or without a PPAFRIayg Although

there were significant main effects of PPARA-genotype (F = 12.292, DF = 1, p = 0n@di08) a
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agonist (F = 16.548, DF = 1, p = 0.004), the interaction of these two factors was not significant
(F =2.8643, DF = 1, p = 0.129). Both main effects appeared to be driven by the decrease in
expression in the wild-type/agonist condition (Fig. 3- 6(A)), suggesting that iR ARBgonist
actually affects TUBA1B expression only in wild-type mice. Indeed, postHbests suggest

that TUBALB expression is attenuated in wild type mice treated withRA&RR-agonist

compared to wild type alone (t = 4.358, DF = 4, p = 0.012), but is not attenuated in PPARA-null
mice treated with agonist compared to PPARA-null mice alone (t = 1.583, DF =4, p = 0.189)

In contrast, for expression of tubulin, beta 4 (TUBB4), there were no significantsedff
PPARA-genotype (F = 0.066, DF = 1, p = 0.803), PPARA-agonist (F =0.095,DF =1,p =

0.766), or their interaction (F = 0.095, DF =1, p = 0.7663) (Fig. 3-6(B)).

Results from the fasting study were similar (Fig. 3-6(C) and 3-6(Blfhough the
fasting effect on TUBA1B expression was significant (F = 19.392, DF = 1, p = 0.002), the
effects of PPARA-genotype (F = 3.256, DF = 1, p = 0.109) and the interaction of fasting and
genotype were not (F = 1.228, DF = 1, p = 0.3) (Fig. 3-6(C)). Once again, wild-tgpehat
fasted had lower expression of TUBA1B than mice who did not fast (t = 4.836, DF =4, p =
0.008), while PPARA-null mice showed no difference when fasting (t = 2.005, DF =4, p =
0.119). The expression of TUBB4 (Fig. 3-6(D)) did not depend on PPARA genotype (F = 2.52,
DF =1, p =0.151), fasting (F = 0.727, DF = 1, p = 0.419), or their interaction (F = 4.674, DF =
1, p = 0.063). Together, the results of this pair of studies suggest that PPARA esaaepf

TUBAI1B.
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To test for association between RORA activity and TUBALB expression,ededasa
from a study in which global gene expression was compared in skeletal muscledaken f
wildtype mice and mice with a RORA dominant negative mutation. Mean transuels of
TUBALB in wildtype and RORA dominant negative mice are shown in Fig. 3-6(E)BALB
was expressed less in RORA dominant negative mice than in wildtype mice (t = 4.651@,D
p =0.013), suggesting that RORA is an activator of TUBA1B. No data for TUBB4%sipn

were available from this study [23].
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Figure 3-6. PPARA and RORA regulate TUBA1B expression. For all figures, n = 3 per bar.
(A) Effects of PPARA genotype (wildtype = red, null = blue) and PPARA aguvi¥t4643
(present = filled, absent = dashed) on TUBA1B expression in murine smalinetdéstror bars,
standard error of the mean. (**, p<0.01 compared to wild type + agonist condition). Only
PPARA wild-type mice receiving the PPARA agonist show a reduced TUBXpBession.
Data from [22]. (B) PPARA genotype and PPARA agonist do not affect TUBB4 exjress
Data from [22]. (C) PPARA genotype and fasting (PPARA activation, fastirge, fno
fasting = dashed) effects on TUBA1B expression in murine small intéstine<0.01 compared
to wild type + fasting condition). Only PPARA wildtype mice that fastemsreduced
TUBAI1B expression. Data from [24]. (D) PPARA genotype and fasting do not atiiB4
expression. Data from [24]. (E) RORA activates TUBA1B expression immakieletal muscle
(**, p<0.01). Data from [23].

We propose that PPARA and RORA compete to bind the TUBA1B regulatory element,

wherein PPARA represses TUBA1B when bound, while RORA activates (Fig. Gefisistent
20



with the opposing effects of PPARA and RORA on TUBA1B expression, published reports
demonstrate an antagonistic relationship between the two transcription.f@#ctarsber of
peroxisome proliferated activated receptors, including PPARA and PPAR¥@|lass orphan
nuclear receptors like RORA have highly similar carboxyl terminalheides in their DNA
binding domains that recognize a conserved 5’-extended sequence of some PPAR response
elements (PPRES) [25]. PPARs and orphan nuclear receptors compete to binddppoger|
sites, such as those found within the TUBA1B exon. For example, the response element
RevDR2 has been shown to mediate repression of its host gene by orphan nugear Rese
ErbA but activation by PPARA [25]. Coexpression of Rev-ErbA and PPARA inhiliiteaacon
by PPARA [25]. Similarly, RORA and PPARG have overlapping binding sites iRRRE
located in the promoter of the perilipin gene. RORA blocks induction of perilipin through

PPARG activation [26].

A B
PPARA
mRNA mRNA
/V
[ | [ | S
TUBA1B TUBA1B

Figure 3-7. Competition model for PPARA and RORA regulation of TUBA1B expression.
(A) TUBA1B expression is repressed by binding of PPARA to putative elerdent S
(B) TUBA1B gene expression is activated by displacement of PPARA fiohy RORA.
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Table 3-1. Putative Regulatory Elements

Length

Element?® Restriction enzyme Gene Region Start position (bp)
El Sau3Al RPL19 Coding chrl7:37,358,574 34
E2 Alul TVASS Coding chrM:2,655 83

FAM161
Sl Sau3Al A Coding chr2:62,066,752 305
S2 Sau3Al COL5A2 | Coding chr2:189,904,052 110
S3 Sau3Al AOX1 3'UTR chr2:201,536,139 80
S Sau3Al LDHA 3'UTR chrl1:18,429,266 58
S5 Alul TUBALB | Coding chrl2:49,523,028 62
S6 Sau3Al TSPAN3| 3'UTR chrl15:77,338,647 237
S7 Alul RSL1D1 | Coding chrl6:11,931,947 26
S8 Sau3Al MYST2 | Coding chrl7:47,869,298 b4

®Elements labeled “E” are putative enhancers; elements labeled “S” atiegstlencers
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Table 3-2. Fragment Sequences

Element

Sequence

El

GATCAGCCCATCTTTGATGAGCTTCCGGATCTGC

E2

CTGTCTCTTACTTTTAACCAGTGAAATTGACCTGCCCGTGAAGAGGCGG
GCATGACACAGCAAGACGAGAAGACCCTATGGAG

Sl

TCTACTTATGGTTCAACTACCAATGACAAGTTAAAAGAAGAAGAAGCTC
TATCGAAACCTTAGGACACAGCTGAGAGCCCAGGAGCATTTACAGAAC
TCATCTCCTCTGCCTTGTAGGTCAGCTTGCGGATGCAGGAACCCCAGGT
GTCCTGAACAGGCTGTAAAGTTGAAGTGTAAACACAAGGTTAGGTGCC
CAACTCCTGATTTTGAGGACCTTCCTGAGAGATACCAGAAACACCTCTC
AGAACACAAGTCTCCAAAACTCTTAACAGTGTGTAAACCATTTGATCTG
CTGATCTGCATCTC

S2

TCAGGCGGCTCCTGATGACAAAAACAAAACGGACCCAGGGGTTCATGC
TACCCTGAAGTCACTCAGTAGTCAGATTGAAACCATGCGCAGCCCCGAT
GGCTCGAAAAAGC

2

GATCATTTAACATTCTGTGTATGTAACAAAATATCACATGCATAAATAT
TATGTATCAATAAAATT TTTTAATGGGCAAA

®

AGATCTTTTTACATTATATGGTAATGTACACTACTGATATAGTTCACAA
AATAAGATC

A

CCCGAGGGCACTACACCATTGGCAAGGAGATCATTGACCTTGTGTTGGA
CCGAATTCGCAAG

GATCCTACAATCTATTTTAGTCATTTTGTACAGCTGCTATCTTATTGGAC
TACAGTAAATATTTTTTAAAAGGACACCAATGAGGGGCACCATCTGGTG
TTAACCTTAACCAGAAAGCTGGTTTCCTCCTCCTCCCCGCAAAAACCTTT
GGCCAAGAGTTCTCCACTGTGAAGACTGAAAGGACCTGGTGACATTTCG
GCATCAGTCCTGTTACCACTTGGAGGTAACAGAAGCAGG

S7

AGATTCAAAAACATGCCACAGGAAAG

AGATCTCGAGCACACAGACAGTTCAGAAAGTGATGGCACATCCCGACG
ATCTGC
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Table 3-3. Conservation of Fragments and Neighboring Exons

Mean phastCons Mean phastCons
Element | scorefor element | scorefor all exons |t df p-value FDR
E1l 0.989 0.892 -1.672 5 0.892 0.892
E2 0.820 0.56% N/A N/A | N/A N/A
S1 0.211 0.496 2.238 5 0.075 0.134
S2 0.932 0.934 0.155 37 0.878 0.988
S3 0.004 0.705 20.840 | 34 6.088e-21  5.479e-20
4 0.631 0.756 1.129 6 0.302 0.453
S5 0.977 0.708 -1.177 2 0.360 0.463
S6 0.540 0.820 3.523 6 0.012 0.028
S7 0.110 0.422 3.362 8 0.009 0.027
S8 0.921 0.979 18.027 | 9 2.265e-08 1.017e-7

%nly one exon for this gene

Table 3-4. Transcription Factor Binding Sites Deter mined By ChlP-seq

El

HNF4A

E2

CTCF, HNF4A, p300, YY1, ZBTB33

S4

FOSL2, FOXA1L, HEY1, HNF4A, JunD, SP2

S5

HEY1

24




Table 3-5. GC Content of Fragments and Neighboring Exons

Element | GC content of GC content of all |t df p-value FDR
element exons

E1l 49.738 54.703 1.816 5 0.129 0.290
E2 49.606 44,158 N/A N/A N/A N/A

S1 44.014 42.991 -0.192 5 0.855 0.855
S2 52.906 55.970 2.609 37 0.0130 0.039
S3 22.362 46.618 21.541| 34 2.135e-21 1.921E-2
A 25.054 47.607 5.283 6 0.001 0.005
S5 50.537 53.546 1.590 2 0.253 0.325
S6 43.102 48.778 1.274 6 0.250 0.375
S7 39.764 41.904 0.764 8 0.467 0.525
S8 51.575 47.625 -1.465 9 0.177 0.319
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Table 3-6. Histone M odification Associated with Fragment Sequences”

H2A.Z | H3K4mel | H3K4me2 | H3K27ac | H3K27me3 | H3K79me2 | H3K20mel
E1(RPL19) other other liver liver other liver liver
E2(TVAS5)° - - - - = - -
S1(FAM161A) other - - - other - -
S2(COL5A2) liver - - other other other -
S3(AOX1) other - - - other - other
SHA(LDHA) - other - other - - liver
S5(TUBA1B) other other liver other other liver liver
S6(T SPANSJ) - - - - other liver liver
S7(RSL1D1) - other - other other liver liver
SB(MYST?2) - other other other liver liver liver

%liver” signifies histone modifications associated with fragment in Hep®g; ¢ether” signifies histone

modifications in cell types other than HepG2
No histone modification data for mitochondrial DNA
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Chapter 4 Discussion

4.1 Coverage

From a pool of 1932 random fragments we discovered 10 exonic regulatory elements
active in liver within coding regions and 3’ UTRs (as well as a non-codiog efxa
mitochondrial gene). A previous screen of 1,798 random fragments from a BAC canbaittin
genic and intergenic DNA from the ApoE gene cluster on chromosome 19 also yielded 10
regulatory elements active in liver [5], suggesting that regulatenyents are as common in
exons as they are in the genome as a whole. Since we screened a total of ~325 kbiloétranscr
sequences, and there is a total of ~30 mb of expressed regions, our work suggestsdhere a

least hundreds of exonic regulatory elements for liver cells in the human genome.

In both our present study of exons and our previous study of the chromosome 19 genome
region [5], silencers constituted a substantial portion of the uncovered regelatognts.
Since most assays specifically seek enhancers [27; 28], a large numigedaibrg elements

may well be missed by current approaches.

4.2 Conservation of putative elements
Nine out of ten of the exonic regulatory fragments were conserved acrtety ates,
with seven strongly conserved (phastCons score > 0.5). The evolutionary conserviigon of

regulatory fragment was correlated with conservation of the host gene aseaavitbfragments
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within coding regions were more conserved than those in 3’ UTRs. Others have shown that
computationally predicted exonic regulatory elements have lower nucleotideigidrstates

than other coding exons within the same host gene, presumably because of duza selecti
pressure to preserve both protein-coding sequence and TFBSs [7]. However, we foundthat non
of our fragments were more conserved than other protein-coding exons within thenlegst ge
whereas four fragments, two coding and two non-coding, were significantigoliessrved.

Fragment S6 contains a conserved TFBS so its lower conservation compared to mgghbori
coding exons is especially unexpected. Perhaps, then, some exonic regulatenysetee in

fact released from selective pressure, possibly as a means to allcangarifstional control

while still preserving protein composition.

4.3 CpG idandsand GC content

Traditionally, high GC-content has been associated with core promoter sequdrilees
thus far evidence of association between distal regulatory elements had G{g-content is
scarce [21]. Most exonic regulatory fragments had GC-content higher thamtmeegas a
whole, but much like with conservation, it is difficult to separate whether highdat@mt is
associated with coding or regulatory function or both. In contrast, we found that no exoni
regulatory fragments resided within CpG islands (CGIl) and some fragmentsaeaddC-
content than neighboring exons within the same host gene. Currently, it seems &€ aeht

CGl residence would be best left to predict promoters only.
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4.4 Transcription factor binding sites enrichment in putative elements

Six fragments had predicted TFBSs determined by ChiP-seq and comparatimaage
Three fragments had binding sites INF4A, hepatocyte nuclear factoa.4HNF4A is known
to be a master regulator of the expression of a wide variety of genes ir20y,esq this finding
is unsurprising. Enhancer E2 was found to have five predicted transcription factor Isitesng
E2 resides within the single coding exon of mitochondrial gene TVAS5.  Unfortunately
conservation, GC-content, or histone modification data were available for mitoicth@MA,
limiting our ability to both characterize and verify E2. Nevertheless, fiedigted TFBSs
provide strong evidence that E2 is a true enhancer and may suggest that mitochendrial

expression is regulated much like nuclear gene expression.

4.5 Regulation of TUBA1B gene

Overlapping conserved TFBSs for PPARA and RORA were predicted within av@utat
silencer for TUBA1B through comparative genomics. We verified the cidategy potential of
this silencer by positively and negatively correlating expression ofAllBBrith RORA and
PPARA activation, respectively. Nuclear receptors, like RORA and PPARsbblameshown to
have opposing effects on downstream gene expression [25; 26]. One intergglicegion of
this relationship is that TUBA1B silencer S5 may have been discovered as acegrtamhthe
complement of TFs in the cell assay been different, for example if RORAaverexpressed
relative to PPARA. It is possible many regulatory elements may havediidival effects,
depending on TF interactions, and what were once known as “enhancers” and “silerageb&’

more appropriately called “regulators”.
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4.6 Histone signatur es significance on putative elements

The versatility and difficulty in identifying regulatory elementsaiected in the
diversity of histone modifcations associated with them. Most of the signatuvéesusie used
to identify enhancers, such as H3K4mel, were also associated with severakdgooers.
Because not all histone modifications were mapped in HepG2 liver cellssavioaked at the
chromatin state at the position each of our putative exonic regulatory elemalttsther cell
types tested for the UCSC Genome Browser ENCODE/Brorad Histone Mdidificrack.
Cross-cell type inferences should be made cautiously, as histone modificaBohaiacers are
known to vary considerably between cell types [14]. Nevertheless, no modificaigoly cl
delineated the boundary between regulatory and non-regulatory exon fragmentseenbe
enhancer and silencer. Indeed, histone modifications often correlate with eacBugjgesting
that rather than individual modifications, modules consisting of many interactin§jecabdns

are the true markers of regulatory activity [15].

4.7 Conclusion

In the same way, coding regulatory elements appear to be sequencesdbatanmently
conserved, enriched in TFBSs and associated with several histone modificahkkely
reflects the biology: a given TFBS motif appears many times in the geaochenly a fraction
are likely true binding sites, most likely those which are clustered togethvenich access to
the TFBSs is permitted by histone modifications and those where the TFBSs1seeved
across species. No feature correlates perfectly with regulatovityadd single-feature based
approaches are likely to fail. Integrated approaches have already beesfsiigaesed to
predict the locations of coding regulatory elements. For example, a searklsterscof TFBS
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conserved spatially and evolutionary across human, mouse, and rat was used to predict ~700,000
regulatory elements, including an experimentally-verified coding enhé&mcre gene ADAM

metallopeptidase with thrombospondin type 1 motif, 5 (ADAMTS5) [6].

In sum, the variability of coding regulatory elements requires timainge-wide searches
will have to define an appropriately multifaceted signature. The complexityeractions
between DNA, transcription factors and chromatin state should be integrated intssexbte

search for the sequences where these interactions occur.
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Appendix

I ntroduction

In addition to my thesis work | participated in other projects not directly delatthe thesis but
for which my contribution was significant. Involvement in these side projects pcbridewith
knowledge and expertise that were necessary to successfully complatsentaton. This
appendix summarizes the results of some published side projects as well astahatoyeas not
published.
Error-correcting microarray design
Arshad H. Khan, Alex Ossadtchi, Richard M. Leahy, and Desmond J. Smith. Genomics 81
(2003) 157-65.

cDNA microarrays are a powerful technology that allows a reseaihegasure
thousands of gene expression levels simultaneously and to compare gene expi&Ess®on pr
between different biological samples. Many factors can affect arragygsalich as irregularities
in DNA spot deposition, efficiency of hybridization and RNA quality. Many of ttiastrs can
be resolved by simultaneously hybridizing experimental and control samplsiiakih
distinct fluorophores to the arrays and taking the ratio of expression interiddigsver,
missing or damaged spots in the array results in the irretrievable losseoégpression
information. One way to overcome this problem is to print each gene more than offfezeattdi
positions on the array. However, the number of spots that an array can hold is liontedtisg
the entire spectrum of human transcripts in multiple replicates is ndiléed resolve the
issue of missing information from cDNA arrays because of spot drop-out, wertsed e

correcting principles from digital communication to develop a microarragrdeswhich
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multiplexing of more than one gene onto each spot was employed. Computational decoding of
these multiplex spots allowed us to retrieve the expression informatioactoirelividual gene

even in the presence of corrupted spots.

To evaluate the concept of error correcting codes in microarrays;sivfiestigated the
effect of multiplexing four genes with six spots in a combinatorial fashion and cedber
decoded expression intensity to simplex mode (one gene per spot) expression.iniémsity
genes chosen for this array design were based on already known exprdsgi®mvadney
relative to brain. To ascertain the sensitivity of the multiplexing schethéhardecoded value of
each gene expression, 10 different concentrations (using a serial dilutiodhey RNA was
co-hybridized with a constant concentration of brain RNA. Normalized interaditgs of each
spot were then decoded to get the intensity for individual genes. Comparison of thtyiatens
simplex spots with the decoded intensities from multiplexed spots showed acstnaigtion.

In a subsequent analysis we used the information from four spots out of the sixexedtipl

spots, dropping information from two of the multiplexed spots on purpose. We were stidl able t
decode the intensity of each individual gene and these intensities weresmgldy to the

values from simplex spots, indicating the robustness of the error correctingplerifor

uncovering lost gene expression information.

Further validation of the application of the error correcting principle twaarray design
was done using two additional quadruplet gene sets as well as a set of extifémes
encoded in multiplex. All three sets showed good agreement with simplex spatiggerfsor
all three sets, loss of up to one third of the spots still permitted accurate decotimgnedrnsity

of individual genes. For each of the genes tested in the microarray desiga€RRWas done to
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measure the expression levels of each gene. Expression levels from R¥eRCigund to be
highly similar to expression values from the decoded intensity level of eaelfrgen the
multiplexing schemes. This high replicabilty further indicates the robisstidke error

correcting principle applied to microarrays.

In this project, | performed the RNA extraction from brain and kidney, all hylatidn

experiments, all validation experiments using different sets of genes)laswhe validation

using RT-PCR. Analysis of the data was partly performed by me and by AlagtClgs
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A genome-scale map of expression for a mouse brain section obtained using voxelation
Mark H. Chin, Alex B. GengArshad H. Khan, Wei-Jun Qian, Vladislav A. Petyuk, Jyl Boline,
Shawn Levy, Arthur W. Toga, Richard D. Smith, Richard M. Leahy, and Desmondtd. Smi
Physiol. Genomics 30 (2007) 313-21

Understanding neurological diseases is a daunting task. These disordeils e rigf
the corresponding gene expression signatures that exist in the brain. To undersandttire
of the brain transcriptome, we investigated the expression of approxirB@@lQ genes in a
coronal slice of the mouse brain using cDNA microarrays. The coronal sleéaken at the
level of striatum and 1 mhvoxels were generated from the slice. Each voxel was then analyzed
for genes expression signatures using the microarrays. Gene expdadga from each voxel
was employed to reconstruct two dimensional images of gene expression aith&lottiple
replicates of the gene expression studies from the coronal section werenpdriind strong

replicability was confirmed. Further validation of the gene expression datéalie section was

confirmed by RT-PCR, mass spectrometry and from publicly available inyditidization data.

Using this voxelation approach, we validated known and novel gene expression patterns
in the brain. Additionally we identified a set of genes that showed a gradient of\censal
expression. This study using the voxelation method combined with microarray tephnl

be a valuable resource to better comprehend neurological disease processes.

My contribution to this project was to dissect and generate voxels from the coronal
sections of the mouse brain, extract RNA from each voxel and measure the RIAtaian.
Hybridization of RNA samples from each voxel to the cDNA arrays was donetusing
Vanderbilt core facility. RT-PCR was done partly by me and partly by Mank. @nalysis of

the data was primarily done by the other authors of this paper.
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Fine mapping of regulatory loci for mammalian gene expression using radiation hybrids
Christopher C. Park, Sangtae Ahn, Joshua S. Bloom, Tongtong Wu, Andy Lin, Richaahd,. W
Aswin SekarArshad H. Khan, Christine J. Farr, Aldons J. Lusis, Richard M. Leahy, Ken
Lange, Desmond J. Smith. Nat Genet 40 (2008) 421-429.

Using expression analysis combined with high resolution genotyping of a largeopanel
mouse-hamster radiation hybrid cell lines, we mapped regulatory loci forpmodsin coding
genes. The large numbers of breakpoints in the radiation hybrid cell lines and #e dens
genotyping allowed very sharp mapping (<150 kb) of the regulatory loci. We idéntif
approximately 30,000 trans ceQTLs (copy humber expression quantitative tjedtt ladalse
discovery rate < 0.4. Of thteans ceQTLs, 13 of them acted as hotspots, each regulating more
than 4,100 genes inans. Additionally, we found that 2,76tans ceQTLs had no known genes
associated with them suggesting the importance of gene deserts inoaguatalysis also
revealed that genes on the X chromosome had significantly waakeQTLs than genes on the
autosomes, suggesting dosage sensitive autoregulation of X chromosome genesentiepnd

chromosome inactivation.

My contribution to this project was to grow each hybrid cell line, extract RMNADNA
from each cell line and measure the concentration of RNA and DNA. Also, hybddina
RNA samples from the hybrid cell lines to the microarrays was pantigrpeed by me. Data

analysis was primarily done by other authors of this paper.
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Screening reveals conser ved and nonconserved transcriptional regulatory elements
including an E3/E4 allele-dependent APOE coding region enhancer

Hsuan Pu Chen, Andy Lin, Joshua S. Blodmshad H. Khan, Christopher C. Park, Desmond
J. Smith.Genomics 92 (2008) 292-300.

In this project we screened random DNA fragments from a human BAC (153 kb)
containing the APOE gene cluster to search for enhancer and silencer regléatayts. We
identified 14 regulatory elements; 9 enhancers and 5 silencers that weserakiver or
astrocyte cells. Two previously known enhancers in the APOE gene clustersragire also
validated. Surprisingly we identified one enhancer elertiattresided within coding sequence
in exon 4of the APOE gene. This enhancer sequence harbored a single nucleotide
polymorphism, the E4 allele is known to be associated with Alzheimer’s disease, BGt not

Analysis of the two alleles, showed that the E4 allele had enhancer attiitity3 did not. This

finding may explain the known higher expression level of the APOE E4 allele comp&ad t

Our finding of an enhancer within a coding sequence suggests that there are perhaps
several types of transcriptional regulatory elements that share ovegdppation with other
elements, including coding sequences. This finding, along with other isolatetestd
regulatory elements within coding regions described in the literature, prdmma to perform
the research described in this dissertation, in which | screened for oeg@li@ments that are
specifically located within coding regions, genome-wide.

My contribution to this paper was to helpthe transfection experiments and in

performing the assays for reporter gene activity.
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Mapping genetic interaction in Drosophila melanogaster using synthetic enhancement
genetics

Arshad H. Khan, Andy Lin, John R. Merriam and Desmond J. Smith

Introduction

Genetic interactions underlie the relationship between an organism’s geantype
phenotype (1). However, genetic interaction profiles for various speciebbangoorly
explored to date. In yeast, a systematic deletion approach demonstrated thee@0gbets
genes are not required for viability when tested individually (1). This raisepidstion of why
there is an excess number of genes in an organism above those required for. vidbgity
guestion can be addressed with the reasoning that genes hardly act aloneheatletfects
depend on their functional relationships with other genes. Determining the geteztictions
between genes in an organism that together influence viability may help anssterrguiabout

the nature of this functional co-operation.

Evidence of genetic interaction

Several approaches have been employed to map genetic interaction in eukiaoyotes.
example, synthetic genetic array (SGA) technology (2) permittéddegsity arrays of double
mutants and enabled researchers to map 30% of all possible synthetic |lethetiame in yeast
(1, 3). Similarly, using RNA interference methods to generate mutants@ssing the alleles
allowed researchers to investigate the effect of double mutants on sun@/atlegans. A total

of 0.03 % of all possible interactions were mapped in C.elegans using this aggjoach
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Significance of interactions

Approximately 1000 out of 6000 yeast genes were found to be essential for survinal whe
tested individually suggesting an extensive buffering against genetic pedar{®tiHowever,
recent studies using synthetic enhancement genetics in yeast edehfifi, 000 synthetic lethal
interactions (5). The effects of interactions may explain the appatienitiyd effects of
individual genes on viability. A better understanding of gene-gene interaction netwibtksis

provide us with deeper insights into normal and abnormal cellular processes.

Aims

Previous studies of genetic interactions in radiation hybrid panels in our laboratory
identified over 7 million gene-gene interactions by analyzing the emtren pattern of two
regions of triploid DNA (6). Similar work had also been done in yeast, as desdoibez] a
allowing researchers to create an interaction map between genes (5).etkesdines of
evidence prompted us to evaluate the frequency of interactions between rsutatibferent
genes in Drosophila melanogaster. More specifically, we looked for tiet effgene- gene
interactions in the progeny of double mutant crosses. Any deviation in the nunpoegeny
from Mendelian inheritance would suggest the presence of interaction betwé&en denes.
Mutant genes that interact in Drosophila may allow us to infer the restitts obrresponding
human gene-gene interactions. We hoped to show from this work that our strategy to detect
genetic interaction in flies is valid, eventually permitting constructionggree-gene interaction

map for all Drosophila genes.
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Experimental design

Two sets of P element mutants on chromosome 2L (16 female) and chromosome 2R (17
male) were crossed (272 crosses) each other (Fig.1) (7-9). Each mutant wagdous
inviable and balanced with the CyO balancer chromosome which contains the Cgrly win
dominant markerQy). Approximately 500 progeny from each cross was scored in 4 broods
(original, 1st transfer,” transfer and 3rd transfer) and progeny from each brood was collected
at four different days (every other day). Scoring consisted of counting the nahviat-type
andCy winged flies. The expected genotype and phenotype of the progeny from thess cros

are shown in Table 1 and Fig. 1.

mt1 mt2 i .
CyO CyO

mt1 mt2 mt1 CyO
- . - P G1
CyO CyO mit2 CyO
Cy wings Cy wings Straight wings Inviable

Fig.1. Expected genotypes and phenotypes from double mutant crosses
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Table 1. Expected progeny classes

Gametes
mt2 Curly
mtl | mtl/mt2 (Straight wing flies)mt1/Curly (Curly wing flies)
Gametes
Curly | mt2/Curly (Curly wing flies) Curly/Curly (dies)

The curly and straight wing progeny are expected to follow a 2:1 ratio based on leendeli
inheritance. A significant deviation from the Z¢/straight ratio in the progeny from each cross

is interpreted as an interaction between the mutants.

Results and discussion

After collectingthe data from the initial crosses, the ratio of curly/straight wings Was
calculated for each cross. The Mean rati@gstraight progeny from all crosses was 1.98,
which followed the expected Mendelian inheritance of 2. The frequency of curlgitghstr
progeny from all crosses showed a normal distribution (Fig. 2), with an extatirex at the

right likely representing a strong interaction between two mutant genes.

A Chi square test on the data identified twenty two individual crosses (apprelifa&bo
of the crosses) where the progeny deviatgdificantly from the expected ratio 0f(2<0.0035,
FDR < 5%) (Fig. 3, Table 2). Of these 22 crosses, four were found to have syneffgstin

which the number of double mutant (straight wing) flies was less than expecteenidiring
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18 crosses showed epistatic effects in which the number of double mutant Higeeater than

expected.

Table 2. Interaction between mutant genes

Gene
Gene name (?/;nr?a?le Ferr:?rlr(]ebs;)ck Genename (Male ?'\;elr; ?ezrgggl Male stock number | Interaction
(Female stock) stock) (Bloomington) stock) (Bloomington) type?
cropped crp 10362 ken and barbie ken 10420 Epi
cropped crp 10362 walrus wal 10447 Epi
cropped crp 10362 1(2)06496 1(2)06496 10450 Epi
cropped crp 10362 CG8078 CG8078 10468 Epi
Cyclin E CycE 10384 ken and barbie ken 10420 Epi
Cyclin E CycE 10384 CG30496 CG30496 10434 Epi
Sar S 10418 ken and barbie ken 10420 Epi
: . overgrown
no mitochondrial nmd 10435 hematopoietic 0ho55DE 10200 Epi
organs 55DE
no ?;rci)::/ggccelnal nmd 10435 inscuteable insc 10373 Epi
no ’L‘;?ﬁgg’\‘g”a' nmd 10435 Sech1f Sec6P 10376 Epi
nomitochandrial | nmd 10435 charlatan chn 10380 Epi
nomitochandrial | nmd 10435 ken and barbie ken 10420 Epi
turtle tutl 10451 blistered bs 10413 Syn
taiman tai 10453 charlatan chn 10380 Syn
: overgrown
Fﬁ'obtg.ss”gl RpS21 10457 hematopoietic 0hoS5DE 10200 Epi
p organs 55DE
Ribosomal .
protein 21 RpS21 10457 Tfbli Tfbl 10398 Syn
Ribosomal ] .
protein 21 RpS21 10457 ken and barbie ken 10420 Epi
Ribosomal .
protein 21 RpS21 10457 CG8078 10468 Epi
spitz spi 10462 ken and barbie ken 10420 Epi
oopTPase89 | Vhags-2 10463 1(2)06496 1(2)06496 10450 Epi
CG9302 CG9302 10475 blistered bs 10413 Syn
CG9302 CG9302 10475 1(2)06496 1(2)06496 10450 Epi

aSynergistic = Syn and Epistatic = Epi
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Distribution of curly/straight

60

Counts

4 5 B 7 g
Ratio

Figure 2. Frequency distribution of curly/straight progeny ratio from 272 crosses
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Ratio significance, red: ratio > 2, blue: ratio < 2, green: ratio = 2
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10388 = =
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10455
10465
10467
10468

Figure 3. Interaction map of 272 crosses. Blue squares represent significant epistatic
interactions. Red square represents synergistic effects. Green sguasemts no interaction

between mutants. Numbers represent Bloomington stock numbers.

To investigate the effects of cross direction and the replicability of the-gene
interactions, reciprocal (sex reversal) matings were performedd®@2 crosses that showed
significant interactions. Very high replicability was obtained (r =0.95 and px88x(Fig. 4).
The direction of the interaction (synergistic or epistatic) was presam0/22 of the reciprocal
crosses, suggesting high replicability of the gene-gene interaatohgnly minor effects of

cross direction.
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Correlation: ratio, sex reversal vs. original, r = 0.9527, p = 8.3168x10"

B T T T T T T T T

Original ratio (curly/straight)
[ &3]

3t - ]
8
2F i
G%EGJ
1 1 1 1 1 ] 1 1 1
0 2 4 6 2] 10 12 14 16 18

Sex reversal ratio (curly/straight)
Fig 4. Shows high replicability between replicates (r =0.95 and p<8.3x10*9)
We further extended our search to seek interactions in mutant genes thatiaedlyne

relevant to human disease. To select the fly genes we used homoloGene database

(http://www.ncbi.nim.nih.gov/homologeheGO (Gene Ontology)

(http://www.geneontology.oryand published articles that studied orthologs of genes in flies for

diseases such as cancer, Alzheimer’s disease, Parkinson’s diseasenamgtdh’s disease (10-
13). We obtained each fly stock from the Bloomington Drosophila stock center

(http://flystocks.bio.indiana.eduMWe performed similar crosses as described above using 19

medically relevant genes in 171 crosses and sought interactions. From thwesidéntified 11

48



statistically significant interactions (P<0.0031, FDR < 5%), 5 syner@istl 6 epistatic (Table
3). The effects of cross direction were tested for these medicalargimutants as described
above. The replicability of the data based on changing the direction of thescrasspreserved
(r = 0.93 and p<3.6xY). The direction of the interaction (synergistic or epistatic) was meser

in 9/11 of the reciprocal crosses.

Table 3. Interaction between medically relevant mutant genes

Gene
Gene name s;/mb(?l Female stock number Gene name G,\(/Tn? wmbli)l MaJes;ock I nteraction
(Female stock) (Female (Bloomington) (Male stock) (Male stock) number type?
stock) (Bloomington)
Death caspase-1 Dcp-1 10390 thickveins tkv 11191 Syn
Death caspase-1 Dcp-1 10390 baboon babo 11207 Epi
Suppressor of ) . .
variegation 2-10 Su(var)2-10 11344 CyclinE CycE 11396 Epi
Calcium
numb numb 11278 ATPase at 60A Ca-P60A 12389 Syn
Death caspase-1 Dcp-1 10390 Rhol Rhol 12185 Epi
brain tumor brat 10601 Posterior sex Psc 10688 Syn
combs
RNA polymerase |1 . .
33kD subunit RplI33 10575 thickveins tkv 11191 Syn
longitudinals lola 10946 thickveins thv 11101 Syn
lacking
Src oncogene at 42A Src42A 10969 Rhol Rhol 12185 Epi
Posterior sex combs Psc 10688 dacapo dap 11377 Epi
Calmodulin Cam 10379 Rhol Rhol 12185 Epi

aSynergistic = Syn and Epistatic = Epi

If the interaction between two mutant genes is gene specific, then diffdeded af the
same gene should replicate the interaction. To investigate this issue setldius interacting
medically relevant genes using independent alleles. Surprisingly, tellycaf the interactions
with statistical significance was not observed using the independeasalléiis finding suggests
that the interactions that we initially observed may be allele speSifice Drosophila mutants
are not, in general, created in isogenic backgrounds, random mutations in other retiiens of

genome in these strains could also provide an explanation for the change in tbgantera
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behavior. Thus currently available resources may not allow us to map geregtiction in flies
at present. However, similar genetic interaction studies are more feadidér organisms

such as the mouse, because of the availability of mutant alleles on inbretbbadkg

In this project, | carried out all the experimental work, including all the éaubkant
crosses, and examination of progeny fly phenotypes. Andy Lin assistedtatistical analysis
of the data. Dr. John Merriam provided advice and guidance on fly genetics. Theidegect

was conceived by Dr. Desmond Smith.
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