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ABSTRACT

The classical definition of genetits-regulatory modules such as
enhancers identifies these elements as insensitivlganges in position and
orientation relative to the transcription staregitSS). While this theory is well
supported, some recent studies have uncovered ¢éemofironstraint in the
position or orientation of particular enhancersisBtudy examines the position
and orientation sensitivity of two upstream enhambéements found in the gene
Pax6, which regulates development of the eyes and @lemérvous system in
vertebrates. Late embryonic stages of the organsed in this studyCiona
intestinalis, show expression ¢fax6 in the nerve cord and sensory vesicle.

For this investigatio?ax6 constructs were created in which the enhancers
were repositioned or inverted relative to the TH®se constructs were
electroporated into embryos Gf intestinalis, and expression of thHeax6-GFP
fusion gene was measured both by total fluorescandédy number of positive
embryos. Alteration of either position or orientatiof these enhancers was found
to cause a strong decrease in measBea@ expression. These results support the
conclusion that the upstream enhancers must eeiproper location and
arrangement to be fully functional, a finding tietonsistent with the results of

many other studies afs-regulatory elements.
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INTRODUCTION

Enhancers and other cis-regulatory elements

The expression of genetic information as traili@seon a group of DNA
elements collectively referred to es-regulatory elements. These DNA elements
are located on the same strand of DNA as the gbegsegulate; the function of
these elements is to control the degree to whieh thrget genes are expressed as
well as when during development and in what cbés¢ genes are expressed.
One type ofis-regulatory element is the enhancer, so named begaincreases
the expression of the target gene (reviewed in i8tzh 1988). An enhancer is
typically found upstream from the gene it regulagdhough some enhancers are
found downstream of their target genes or withtroims of the target genes.
Regulation of gene expression is accomplished giratanscription factors
(TFs), which are proteins that bind particular DEl&ments in order to promote
or suppress gene expression. Specific TFs boutietenhancer element will
form a complex with general TFs bound to the bpsainoter, a DNA element
that marks the start site for the process of tn@pisen (Ptashne, 1986; Ptashne,
1988). This interaction of specific and general Whsinfluence the extent to
which the target gene is expressed.

In the 1980s a number of studies of enhancero#aicis-regulatory
elements established the theory that these elerasnftexible in their position

and orientation relative to the transcription st (TSS). These studies



examined enhancers from diverse systems, such sm&omurine sarcoma

virus (Laiminset al., 1984), hepatitis B virus (Shaetlal., 1985), yeast (Elion and
Warner, 1986), and the mouse (Jayetes., 1988). For each study the enhancers
for particular genes were repositioned relativehe TSS, reversed in their
directional orientation relative to the TSS, orthdhe amount of expression of
these genes was then measured and compared ipties®on level using the
default enhancer setup. These studies concludéththanhancers still

functioned in an altered position or orientation.

The results of studies such as these establisleadeh that enhancer
function is unaffected by changes to the positiot arientation of these
elements, an idea that eventually became a critéoioestablishing a DNA
element as an enhancer. By the end of the samdelaaaechanism had been
discovered that explained the basis for this fldixyh In this model (Ptashne,
1986; Ptashne, 1988) the non-coding DNA betweesn&iancer and the basal
promoter forms a loop that brings these two elesamo close proximity to one
another. TFs bound to each of these elements aendrnlthe correct position to
interact and stimulate transcription. Since the sizthe loop does not matter, a
change in enhancer position would affect the sizeeloop formed but would
preserve crucial TF interactions. Similarly, a aj@am enhancer orientation
would cause a slightly different loop structurddom but would not affect the

interactions of TFs. Because the necessary TFaictiens are preserved in this



model, the level of transcription is not affectgdditerations to the enhancer
position or orientation.

In many of these same early studies, however,ltBeed position and
orientation of the enhancers did appear to reduedetvel of expression of these
genes. Expression from the murine muscle creatimesk promoter dropped to
approximately 20% when the upstream enhancer waarenoved to a position
downstream of the reporter gene or inverted (Jaginas 1988). Similarly, an
enhancer from the long terminal repeat of Moloneyine sarcoma virus was
found to be only 30 to 40% active when moved doveash of the reporter gene
(Laiminset al., 1984). An enhancer from hepatitis B virus (HR)&ve values in
the range of 50 to 300 in the forward orientatisnreeasured by a
chloramphenicol acetyltransferase (CAT) assay,ewpression using the
inverted enhancer ranged from 25 to 50 (Sketal., 1985). Such results indicate
that while an enhancer may still be able to functfats position or orientation is
affected, such alterations to the enhancer do eetheclevel of expression to
some extent. The reduction in enhancer activityébun these studies was
generally overlooked at the time of these invesitgs.

In more recent years there have also been a faliestthat have
uncovered enhancers that do not behave in thditnaali way. One such study
(Kim et al., 2008) examined twas-regulatory elements in mice. One, the CSE2
element, is an enhancer that promotes expressitire dfF-encoding geriéeg3.

The other, the CSE1 element, is a silencer fordavoegulated geneBegg3 and



Usp29. Silencers differ from enhancers in that silensenspress expression of
their target genes. Silencers also show the sasiggoand orientation flexibility
as enhancers. This study, however, revealed acoegplete loss of regulation of
the target genBeg3 when either element was inverted. Inversion ofathleancer
CSE2 caused a drop in expression from 1.7 foldiddld. These numbers are in
reference to the 1.0 fold expression observed V@2 was deleted from the
DNA. In the case of the silencer CSEL, inversiomsea expression to increase to
2.5 fold. By comparison, deletion of CSE1 gavefld expression oPeg3. The
effect of CSE1 orientation on silencing@$p29 was not examined in this study.

Another study in the fruit flyprosophila melanogaster (Smallet al.,

1993) examined the expression of gven-skipped (eve) gene, which controls
patterns of striping. Theve gene is controlled by several upstream enhancers.
Correct expression of this gene was found to bemlggnt on a minimum length
of sequence separating two of the upstream enhgna@etous abnormalities
result when they are placed too close togethés.ithportant to point out that in
theeve gene investigation the enhancers are constrainéloelr positions to each
other rather than to the TSS.

In addition to functional studies, several sequarmeservation studies
have identified genes in which the position anémtation of enhancers are
evolutionarily conserved. Sequence conservatioic@yly indicates that a region
of DNA has some important function, such as a gereis-regulatory element.

Similarly, if the orientation of an enhancer ordistance from the TSS is



conserved, this may indicate that the observediposr orientation is necessary
for correct gene expression. One recent sequemsziation study (Goods
al., 2005) compared human chromosomal region 7q3eetgénome of the
pufferfishFugu rubripes and identified a number of conserved non-coding
sequence elements in which the position and otientavere conserved. In a
subsequent functional assay, most of these corgetements were found to
function as enhancers.
The developmental gene Pax6

The gendPax6 plays an important role in development of the eyes
nervous system in both vertebrates and inverteb(aggiewed in Simpson and
Price, 2002, and in Thompson and Ziman, 2011).Hdeeé protein encoded by
this gene functions as a transcription factor. Pag family TFs contain an N-
terminal paired domain used in binding target gemesa C-terminal
transactivation domain that mediates protein-proigtieractions; Pax6 also
includes a DNA-binding homeodomain (Thompson amdafi, 2011). The
functions of Pax6 are highly diverse, includingeln patterning of the central
nervous system (CNS), control of cell migrationpession of cell surface
adhesion molecules, and promoting both proliferatind differentiation of
neurons in the eyes and CNS at different stagds\wlopment (Simpson and
Price, 2002; Thompson and Ziman, 2011). The funstiof Pax6 differ between

cell types, due in part to at least two isoformshef Pax6 protein with different



specificities for target genes (Simpson and P26€2; Thompson and Ziman,
2011).

Mutations inPAX6 are associated with a variety of phenotypic
abnormalities in humans. One of these is the aatakdominant condition
aniridia, reviewed in (Leet al., 2008). Aniridia is caused by mutationdHAX6
that cause premature termination of translatioeseéhare commonly nonsense
mutations or frameshift insertions or deletionse Téduced level of functional
PAX6 protein results in improper development andnteaance of the cornea,
lens, optic nerve, and other components of the Bys. condition can include
aniridia-associated keratopathy, a corneal disdfg®rresults in dry or red eyes,
photophobia, increased watering of the eyes, asidrvioss. Aniridia can also
lead to glaucoma due to improper draind®®xX6 mutations have been implicated
in other eye disorders such as keratitis, certaiaracts, and Peter’'s anomaly
(Simpson and Price, 2002; Thompson and Ziman, 2@fijnal models with
Pax6 mutations show various eye and brain disorders ag@n aniridia-like
small eye, also known as microphthalmia (SimpsahRmce, 2002; Thompson
and Ziman, 2011). Abnormal phenotypes may resaihfloss of expression or
overexpression dPax6, indicating that proper Pax6 function is concetitra
dependent (Simpson and Price, 2002; Thompson andryi2011).

Pax6 was chosen as the gene of interest in this pripecteveral reasons.
Since the function of Pax6 is widespread and vengisive to concentration of

the protein, any change Rax6 expression as a result of an altecessregulatory



module could cause a harmful phenotypic changereli@ve also been many
studies otis-regulation ofPax6 and its homologs in various systems such as the
mouse (Xuet al., 2002; Kleinjaret al., 2004; Kleinjaret al., 2006; Kammandest
al., 1999), fruit fly (Adachiet al., 2003; Hauclet al., 1999), and others (Griffiet
al., 2002; Kammandedt al., 1999; Plazat al., 1999). These studies allow
comparisons of effects amns-regulation to be made across diverse species. In
addition, the Irvine lab has previously identifig® majorcis-regulatory regions
that appear to be necessaryPax6 expression ifCiona intestinalis (Irvine et al .,
2008).
The model organism Cionaintestinalis

The organism used in this study is the sea sQuaria intestinalis,
discussed in (Satoh, 1994). Sea squirts, or as@dae ubiquitous in marine
environments worldwide (Satoh, 1994). The adukssassile filter feeders with a
tube- or barrel-shaped body. The body has two artmpenings: an oral siphon
that takes in food and oxygenated water, and @i atphon that expels waste
and deoxygenated water (Satoh, 19@4¢na is a hermaphroditic organism but is
self-sterile; fertilization requires gametes froiffedent individuals. The embryos
of C. intestinalis include tailbud stages that resemble tadpolesgtbeenbryos are
the focus of this study.

C. intestinalisis an ideal choice for studying expression of$gemes for
several reasons (reviewed in Sa#bhl., 2003). First, a simple electroporation

method has been developed to introduce a singilegeme into large numbers of



fertilized C. intestinalis eggs (Corbet al., 1997). In addition, a second draft of
theC. intestinalis genome has been published (Dedtal., 2002). Comparison of
sequences betweéhintestinalis and the closely related spec{@ssavignyi has
proven to be an effective tool for locating conggimon-coding DNA elements
such as enhancers (Johngbal., 2004; Irvineet al., 2008; see Figure 1).
Furthermore, embryos @. intestinalis are transparent and have a relatively small
number of cells; the cells are large and easilyrdjsished under a microscope.
The developmental fates of all cells in the eamhbeyonic stages of this organism
have been well documented. This means that exprepsitterns of transgenes
introduced by electroporation can be directly obsdrand measured at any of the
various embryonic stages, and that these resuitbea@ollected in a cell- or
tissue-specific manner.
Hypothesis

Since many previously studied enhancers show semstwity to
changes in position or orientation, it is worthestigating whether this
phenomenon is common amocig-regulatory DNA elements. This investigation
focuses on two enhancer elements, namednd U, located approximately 1.8
kb upstream of the TSS of tlk intestinalis Pax6 (CiPax6) gene; Figure 1 shows
the locations otis-regulatory elements identified @iPax6. These two
enhancers work synergistically to form a singkeregulatory module. Here |
present evidence that thgU, enhancer cassette loses much of its regulatory

function when inverted or moved closer to the TH®:se results are similar to
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Figure 1. Conserved functional regionsin CiPax6. A VISTA plot of conserved
sequence regions betwe€rona intestinalis andCiona savignyi is shown above a
diagram of major functional regions identified ire CiPax6 gene CiPax6
contains four regions with experimentally confirnasiregulatory functions,
shown in this diagram as pink ovals. The upstregnardl L enhancer elements
promote expression ¢fax6 in the nerve cord and in the sensory vesicle ®f th
brain. A third enhancer within the first intron protes expression in the
photoreceptor cells and the nerve cord. The elemihin the fourth intron acts
as a silencer. Image taken from (Irveieal ., 2008).



observations from other enhancer elements, suggettat this phenomenon of
position and orientation sensitivity is more comnmoenhancers than previously

recognized.
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METHODS
Production of test vectors

Vector Lig 1 was produced from the experimentatee€iP6-2.5Ul1
used and discussed in Irvigeal., 2008. CiP6-2.5U11 contains a portion of the
CiPax6 gene beginning 2.5 kb upstream of the TSS anchgniithin the first
exon. This fragment includes the upstreagnaldd U, enhancer elements
followed by approximately 1.8 kb of non-coding DNAparating the enhancers
from the TSS. The intron 1 enhancer, which prometgsession in the nerve
cord and photoreceptor cells (Irvigeal., 2008), is also included in this vector.
CiP6-2.5UI1 also contains a nuclear localizatignal (NLS),lacZ reporter gene
sequence, and a SV40 polyadenylation signal. @4 created by replacing the
lacZ reporter sequence witBFP cDNA.

Lig 2 was intended to be a vector with the upstreamancer cassette
inverted in orientation. This vector was not susba$/ produced, however,;
therefore the discussion of this vector is skipieithis thesis.

Lig 3 was produced by digesting vector 1 wi@ial andNrul to remove a
1.15-kb piece of DNA from between the upstream anbes and TSS. The piece
of DNA removed from this clone was a piece of noding, non-conserved DNA
that was believed to exclude any TF binding sitemfthe enhancers or the basal
promoter. TheClal overhang was blunted with T4 DNA polymerase, dred

vector was ligated.
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GW 1, GW 2, and GW 3 were produced using the Gatea@ombination
system (Invitrogen). These vectors were designdx tsimilar to Lig 1, Lig 2,
and Lig 3, respectively; however, the vectors poadlthrough the recombination
method includeittB recombination sites at both ends of the enharessette.

The production of comparable vectors by two diffén@ethods was used to
check that any effects observed was not an artfisitte way in which the
plasmids were made. Prior to the production oféhextors, the intermediate
vector Aux 1 was produced. Aux 1 was prepared bgsting Lig 1 withAscl and
HindlIll, which removed a 19 base pair fragment immiadyaupstream of the
enhancers. A Gateway recombination cassette watedtignto this site to produce
Aux 1.

Next the entire vector except the enhancer regias amplified by PCR
using primers that bind outside the enhancer redibis PCR product was then
phosphorylated with T4 polynucleotide kinase agdtkd. The product of this
reaction, Aux 2, was used as the destination vegattire generation of vectors
GW 1 and GW 2.

To produce GW 1, a copy of the enhancer cassetdimgaamplified with
attB recombination sites at both ends. This productwsasl in a BP reaction with
the vector pPDONR221 (Invitrogen) to produce aneméctor with the enhancer
cassette in the forward orientation. This entryteewas then used in a LR

reaction with Aux 2, resulting in production of GWGW 2 was produced
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through a similar strategy, but the entry vectartamed the enhancer cassette in
the flipped orientation.

The destination vector for production of GW 3 wasgrated by digesting
Aux 1 with Ascl andNrul. This reaction removed a segment that was 1988%a
in length on the coding strand. The 5’ overhangbgfAscl was filled using T4
DNA polymerase, and the vector was ligated to pceddux 3. This new
destination vector was used in a LR reaction withgreviously mentioned entry
vector containing the enhancers in the forwardnvaion, resulting in the
production of vector GW 3.

The upstream promoter regions of all plasmids testeéhis investigation
are diagrammed in Figure 2.
Collection and quantification of DNA

Plasmids were transformed into chemically compet&P10E. coli.
DNA was harvested from overnight cultures by midgprFor quantification,
samples of known volumes of each plasmid were thgesith Xhol, which cuts
at a single site upstream of the enhancers. Coratems of the linear vectors
were determined on agarose gels using the Gene3oitgare from SynGene.
Fertilization and transformation of embryos

Adult animals were obtained locally from the Palatlith Marina at Snug
Harbor, Rhode Island, or purchased from M-Rep,sbad, California. Gametes
were collected from adult animals by dissection amtilization was performed

invitro.
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Figure 2. Maps of experimental and inter mediate vectors. Relevant sequence
elements are shown, beginning with enhancers atidg@with GFP transgene.
Distances represented are not drawn to scale. Aredb@ve enhancers represent
orientation; right is forward and left is reverséd) Lig 1 is the positive control
for ligation-generated vectors. (B) Lig 3 contaihe upstream enhancers at a
distance of 0.6 kb from the TSS. (C) GW 1 is thsifpge control for
recombination-generated vectors. (D) GW 2 conttiiesenhancer cassette in the
reversed orientation. (E) GW 3 contains the enhacessette at a distance of 0.5
kb from the TSS. (F-H) The Aux vectors were intedimé&es used to produce the
tested vectors. They are described in the Methedsos and are therefore
included in this figure.
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Dechorionation and electroporation were perform@dninutes after the
completion of fertilization. The protocol used wamodified version of a
previous protocol used by the Irvine lab (Vierra &rvine, 2012). Briefly,
fertilized eggs were dechorionated using 0.4 md¢frohase E in 1% sodium
thioglycolate in 3.3% sodium chloride pH 10.1 foto3 minutes at I'€.
Dechorionation was quenched by transferring eggsnM glycine in phosphate
buffered saline (PBS). For each electroporation, j2Bof eggs in filtered
seawater (FSW) were added to a solution contaibingg of DNA in 100 pl of
water and 350 pl of 1 M mannitol. Electroporatioassperformed using a BTX
ECM 830 square wave electroporator. The settingalf@lectroporations were
32V, 100 ms. Actual voltage ranged from 20 V to\V3@Qvith nearly all samples
electroporated at 27 V or 30 V; all electroporatimmes were 100 ms. Following
electroporation, embryos were raised in gelatineaishes of FSW containing
approximately 15 U/ml penicillin and 15 pg/ml st@mycin. The rearing
temperature used was°Cl
Embryo fixation

All embryos were fixed for analysis at late tadlstage 1 or 2, around 18
to 22 hours post fertilization when raised at@4Embryos were fixed for 10 min
in 2% paraformaldehyde in the dark. After removdixative, embryos were
incubated in 100 mM glycine in PBS for 30 min tduee autofluorescence of
muscle cells. Glycine was then washed out threegimith either PBS or PTw

(PBS + Tween 20), and embryos were left in PTwldiné time of analysis.
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Photography of embryos

In preparation for analysis, embryos were incutbatePBS for 30 min;
this PBS served as the mounting medium for micnogc8lides were prepared by
placing two layers of Scotch tape on each sidbéeftide, to the left and right of
where the embryos would be placed. The two layktape served the purpose of
preventing the embryos from being crushed whervarcslip was placed over
them. After the tape was added, the surfaces dflities and tape were greased
with Rain-X except in the middles, where the embBry@re to be placed. The
slides were then cleaned with Windex. Embryos weoented in a small drop of
PBS between the taped areas of each slide. A stipavas then laid over the
embryos such that the edges of the cover slip Welctup by the tape.

Embryos were viewed by epifluorescence illuminataicroscopy. Each
embryo was photographed under a GFP filter usi8§@T Flex digital camera
(Diagnostic Instruments). The image setting foreatlbryos were as follows:
fluorescence as the image type, manual exposude2%h6 ms as the exposure
time. All other settings were left as default. Egds were photographed within
three days after fixation.

Data analysis

All embryos were visually scored for expressiotaak of expression of
the reporter gen@&FP using the following definitions. A positive scareans
that the embryo showed fluorescence in the senssigle above the normal

level of autofluorescence, fluorescent nuclei aldreggnerve cord, or fluorescence

16



in both locations. A negative score means thanomease in fluorescence was
detected in the nerve cord or sensory vesicle.ohesof ambiguous means that
there appeared to be a slight increase in fluorescebserved in the sensory
vesicle or increased fluorescence in the nerve watitbut confirmed nuclear
localization, but that the observed fluorescence ma@ definitely attributable to
GFP.

Embryos were also measured for green fluorescesiog the program
ImageJ. For this analysis embryo photographs westecbnverted to grayscale in
Adobe Photoshop. These images were too dim todielej so the white input
level was reduced from 255 to 30 for each photdyteging Photoshop. The
adjusted images were then opened in ImageJ. ForpFatograph four
measurements were performed. The first measurewsnof the entire embryo
or the trunk portion of the embryo, as specifiethia results of each analysis. The
next three measurements were square sections batkground fluorescence.
All measurements included the values of area, myeayvalue, and integrated
density. Integrated density is the sum of the giayes of all pixels in the
measured area; mean gray value is the averagesityt@er pixel in the measured
area.

Whole embryo measurements were corrected for aisi@scence using a
set of negative control embryos photographed theesaumber of days after
fixation as each experimental or positive controbeyo. The negative control for

each trunk measurement was a section of autofloenes from the trunk of the
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same photograph. The mean gray value for the negetintrol was subtracted
from the mean gray value of the embryo being mesabstar give the corrected
density. These corrected density values were agdriny all embryos in each
trial. Corrected mean density values are presegdibth raw values and
normalized values. Vector Lig 3 was normalized agfalig 1, while vectors GW
2 and GW 3 were normalized against GW 1; normaliaddes are given as
percentages of expression relative to Lig 1 or Glibin the same set of trials.

Statistical analysis was performed on all raw dsiag Student’s t-test.
For the statistical analysis each experimentdlwas compared to the positive
control from the same trial set; the Lig 1 and GWidls were also compared. All
t-tests were 2-tailed and assumed unequal varidimeeassumption of unequal
variance was made because there was variabiltheimbserved GFP
fluorescence and autofluorescence between triiks Frtest for each statistical
comparison was also performed to examine the vegidfvalues were calculated
offline, then p-values were calculated using theeqs-Value Calculator for an F-
Test at (http://www.danielsoper.com/statcalc3/eapx?id=7). Calculated p-
values for the F-test ranged from 0.019 to 0.495.

For each comparison using the t-test, the p vakgcalculated using the
online T-Test Statistics Calculator at (http://€tntsttest.com/). Results of the t-
test are presented on each graph. The definitibtieese statistical results are as
follows. A dash (-) represents a p value of 0.0§reater. One star (*) represents

a p value between 0.05 and 0.005. Two stars (‘Blagents a p value between

18



0.005 and 0.0005. Three stars (***) represents/alpe less than 0.0005. For this

investigation a p-value of less than 0.05 is cargd statistically different.
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RESULTS

Constructsin which the position or orientation of upstream enhancers
has been altered show visibly reduced expression of GFP in C. intestinalis
embryos as compar ed to the positive control constructs. Table 1 shows the
number and percentage of embryos from each ti@hiere scored as positive,
ambiguous, and negative. Lig 1 and GW 1 are pa@stontrols for the ligation
and recombination methods of vector productiorpeesvely. In two separate
trials 100% of embryos containing Lig 1 were po®itiGW 1 yielded 93%
positive and 7% ambiguous embryos in one trial H3@P6 positive embryos in
another. All positive control embryos showed str@KP expression in the
sensory vesicle, and some showed nerve cord exandssm either positive
control; embryos containing Lig 1, but not GW Jsashowed non-nuclear
expression in muscle cells in the tail. The expogs the tail muscle cells is
assumed to be ectopic, since all plasmids usddsnrnvestigation encode GFP
with a nuclear localization signal. Figure 3 consaiepresentative photographs of
embryos electroporated with each construct. Theambiguous embryos
containing GW 1 show slightly higher fluorescencehe sensory vesicle than the
no-DNA controls, and although they cannot be casickly scored as positive,
they are predicted to be express@igP at a low level. These high percentages of
positive embryos confirm that both of the positbemtrol vectors drive

expression oGFP.
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Construct n #H+) | % (+) | #A % A #(-) | % (-)
Lig 1-1 11 11 100 0 0 0 0
Lig 1-2 3 3 100 0 0 0 0
Lig 3-1 23 7 30 6 26 10 43
Lig 3-2 5 1 20 1 20 60
GW 1-1 30 28 93 2 7 0
GW 1-2 26 26 100 0 0 0 0
GW 2-1 26 0 0 3 12 23 88
GW 2-2 9 2 22 4 44 3 33
GW 3-2 10 0 5 50 5 50
(-) C-2 12 0 0 0 12 | 100

Table 1. Quantification of embryos expressing GFP. All embryos were scored
as positive [(+)], negative [(-)], or ambiguous (#&y GFP expression. Scores for

each trial are given as number (#) and percentag®f{ embryos in each

categoryn refers to the total number of embryos in each. ffiaals are labeled

with the name of the plasmid used, followed by pH@gn, then the number of the
trial set; this trial naming system is also usedertain places in the text. All trials

with the same trial set number were performed dimmelously. (-) C-2 is the no-
DNA negative control used in trial set 2.
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(A) (B) (C)

(D) (E) (F)

4

(©) (H)

Figure 3. Representative photogr aphs from trials with each plasmid. All
images have been scaled to 25% of the originahheigd width in Photoshop.
(A-C) These photographs have been enhanced byas#tgemaximum RGB
input levels from 255 to 20 to reproduce the apgeae under the microscope.
Areas ofGFP expression are indicated by arrows and the folhgWabels: SV,
sensory vesicle; NC, nerve cord; E, ectopic exjppas$A) Lig 1 embryo; nerve
cord expression is occurring but is not visible) @V 1 embryo showing
fluorescent nuclei in the nerve cord. (C) Negatiwatrol embryo containing no
DNA,; control for autofluorescence.

(D-H) These images have been converted to graysmadethe white input level

has been reduced from 255 to 15. (D) Lig 1 embfgpLig 3 embryo. (F) GW 1
embryo. (G) GW 2 embryo. (H) GW 3 embryo.
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Construct GW 2 contains the upstream enhanceliflipped
orientation. The results of two trials with thiscter were somewhat mixed. The
breakdown of embryos from one trial with GW 2 w&8dlambiguous and 88%
negative, but a second trial gave 22% positive, 4biguous, and 33%
negative embryos. Most GW 2-containing embryosestas ambiguous showed
weak non-nuclear fluorescence in the nerve cordgiwinsually shows no
autofluorescence. However, some control embryotagung no transgene
showed similar fluorescence. These results for GMtRate that the flipped
enhancers are less effective at promo@hd® expression than the same
enhancers in the default orientation. A lack ofblesexpression in most embryos,
however, does not rule out the possibility of lewvdls of GFP that are invisible
to the unaided eye.

Constructs Lig 3 and GW 3 have the upstream emnamioved closer to
the TSS. Lig 3 yielded 30% positive and 26% ambiguembryos in one trial; a
second trial yielded 20% positive and 20% ambigerabryos. Most of the
positive embryos were weakly positive; these datgest that Lig 3 promotes a
low level of GFP expression that is visible in some embryos butmothers. The
data for GW 3 do not match those of Lig 3. Ond tsias performed with GW 3,
in which 50% of embryos were scored as ambiguods58fo were scored as
negative. The ambiguous embryos showed non-nuitleaescence in the nerve

cord only, which makes them more likely to be negatGW 3 therefore does not
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promote expression @FP to a visible level using the methodology of this
investigation.

Thereisa modest differencein measured GFP expression from GW 1
versusfrom Lig 1. Embryos were analyzed for fluorescence using lidhaae
described in the Methods section of this thesis.tifa set 2 the negative control
was a set of embryos that were fertilized, dectmatied, and fixed alongside these
trials, but were not electroporated and did noérexany foreign DNA. A no-
DNA control was not available for trial set 1, sig 2-1 was used as the negative
control for this set of trials. This decision waade because Lig 2-1 gave the
lowest corrected mean density value and becausky méleembryos in this trial
were scored as negative for visilB&P expression.

Figure 4 shows corrected mean density values fovtadle embryo trials
performed. In trial set 1, Lig 1 gave a mean vaii899 + 526 while GW 1 gave
a mean value of 647 + 632. The values from triaRsgere 1394 + 126 for Lig 1
and 998 + 614 for GW 1. This increased fluorescemdral set 2 relative to trial
set 1 was, in general, consistent among indivigoaltive control embryos.
Normalized values and statistical analysis forghsitive controls are shown in
Figure 5. In both trial sets the normalized medneaf GW 1 is approximately
72% that of Lig 1 in spite of the differences imramean values between trial sets.
This difference was determined to be statisticsiliyificant for trial set 2 (p =

0.012) but not for trial set 1 (p = 0.213).
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Figure 4. Raw fluorescence values from whole embryo analysis. All constructs
except GW 3 were tested in two separate trialsjesafrom trial set 1 are given in
blue, and values from trial set 2 are given in Results of t-tests follow the same
color coding. Trial GW 2-2 gave a negative valueibuepresented as zero in this
graph. Error bars represent the standard deviafieach trial.
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Figure5. Nor malized fluorescence of controls, whole embryo analysis.
Corrected mean density values of the positive obfrials from the whole
embryo analysis were normalized against Lig 1.damh construct values from
trial set 1 are given in blue, and values from 8&t 2 are given in red. Results of
t-tests follow the same color coding. The statdtiesults shown in this graph
were taken from the raw data, not the normalizddesa

Error bars represent a combined standard devifdgiothe trial and the control
against which it was normalized. For the combirtaddard deviation the
standard deviations of the individual trials weesated as random error and
propagated as follows. Standard deviations wese donverted to percentages of
the trial mean. These percent error values werarsguand the two squares were
added. The square root of this sum was then takgsttthe relative standard
deviation as a percentage of the normalized meais.percentage was then
multiplied by the normalized mean to give the camekli standard deviation.
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All experimental constructsyield lower levels of GFP expression than
positive control constructs as measured by Imagel. Figure 4 shows that all
experimental constructs show lower corrected measmsity values than the two
positive controls. Normalized values for the expemtal trials are given in
Figure 6. The two trials with GW 2 gave mixed réesuGW 2-1 gave a mean
value of 460 £ 632, which is approximately 71%lof tmean value for GW 1-1.
The mean value of GW 2-2 was measured as -546 +£442 mean value was
displayed as zero in Figure 4; the standard deviatias not changed. The t-test
identified the difference between GW 2 and GW highly significant for trial
set 2 (p = 1.6 x 10 but not significant for trial set 1 (p = 0.27Fhese GW 2
measurements do not correlate with the visual esiens recorded in Table 1;
no positive embryos were seen in GW 2-1, but GWg2 & 22% weakly positive
embryos. This difference is most likely due to loweeerage autofluorescence in
GW 2-2. Autofluorescence varied between trials laeidveen embryos within
each trial. Most of this autofluorescence was radtyinccurring green
fluorescence in muscle cells in the tails of thdgmas, although the trunks also
showed some autofluorescence. In trials where thasevery little or nd@GFP
expression, some embryos gave negative correctesitgealues due to low
autofluorescence. All nine embryos in GW 2-2 gasgative values, producing a
negative mean value for the trial.

Removal of most of the non-coding sequence frorwéenh the enhancers

and TSS also caused a loss of measured total icemee, although this loss was
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Figure 6. Nor malized fluor escence of experimental embryos, whole embryo
analysis. Corrected mean density values from Figure 4 wermalized against
the corresponding positive control as describetiénMethods section. Values are
shown as a percentage of Lig 1 or GW 1 from theestuial set. Values from trial
set 1 are given in blue, and values from trial2sate given in red. Results of t-
tests follow the same color coding. The statistieallts shown in this graph were
taken from the raw data, not the normalized values.

Trial GW 2-2 gave a negative value but is represghere as a zero on the chart.
Error bars represent a combined standard devifdiathe trial and the control
against which it was normalized. See figure 5 foeaplanation of how the
combined standard deviations were calculated.
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less dramatic than that caused by inversion oétti@ncer cassette. Two trials
with Lig 3 yielded raw mean values of 370 + 389 486 + 784. These values are
41% of Lig 1-1 and 35% of Lig 1-2, respectively.iJtoss of expression is
statistically significant for the first trial sgb € 0.010) but not the second trial set
(p = 0.060). While these trials suggest a substhdécrease iGFP expression
from Lig 3, the visual observations of these embrgoggest that the actual
decrease in expression is greater. Trial GW 3-2 garaw score of 332 = 650,
which is 33% the level of expression from GW 1-Bislresult was statistically
significant (p = 0.013). The relatively high scérem this trial appears to be due
mainly to autofluorescence, since no positive emmbryere observed in this trial.
All trials showed rather high standard deviatiasshown in Figure 4. In
general, embryos within each trial showed subsihdiiferences in corrected
mean density, although these values were moressreleenly distributed around
the average. Two factors that contributed to thab lariability in the data were
autofluorescence and background fluorescence,djotthich differed from
embryo to embryo. Autofluorescence is mainly duedturally occurring green
fluorescence in muscle cells. Background fluoresearccurs in the mounting
medium and can be due to certain fluorescent pestar compounds present
around the embryo. The combined mean density oflaotrescence and
background fluorescence was much larger than tlerdensity from the true
fluorescent signal in all trials. Small differenagesither or both of these sources

of fluorescence could therefore cause large vanatin the corrected mean
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density values. Another source of error that aéfédll trials was the positioning
of embryos. Not all embryos were positioned cotydor a single photograph to
capture the whole embryo in focus. Parts of thergmthat were out of focus
became blurry and gave a diffuse fluorescent sjgwaich resulted in a lower-
than-expected fluorescence measurement. A finatsaf error that may have
affected all embryos except the negative contrals mosaic expression of the
transgene. Following electroporation, dependingp@n the transgenic plasmid is
distributed in the egg, it will be partitioned ueely between cells as the embryo
develops. This will cause variation in how much DiApresent in regions that
normally expres&ax6.

M easur ements of fluorescencein only the trunk portions of embryos
givea clearer confirmation of loss of expression in all experimental embryos.
Most of the GFP fluorescence in these trials isitbin the sensory vesicle of the
brain (Irvineet al., 2008; Figure 3), while the strongest autofluoeese is seen
in the tail (Figure 3C). In order to reduce the auopof autofluorescence on the
data collected, the photographs were also analyyedeasuring only the
fluorescence in the trunk portions of the embrydsasurements were taken in
the same manner as in the whole embryo analysepéxtat a different method
was used to correct for autofluorescence. In th&ysis each embryo
measurement was individually corrected for autafscence by measuring a
portion of the trunk excluding the brain and usinig mean density value as the

control for autofluorescence. The corrected measithescores from the trunk
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based analysis are given in Figure 7. Normalizedescfrom this analysis are
given for the positive controls in Figure 8 and loe experimental trials in Figure
9.

Using this method the corrected mean density vdhrelsig 1 were 1293
+ 520 and 2044 + 474 in trial sets 1 and 2, respalgt The higher values seen in
the trunk based analysis versus the whole embrgtysis are due to a
combination of more concentrated GFP signal irtiilnek and lower
autofluorescence. The two trials with the contraV G gave corrected mean
values of 837 + 385 for trial 1and 1229 + 393 faalt2. These values are 65%
and 60% of the corresponding Lig 1 values, respelsti The difference in
expression between the controls was statisticaglyifscant for trial 1 (p = 0.019)
but not for trial 2 (p = 0.086).

As in the whole embryo analysis, the trunk-basealyais revealed lower
fluorescence in all experimental constructs thathéntwo positive controls. GW
2 gave values of 104 + 521 in trial set 1 and 63B& in trial set 2. These values
are 12% and 53% of GW 1, respectively. This lossxpiression is statistically
highly significant for both trial set 1 (p = 4.219") and trial set 2 (p = 3.3 x 10
®). These results do not match up with the wholergmbesults, for which trial 1
was measured at 71% of the control and trial 2 ganvegative value. The visual
observations of positive GW 2 embryos agree wigrdsults of the trunk-based
analysis, not the whole embryo analysis. Lig 3 gaalaes of 517 + 312 in trial 1

and 829 + 272 in trial 2. The normalized valuestfog construct are 40% and
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Figure 7. Raw fluorescence values from trunk based analysis. Raw corrected
mean density values for all trials performed, dateed for trunk portions of
embryos. For each construct values from trial smtelgiven in blue, and values
from trial set 2 are given in red. Results of tddsllow the same color coding.
The negative control from trial set 2 was includethe trunk based analysis and
is labeled (-) C. Statistical analysis is not shdamthe negative control in order
to maintain readability. Error bars represent thedard deviation of each trial.
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Figure 8. Nor malized fluorescence of controls, trunk based analysis.
Corrected mean density values of both positiverotsifrom the trunk-based
analysis were normalized against Lig 1. Values ftoal set 1 are given in blue,
and values from trial set 2 are given in red. Resuil t-tests follow the same
color coding. The statistical results shown in tnaph were taken from the raw
data, not the normalized values.

Error bars represent a combined standard devifdgiothe trial and the control
against which it was normalized. See figure 5 foeaplanation of how the
combined standard deviations were calculated.
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Figure 9. Nor malized fluor escence of experimental embryos, trunk based
analysis. Corrected mean density values for trunk based aisalyere normalized
against the corresponding positive control as desdrin the Methods section.
Values are shown as a percentage of Lig 1 or GYérh the same trial set.
Values from trial set 1 are given in blue, and ealfrom trial set 2 are given in
red. Results of t-tests follow the same color cgdifhe statistical results shown
in this graph were taken from the raw data, notibenalized values.

The negative control from trial set 2 is includedi as labeled as (-) C. Statistical
analysis is not shown for the negative controlritieo to maintain readability.
Error bars represent a combined standard devifdgiothe trial and the control
against which it was normalized. See figure 5 foeaplanation of how the
combined standard deviations were calculated.
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41%, respectively. This loss of expression is higidnificant for trial set 1 (p =
4.8 x 10" and significant for trial set 2 (p = 0.030). Tiial with GW 3 gave a
value of 515 £ 296, which is 42% of GW 1-2. Thisuk was statistically highly
significant (p = 6.6 x 16). All of these values for Lig 3 and GW 3 match up
fairly closely with the whole embryo results, fugtrsupporting the conclusion
that moving thd?ax6 upstream enhancers closer to the TSS reducesssiqreo
about 30 to 40% of the normal value.

The negative control set of embryos from trialZ&tas also analyzed by
the trunk-based method; these results appear uré-igand Figure 9. The raw
score for this negative control set was 290 + J0s value comes out to 14% of
Lig 1-2 or 24% of GW 1-2; the measurement showhigure 9 is normalized
against Lig 1-2. This result was statistically vergnificant based on the t-test
result (p = 3.3 x 18). For a no-DNA control this value is somewhat highe
reason for this high value is that the embryos shigher autofluorescence in the
brain than in the rest of the trunk, and the braiintentionally excluded from the
autofluorescence measurements. This means thauth&FP fluorescence

values are likely to be lower than the measuredesfor all embryos.

35



DISCUSSION

CiPax6 upstream enhancer s show sensitivity to changesin their
position and orientation. Based upon the results of this study, changeghare
the position of the BFUa enhancer cassette or its orientation severelyceedu
eliminate expression @&FP. The effect of altering the orientation of these
enhancers is a substantial loss of expressiontrtale using GW 2 gave
normalized fluorescence values of 12% to 53% ofctireesponding controls
using the more reliable trunk based measuremeefzog$itioning the enhancer
cassette 500 to 600 bp upstream of the TSS alsvedgvweduces expression of
GFP, but there is still visible expression in some eyob transformed with Lig 3.
All three trials using either Lig 3 or GW 3 gavermalized values within the
range of 33% to 42% of the appropriate positivetimdtvased on both whole
embryo measurements and trunk based measurements.

The inability to avoid autofluorescence during tla¢a analysis was a
limiting factor in this study, particularly in thehole embryo analysis. The ideal
solution to this problem would be to analyze ohlg sensory vesicle and nerve
cord, thereby avoiding nearly all autofluorescemt@wever, these regions
generally were not distinguishable unless thereweag strongGFP expression.
For this reason analysis of only the nerve cordsarsory vesicle would have
required additional labeling of these regions ipexmental and negative control
embryos. This technique was not used in this ingasbn but could be applied to

future analyses.
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One issue that should be addressed from thes¢sresthe observation
that there was a consistent differenc&HP expression between the positive
controls Lig 1 and GW 1. GW 1 gave fluorescenceiesithat were
approximately 70% of Lig 1 fluorescence based onlevlembryo measurements
or 65% based on trunk measurements. The only sequiffierences between
these two vectors are a single base deletion irllagd differences at the 5’ and
3’ ends of the enhancer cassette. Differencesedi’'thnd 3’ ends include
remnants of the recombination cassette used iG#teway method, including an
attB1 site at the 5’ end and attB2 site at the 3’ end; as well as a 12 bp stretch of
DNA found in Lig 1 that is missing from GW 1. Thedifference does not affect
the region previously identified as enhancer seqgeeim addition, Lig 1 gives the
highest level of expression of all vectors tessedthe single base deletion found
in this vector cannot be responsible for the |dssxpression seen in the other
constructs. Therefore the difference at the 3’ @nithe enhancer cassette appears
to be the only explanation for the reduction inreggion from GW 1. The
locations of the two enhancers were previouslyrdateed by a series of PCR-
based deletions from the 5’ end of the upstreamesace (Irvinest al., 2008).

The study did not make use of 3’ deletions to daetee the TSS-proximal end of
the enhancer cassette; instead this 3’ boundarydeasified from the minimum
sequence whose deletion eliminated detectable gsipreofGFP. This leaves
the possibility that the real 3’ edge of thg €lement is actually downstream of

the predicted position, and that this element loasequently been interrupted in
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GW 1 as well as all experimental constructs. Thié lab is currently working

on the production of new experimental construcss tatain additional sequence
at the 3’ end of the enhancer cassette. Anothesilpbsy, discussed more in the
next section of this discussion, is that the segegfflanking the enhancer cassette
somehow modify the activity of the enhancers (Ebod Warner, 1986). While
this may explain the modest loss of expressionW G there appears to be an
additional and much greater loss of expression vheiposition or orientation of
the enhancers is also altered.

Other examples of position or orientation sensitivity have been
documented but have often been overlooked. Many studies, including those
referenced in this thesis, have found some lognbéncer activity when the
position or orientation of an enhancer elementtesed. One clear example of
orientation sensitivity already mentioned in theoduction was the study of two
cisregulatory elements of tHeeg3 andUsp29 bidirectional promoter (Kinet al.
2008). The enhancer CSE2 consists of a seriesdirty sites for the TF YY1;
the CSEL1 element is a silencer for bBdg3 andUsp29. Both of these elements
are found within the first intron d?eg3. In this study the expression of a reporter
gene was measured at 1.7 fold when both the CSECSE?2 elements were
present. The expression level was defined as Idddoa construct containing
the silencer CSE1 but not the enhancer CSEZ2. lioreds the entire CSE2
element gave a 1.1-fold level of expression; alainvialue was observed when all

YY1 sites were abolished by mutation. This wasrprieted by the authors of the
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article as orientation dependence of this elemédmt. CSE1 element was also
found to be orientation sensitive. A construct eamhg CSE2 but not CSE1 gave
a 2.7-fold level of expression due to the lossilehser function of CSEL in the
reverse orientation. Inversion of CSE1 (with nei@tion to CSE2) gave an
expression level of 2.5 fold, suggesting thatiienger activity was nearly
completely lost in the reverse orientation. The C8Ement was also tested in a
different location, 3’ of théeg3-differentially methylated region (DMR) where
the enhancers are normally found. The expressitm@%E1 in this new position
was about 1.4 fold with CSEL1 in the forward ori¢iotaand 1.8 fold with CSE1
in the reverse orientation, which showed that $iiencer was fully functional,
perhaps slightly more functional, in the alteregipon.

The study by Smatt al. (1993) uncovered an example of extreme
position sensitivity of two enhancers in e gene inDrosophila, as mentioned
in the introduction. Theve gene controls the proper patterning of segmemtatio
stripes in thédrosophila embryo. Stripes 2 and 3 are under the controtpésate
upstream enhancers; these two enhancers are sgphyad 1.7 kb spacer of non-
coding DNA. It was discovered that this 1.7 kb freemt could be removed and
replaced with a different spacer without altering stripe pattern produced. The
spacer fragment used could even be of a diffeieattean the natural 1.7 kb
fragment; one fragment that preserved the stripeqmeng was only 160 bp in
size. When the two enhancers were linked, howedmTormal expression

patterns resulted. Similar effects were seen wherpositions of the stripe 2
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enhancer and the stripe 3 enhancer were switchiadowwithout a spacer,
although the abnormal pattern seen with the lirdegtancers was different
depending on which enhancer was positioned fiflsis ihdicated that the normal
stripe pattern was dependent on the separatidredfirto stripe enhancers by
some spacer. The position sensitivity of these ecéra differs from other
examples of position or orientation sensitivitytiat the proper function of these
enhancers is dependent on their distance from @heh, not from the TSS.
Nonetheless, this example illustrates the ideaghhancer position can reflect the
need for the proper genomic context.

Many studies otis-regulatory elements from the 1980s also uncovered
some apparent sensitivity to changes in positioori@ntation. At this time,
however, the definition afis-regulatory elements as flexible in their positard
orientation was newly established as a criteriord&gining such an element as an
enhancer. To satisfy this criterion, it was enofagha newly discovered enhancer
to show that the enhancer in the altered setupratieased expression of the
target gene to a significant extent. Many casesibtantial reduction in
enhancer activity in these altered constructs wessefore ignored at the time.
For example, the study by Jayretal. (1988) found that a muscle-specific
enhancer located 1050 bp upstream of the musddirmeekinase gene retained
100% of its enhancer activity when moved to a pasi80bp upstream of the
TSS, but expression dropped to around 20% whearthancer was either moved

downstream of the reporter gene chloramphenicdyli@nsferase (CAT) in

40



either orientation, or inverted in orientation Iz t80 position. It should be noted
that the constructs that gave this strong decreasgpression had deletions of all
upstream sequence excluding the enhancer elempaosiioon -80. A set of
constructs with the enhancers in the downstreantigogin either orientation)
and with upstream deletions only to position -7@@egbetween 42 and 74%
expression. The study by Shatbl. (1985) found that an enhancer for the
hepatitis B virus core antigen (HBcAg) promoter @ésvels of CAT activity
ranging from 50 to 300 in the forward orientatibnt the enhancer in the reverse
orientation gave CAT activity ranging from 25 to. 9hese numbers are
normalized to a comparable construct using an esg@rdrom simian virus 40
(SV40), which was defined as an activity level 601Similarly, Laiminset al.
(1984) found that an enhancer from the long terimg@eat of Moloney murine
sarcoma virus gave nearly equal CAT expressioharfarward and reverse
orientations but was only 30 to 40% active when eadbgtownstream of the CAT
gene in either orientation.

Elion and Warner (1986) discovered an example sitjom and
orientation sensitivity in a yeast ribosomal DNBKNA) enhancer. The position
sensitivity was slight; expression was just und#otf the default position
expression when the upstream enhancer was moveer ¢tothe TSS or
downstream of the target gene. The result of ineersf the enhancer was
initially found to be a complete loss of enhanceerdtion. However, this effect

was further examined in the study by invertingrgéa fragment consisting of the
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correctly oriented enhancer flanked by about 750famn-enhancer DNA on
either side. The resulting vector restored enhaacgvity to about 50% in spite
of the inverted enhancer orientation in this cargtrwWhen this same larger
inversion was performed on the test vector withrtiiemal enhancer already
inverted, the resulting vector showed virtuallyerhancer activity even though
the enhancer ended up in the forward orientattomas concluded that the
observed loss of enhancer activity was due toeaaihg effect of the fusion of
the 3’ end of the inverted enhancer with pBR322aesequence normally found
at the 5’ end of the enhancer.

Taken together, these examples demonstrate that emrancers show
some sensitivity to changes in position and ortga The degree of sensitivity
varies from one enhancer to the next and may apertt on the nature of the
change. Some enhancers are sensitive to changesition but not in orientation,
or vice versa; some enhancers also appear to show differenede@f activity
when different combinations of position and ori¢iotachanges are introduced
(Kim et al., 2008; Elion and Warner, 1986). In some cases (Sna., 1993;
Jaynest al., 1988; Elion and Warner, 1986) the activity ofearhancer was
found to be influenced by other nearby sequenaeaiés, which may point to a
universal explanation of why certain enhancersoatg fully functional in the
naturally occurring position or orientation.

Aside from a misidentification of the minimal enlcan sequence, there

are several possible ways that an enhancer coudeendent on other sequence
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elements. Two such possibilities are discusselarfdllowing paragraphs. One
simple explanation is that there may be other THibig sites outside of the
defined minimal enhancer, and TFs bound to thetsred sites interact with
enhancer-bound TFs to bring about 100% transcnrptiactivation. These
external sites could be deleted or interruptedmes of the altered constructs,
preventing the TFs from binding these sites. Coselgy if there are multiple TF
binding DNA elements that must interact with theddgpromoter through bound
TFs, inverting or repositioning one such elememthsas the enhancer, may alter
the formation of the necessary loop structure aedeby prevent transcription.
An alternate explanation for sensitivity to genommontext is that
sequences flanking an enhancer may play a critidalin TF binding. In higher
organisms, DNA exists as part of the material ctatom a complex of the DNA
and various bound proteins referred to as histdvlest of the DNA in chromatin
is found in nucleosomes, which are composed ofcétes of approximately 147
bp of DNA wrapped around a core of eight historgeg@l and Widom, 2009).
Certain DNA sequences are favorable for nucleosommeation, while other sites
tend to remain nucleosome-free or have lower ngole@ density because the
sequence is less favorable for nucleosome occupaengwed in Segal and
Widom, 2009). TFs cannot bind their target siteemwhucleosomes occur at
these sites, meaning that TF binding sites museedccur in nucleosome-free
stretches of DNA or be subject to some mechanisnuoleosome displacement.

Some DNA sequences that are unfavorable for nusteegormation tend to
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prevent nucleosomes from developing in flankingueeges as well, which
means that enhancers located adjacent to nucleelsempegions may be more
accessible to their TFs (Segal and Widom, 2009grig the position or
orientation of such an enhancer could thereforaged F binding. This effect
will often be visible using transient plasmidswhich the DNA appears to form
nucleosomes in a normal fashion, although highgerochromatin structures may
differ from those seen in the correct genomic cxnfidebbar and Archer, 2008).
Changesin enhancer position or orientation may affect processes
other than target gene expression. There have been a few studies that have
linked changes in enhancer position or orientatiodeficiencies in processes not
related to gene expression. One such study wasrpetl by Bachét al. (1998).
The focus of this study was the intronic enhanoethe heavy (H) chain of the
immunoglobulin (Ig) gene, specifically the roletbfs enhancer in hypermutation
in the variable (V) region of the H chain. For tetady the Ig basal promoter was
replaced with a thymidine kinastk) promoter fused to the SV40 enhancer; this
chimeric promoter had previously been found to wiarkypermutation
experiments. The rest of the Ig gene was left tnfaeletion of the intronic
enhancer caused a roughly 100-fold decrease imthation rate, showing that
this enhancer is necessary for the natural hypiatéty of the V region.
Similarly, a construct with the intronic enhanaethe reverse orientation showed
a 10-fold drop in the mutation rate, and there adsfold drop in mutation

frequency when the enhancer was repositioned Bieéntire V region. These
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decreases in hypermutation were not accompanietidnyges in H chain
expression, since the levels of mMRNA produced ftioese different constructs
appeared to be close to equal on a gel.

Another study by Chandrasekharappa and Subraméi&i) focused
on the connection between the 72-bp-repeat enhan&ir40 and the process of
DNA replication. One significant finding of thisusty was that DNA replication
at the SV40 core replication origin was dependgoiuhe distance between this
core origin and the 72-bp-repeat enhancer. Theauga and enhancer are
separated by less than 100 bp in SV40. Comparad/iéator with the SV40 core
origin but without the enhancer, vectors contairboth elements separated by 8
or 9 bp gave an approximately tenfold increasepiication efficiency, while
those containing the two elements separated by38 more gave a replication
efficiency equal to or lower than the enhancer-lesgor. The increase in DNA
replication was not sensitive to changes in theaaoér orientation; however, it
was found that activation of DNA replication ocadronly when the end of the
core origin containing the 17 bp A+T rich elemermiswacing the enhancer. This
was true regardless of whether the core originfaasd in its default position or
moved to the opposite end of the enhancer. Théysilso noted that the 72-bp-
repeat enhancer is not position or orientationifgasas a transcriptional
activator.

Conservation of enhancer position and orientation is not a definitive

indicator of sensitivity of that enhancer to position or orientation changes.
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Genetic sequence conservation is a useful todbtmting genes as well as
functional non-coding DNA elements, since preseovabf sequence between
distantly related species tends to represent sedgutessure against any mutation
in that element. Similarly, one may infer thathétposition or orientation of@s-
regulatory element is evolutionarily conservednttiee observed position or
orientation of that element is critical for its fition. This appears to be the case
for theC. intestinalis Pax6 upstream enhancers, which show position and
orientation conservation witRax6 in C. savignyi (Irvine et al., 2008) and were
found in this study to be sensitive to changesoith Iposition and orientation.
While C. intestinalis andC. savignyi are rather closely related species for such a
determination of sequence conservatiex6 homologs such as mouBex6 and
the Drosophila geneeyeless have slightly different sets of enhancers (revigwe
Irvine et al., 2008), making such a determination of positioomentation
conservation impossible for these larger evolutigmistances. Other examples
of enhancers with conserved position and oriemateve shown more flexibility
thanPax6. The study by Kinet al. (2008) noted that the position and orientation
of the CSE1 element were evolutionarily consenaddtive to the TSS in
mammals. The orientation of the entire CSE2 elepserd the orientation of all
individual YY1 binding sites within this elementeve also conserved. The
functional analysis found that both elements werentation sensitive, but the
CSE1 element was clearly flexible in its positietative to the TSS. In the

Drosophila eve gene, the promoter arrangement is conserved betwee
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melanogaster and the rather distant relatize grimshawi (Smallet al., 1993).
This conservation includes the position of thepst® enhancer upstream of the
stripe 2 enhancer; yet the positions of these tw@pcers can be switched
without a visible effect on the stripe pattern thavelops.

Examples such as these do support the logical hgpis that enhancers
that are sensitive to changes in position or caitgorh will show the corresponding
evolutionary conservation, but not all examplesariservation point to
inflexibility in the genomic environment. The incstency of this relationship
between position or orientation conservation ansltjpm or orientation
sensitivity creates more questions than answers.[gossibility is that some of
these conserved enhancers have other roles oofsidascriptional activation,
and that there is some type of sensitivity to geisarantext in this alternate role.
The conserved position or orientation in these £asrild be a reflection of the
non-transcriptional function of the enhancer. Téxplanation is likely to apply to
a few specific cases but is not likely to providgemeral reconciliation of
contextual conservation with position or orientatftexibility. Another
possibility is that the flexibility seen using tsgenic plasmids does not reflect the
true genomic context of these enhancers. This doeildue to differences in
chromatin structure in the plasmid versus the genfiiebbar and Archer, 2008),
or it could be due to interaction of TFs that bihd enhancer with TFs bound to a

different sequence element that was not includedarexperimental plasmids.
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Theresults of thisstudy and others create new questions about the
natur e of enhancersand other cis-regulatory DNA modules. One of the
defining criteria of an enhancer is that it is dalpaof increasing expression of its
target gene in a position- and orientation-indepabhdhanner. This idea continues
to be well supported even by the findings of thiglg, although there may be
exceptions to this definition (Kiret al., 2008). However, this definition does not
mandate that enhancers in an altered positionientation function as effectively
as in their default setup. This study, along witeo studies discussed earlier,
indicate that many enhancers lose much of theivigctvhen they are
repositioned or inverted. This raises the questadri®ow widespread this trend is
among enhancers and whether there is a patterhithwnhancers show such
sensitivity.

Investigation of these new questions could begth genomic screening
for identified enhancer elements that show consgenvan their position and
orientation across species. Elements that showutervation relative to their
target genes are most likely to be sensitive telision or repositioning.
Functional studies could then be employed to ifgmthich of these enhancers
are position or orientation sensitive. Once thegeacers have been identified,
the next step would be to look for patterns thay eseplain why these enhancers
are sensitive to position or orientation changesendthers are not. It may be that
enhancers for certain types of genes are lessatdlef changes in position or

orientation, or sensitivity to position or orientat may reflect a dependence on
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genomic context that is common to all of these anbes. This type of position or
orientation sensitivity could also have a subsgifitiomedical impact in cases
where proper gene function is sensitive to thelleffexpression. In these cases
inversion or repositioning of an enhancer coul@etfexpression levels enough to
alter the phenotype of an organism or, in the c$@ax6 or other developmental
regulators, produce a developmental disorder. ifiag also explain the observed
phenomenon of evolutionary constraint of positiod arientation in certain
enhancers. The results of these future studiedwilél upon our current

understanding of how enhancers function.
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