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RNA localization, a regulated step of gene expression, is fundamentallytamipor
in development and differentiation. In multidisciplinary experiments, we dised\kat
RNA (mis)localization underlies the human disease myotonic dystrophy (DM) iV
most prevalent adult muscular dystrophy, is caused independently by two alldless D
characterized by a (CTG)n expansion in[EiM kinase (DMPK) gene 3’ untranslated
region while DM2 has a mutation in a small presumptive RNA binding protein. These
analyses were guided by disease characteristics and have provided itusight's

cytopathology, cell biology and molecular genetics.



Examining muscle biopsies, it is demonstrated herelihbBkinase mMRNA is
specifically subcellularly localized within normal human muscle and that DMs&ina
MRNA harboring the 3'UTR mutation (DM1) is mislocalized in DM patient muscle t
cytoplasmic areas characteristic of DM disease pathology. Thus, theedisatation
alters the cellular distribution of the effected messB§#PK mMRNA mislocalization
causes altered DM kinase protein localization, correlates with novel phosphoprotein
appearance and can account for DM’s diseased phenotype.

While we were fortunate to access DM patient tissue to establish these ke
findings, the system does not lend itself to experimental manipulation. Hence, |
established a disease- relevant tissue culture system, which recagp DN
trafficking, Employing this system; | elucidate a complementaley for the DM2 gene
product as a localization factor fDIMPK mRNA (DM1 gene product). Comprehensive
RNA-protein interaction experiments reveal the DM2 protein specificatlysalectively
recognizes a small, definitive area within D&PK RNA 3'UTR. Detailed biochemical,
cytological and functional experiments reveal 1) the DM2 protein colocalites w
DMPK mRNA, 2) the small area of ti#MPK 3'UTR bound by pDM2 acts to properly
localize a reporter construct and 3) disruption of the DM2 protein resubig|RK
MRNA mislocalization.

These data establish mRNA localization as a vital process underlying human
disease etiology. Moreover, they reveal DM1 and DM2 gene products function in the
same molecular pathway and that mutation of either cag&K mRNA
mislocalization, leading to disease. These data have apparent applicatioeréd se
neuromuscular disorders and open a plethora of novel research avenues, both basic and

applied.
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CHAPTER 1: INTRODUCTION

The “Central Dogma” states that the flow of genetic inforamatin all cells
examined follows a deoxyribonucleic acid (DNA) to ribonucleicdd&NA) to protein
route. DNA serves as the genetic blueprint, carrying spe@ficiences, genes, which
contain the information necessary to produce corresponding proteins. RIA 88 an
information conduit between DNA and protein, carrying the geneticrirdtion from the
nucleus, where the DNA is located, to the cytoplasm, where ribeseri& to translate
the sequence into protein.

This pathway is highly regulated in all systems. Prokaryolis,dbe basal cells
found in bacteria and archaebacteria, contain no nuclei and contreinppobduction
primarily at the DNA level by transcriptional regulation meukms. Eukaryotes, all
higher organisms; separate their DNA in the cell nucleus ftben translational
machinery contained in the cytoplasmic compartment. They haveakdegels of
regulation to ensure that proteins are not produced inappropriately. rolkaryotes they
use transcriptional control mechanisms, but they also employ easdenmst-
transcriptional and translational regulation. While all three $ewél control are used,
many hypothesize that RNA level, post-transcriptional regulatoeghanisms are the
primary tools for gene regulation in higher eukaryotes. In fact, &8ty of RNA
transcribed by RNA polymerase Il (the polymerase that trdvesc mRNA) in the
nucleus is subsequently found in the cytoplasm, indicating extensiverqnostriptional

regulation (Jackson 2000).



Post-transcriptional gene regulation

Post-transcriptional gene regulation begins in the nucleus with nggppi
polyadenylation, splicing and editing. Transcription of a gene by RNKmerase Il
produces a nascent RNA which must be modified before it can piated from the
nucleus and translated into polypeptide. All messages requiradtfidon of a 5’ 7-
methyl guanosine cap and most also require a 3’ end poly-adenakire gmall, but
vital, subset of transcripts is a substrate for RNA editinghi&t point in the post-
transcriptional regulation pathway. Capped and tailed transcriptsagpable of being
exported and translated at this point; however, the vast majoritygb&heukaryotic
transcripts are further processed by pre-mRNA splicing befapere Once in the
cytoplasm, messages may also be subjected to further post-ppaasatiregulation by
nonsense-mediated decay, stability and mRNA localization mechsa. This occurs in a
mix-and-match fashion with different messages being subjected toranere of these
processes. The importance of every post-transcriptional prosedisisirated by the
presence of human diseases that have been attributed to aberratieseiprocesses,
with the one exception of mMRNA localization. Each potential régyfamechanism
performs a crucial role in controlling protein amount, timing and lonatiowever, only
two of these steps are relevant to understanding the data presetié dissertation.
Therefore, only these two processes, pre-mRNA splicing and subcehuRNA
localization, will be discussed in further detail. Where relevdntyill highlight

experimental insights gleaned from the molecular analyses of human diseases



Post-Tramseriptional Step
Splicing

Editing

Polyadenylation

Nuclear Export

Nongense Mediated Decay

Stability

Localization

Disease Association

Acute intermittent porphyna
Spinal muscle arophy

Sandhof disease

Glanzmann thrombasthena
Hereditary tyrosinena type 1
Lewgh's encephalomyelopathy
Menkes disease

Severe combined immunodeficiency disease
Metachromatic leukodystrophy
Marfan syndrome
Cerebroterndinous xanthomatoas
Beta-Thalassemia

Breast and evanian cancer
Hevrcbibromatons type 1
Opsoclonus-myoclonus atama
Prader-Will syndrome

Retirunis pigmentssa

EBheumatoid Arthnits

Acute Myeloid Leukemia
Amyotrephic Lateral Sclerosis
Alrhemer's Discase

Schizophrenia

Oculopharyngeal muscular dystrophy
Alpha-Thalasserma
Beta-Thalassema

Hu syndrome
H-lmked mental retardaton
Thromboembobc events

Syndromic mental retardation
Nonsyndromuc mental retardation
Atazia-telangiectasia

Breast and ovanan cancer
EBeta-Thalassemia

Marfan syndrome

Hu syndrome
Alzhemmer's Digeage
Tumongenesis

Hone

Modifed from Kiven et al 2008 and Stoilov ef al 2002

Gene Protein Affected

Porphobilinegen deanunase
SMN12

EBera-hexamindase beta-subunt
Integnn GPIIa
Fumarylacetoacetate hydrolase
Pyruvate dehydrogenase E1 alpha
ME

Adenosine deaminage
Arylsulfatase A

Fibnlhn-1

CYP 27

EBeta-globan

BERCAI

HNF-1

Hova ERF

SHUERF

PRPF31, PFRPFS, HPRP3

E cell heavy and light chaing
PTFHE

GluF2

GluF2

Giuk2

PAEPZ
Alpha-globm
Beta-glabm

HuREP
NXF5
Prothrombin

TUPF3E
UPF3R
ATM
ERCAIl
Eeta-globin
Fibillin-1

Hu EEF

COX2

Reference

Llewellyn 1936

Monari 2005

Fujmary 1298

Jin 1996

Ploos van Amstel 1996

De Meirleir 1994

Dias 1994

Sannsteban 1995

Hazegawa 1994

L 1997

Chen 1952

Dobkin 1983a; Dobkin 19830
Lin 2001

Ars, 2000a, 2000k, Hoffmeyer 1998, Messiaen 1997
Licatalos 2006

Wang 2007

Wang 2007

beffre 2000
Beghina 2000
Takouma 1999
Akbarian 1995
Akbanan 1995

Eras 1938

Higgs 1983
Orban 1985

Darnell 2003
Lim 2001

Gehrmg 2001

Tarpey 1337
Tarpey 1537
Couch 1996
Galad 1996
Hall 15994
Dietz 1533

Doarnell 2003
Guhaniysg 2001
Dizon 2000

Table 1.1 Diseases associated with Aberrant Post-transcriptional Gemati®eg

This represents a partial list of the human diseases with pathologies duestgutatton
of particular steps of post-transcriptional processing. Depending on the mytsdiomes
diseases are independently caused by abnormalities in more than one pogpticaredcr
step. Notice that all major post-transcriptional regulatory mechanisms haveh@vn
to effect human disease except mRNA localization, whose role in humans is just
beginning to be understood



PRE-MRNA SPLICING

Overview

Precursor-mRNA (pre-mRNA) splicing is a key determinanthef final amino
acid composition of encoded protein, second only to the primary genenseque
(reviewed in Sperling 2008, Moore 2008). In higher eukaryotes, on average, 80&6 of
nucleotides in the pre-mRNA are spliced out to make the maturagee@sramer 1996).
Included in nascent transcripts are intervening sequencesdemnons which must be
removed for the flanking exons, which contain the protein coding temfuabe, spliced
together. Pre-mRNA splicing is a highly complex and precisegsowhich detects and
excises these unwanted sequences from the mRNA to produce the messege. Any
imperfection in sequence removal could result in a non-functional pratee to
frameshift in the decoded sequence and/or alterations in telonic@idons. Hence, dire
consequences for the cell can ensue. After several dechithsnsive research, thees-
acting signalstrans-acting factors and mechanism of pre-mRNA splicing are well

defined and understood.

Cis-acting signals

Three specific elements within the pre-mRNA itself are meguio demarcate the
regions of sequence to be excised by the splicing machinery. Tleecdmenical splice
signals are the 5’ splice site (BRRAGU), the 3’ splice site (8GGUAAGU) and the
branch point A, an adenosine nucleotide that resides between 20 and 4flicesle
upstream of the 3’ splice site. In splicing reactions, the 5’ masleotides of the intron
must be GU and the 3" most nucleotides must be AG. This sequencécapeni is

referred to as the GU-AG rule and is an absolute requiremergpfming to occur

4



(reviewed in Burge 1999). The splice site consensus sequences ia@reeced by
sequence comparison of known spliced messages; however, natural muratioesei
sites revealed the sensitivity of the reaction to their precise sequence.

B-thalasemia is a class of diseases in which the amount ofdnatfi-globin
protein is reduced compared to the level of ¢hglobin protein. To date, over thirty
different mutations have been identified which result3ithalasemiaf-globin gene
cloning and primary sequence analysis of these mutations ires sérpatients gave
pioneer splicing researchers confirmation of the splice stguence requirements
because point mutations within the signals directed the production offammmonal -
globin protein. Within this patient population, three naturally occurpoigt mutations
of the - globin 5’ splice site were documented which changed the GU to AU opiJU
altered the GU to CU (Orkin 1982, Treisman 1982, Old 1983, Kazazian 1984). Eac
single nucleotide change resulted in inactivation of that splieeasd a corresponding
inappropriately spliceg? globin mRNA. Similarly, a naturally occurring AG to GG
mutation was discovered which renders the 3’ splice site unusablsancesults in an
inappropriate splicing event (Antonarakis 1984). Therefore, the mutatian safigle
nucleotide of a splice site results in the loss of functional prated elicits concomitant
B-thalasemia in these patients. The extreme molecular consemfensagle nucleotide
substitution reinforces the sequence requirements of the splicinglssignd illustrates
the level of precision that underlies the splicing events.

Interestingly, thep-thalasemia patients that lost a functional splice sité stil
producedf- globin message with some splicing event of the mutated intron. Careful
analyses of these messages revealed that nearby sequenceeréhaimilar to the
mutated canonical splice sites were recruited as a baakfgrform splicing; these sites

are called cryptic splice sites. Thus, when the prefempédessite was rendered non-

5



functional by mutation, the splicing machinery sought out secondary tsiténitiate
splicing (reviewed in Orkin 1984). Another set [pithalasemia patients revealed the
impact of mutations which enhance the usage of alternative silese (Spritz 1981,
Westaway 1981). Patients were discovered with sequence charagesntnen-exon
junctions that shifted the preference of splice sites to nbturaturring cryptic sites.
The cryptic sites were used exclusively, resulting in eredesed pool of correct beta-
globulin transcript and disease (Busslinger 1981, Fukamaki 1982). Theréfer@s-
acting splicing sequences have a tremendous impact on the splicingpeaéinoh; use of
suboptimal sites greatly alters the message sequence caowpoaitd potentially the
functionality of the resulting protein (reviewed in Orkin 1984).

Another set ofcis-acting signals have been identified called the enhancers and
silencers. This class of signals is composed of approximatelyusleotide elements,
located in close proximity to the splice sites (in either intmmsxons) which function to
either activate or repress splicing, respectively. Despitensive study, no consensus
sequences for these sites have been identified as of yet. Howwiernntportance in
splicing is well documented.

A different disease, Spinal Muscular Atrophy (SMA), illuminatesse elements.
This neurodegenerative disease is caused by a single pointomwiathe 5’end of exon
7 of theSmn2 gene (Lefebvre 1995). This mutation, which does not affect the amuoho aci
coding of the cognate protein, causes exon 7 to be excised withtribves during pre-
MRNA splicing, producing &mn2 message missing a portion of its coding sequence
(Wirth 2006). It is not understood if the point mutation disrupts an exonicirgpl
enhancer or creates an exonic splicing silencer, but it is ttlaaithis single nucleotide

mutation dramatically changes the pre-mRNA fate. The protein fawhethis truncated



transcript is non-functional and unstable, thus causing disease dhe tack of the

corresponding SMN protein (reviewed in Cooper 2009).

trans-acting Factors

The splicing process is carried out by the spliceosome, a laegg (60S)
macromolecular machine consisting of five small nuclear RNAs U2, U4-6) and as
many as 300 proteins, the most recent of which were identifiggehy mutations and/or
classical biochemical purification (reviewed in Jurica 2003, 8ge#008, Wahl 2009).
The splicing machinery performs several functions during the sglicevent:
identification of the putativeis-acting splicing signals, the multistep enzymatic catalysis
of the splicing reaction and proof reading the result. The compositithe aipliceosome
is extremely dynamic with a sequential and coordinated additiorranggment and
exchange of factors throughout the splicing process to achieve tisfungtionality. In
fact, from the initial assembly of the splicing machinery onheset of the splicing
signals within the pre-mRNA to the completion of the splicing eve#t,distinct
spliceosomal conformations, complexes E, A, B, B*, C and the posesptimal
complex, have been delineated (reviewed in Wahl 2009).

The core of the spliceosome revolves around the 5 evolutionarily reedse
SnRNAs (Urich gmall nuclear RNAs) and their seven to ten associated Sm proteins,
forming the abundant U snRNPsm@ll nuclear bonucleopotein) particles. These
snRNPs, which sediment at 7-12S on a sucrose gradient, serve to recogizeakeyg
signals and initiate spliceosomal assembly at the intron-exmtigns. Moreover, they

are the scaffolding for the subsequent association of the other splicing components.



The initial identification of these snRNPs and an understandingeof rible in
splicing were facilitated by the discovery of Lerner andit&tthat Systemic Lupus
Erythematosus (SLE) patients generate antibodies againsintipecfeins of the snRNPs
(Lerner 1979). This autoimmune disease causes patients to napradlyce high titer
antibodies against some combination of the snRNPs, therefore, semna fvariety of
SLE patients created a library of antibodies against the snRiNRsenabled their
physical characterization. Lerner et al discovered that thenBNA has a region of
complementarity to the 5 splice site and when the 5 end of Uénsved, it can no
longer bind RNA (Lerner 1980). The evidence for the role of the snRINBplicing
followed shortly thereafter with the data that adenovirus RNAisigliwas inhibited in
nuclear extracts that were pre-treated with the anti-Srbahés and not in extracts that
were pre-treated with antibodies to non-spliceosomal RNPs (Yang E88Well as
binding experiments which revealed U1 binds the 5’ splice sitelqigtmaunt 1983). The
SLE antibodies provided the tools necessary to identify thekingivn slicingtrans-
acting factor, U1l snRNP, and to conclude that the snRNPs are respdosiirie-mRNA
splicing. It is now known that these snRNPs are the core of tltegptimal machinery,
but splicing is accomplished through the extensive coordination of hundreds of factors.

It is well documented that in certain situations the same preAngaN be spliced
slightly differently, thus producing a divergent protein product. This phenom called
alternative splicing, is due to the activity of situation-spedifans-acting factors that
shift splice site usage to cause unique patterns of inclusion aadlision of exons.
Alternative splicing occurs in 60% of transcripts in humans (Mdd&002) in a variety
of circumstances; it can be tissue specific, cell cyclecifip, specific to the
differentiation state of the cell or a response to an extegtlastimulus. This can be an

extremely powerful process, producing multiple proteins from a@lesigene and
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increasing the diversity of the protein pool in the cell. Indeemhritgenerate a family of
related proteins, each with distinct properties, from one gene. Tos dramatic
alternatively spliced transcript identified to dateisophila Dscam, which potentially
produces 38,016 different mature transcripts (reviewed in Black 2003)ernafive
splicing demonstrates the flexibility that has evolved withingpkcing mechanism, in
that minortrans-acting factor changes can produce entirely new spliced produodts
resulting proteins.

The understanding of splicing signals and factors were greadigd by the
discovery of human diseases that mutated or targeted componentsprbdeiss, a few
of which were discussed here. The complexity of splicing and its sensitiveven slight
changes in the signals and factors make splicing abnormalities a confewtndeitified
in human disease. In fact, it has been estimated that as m&¥mef known human
disease-causing mutations result in pre-mRNA splicing mitaggn (Guigo 2005).
Therefore, it is now common practice to specifically seek ownpiall splicing effects in
many diseased situations, causing the number of splicing relatsabeksto continually

increase.

MRNA LOCALIZATION

Overview

Messenger RNA trafficking is a key means of imparting i$jeeg to cells and
subcellular regions. This vital process encompasses the mRNAgsdransport and
subcellular localization functions in the establishment of axialripplan development

and determination of polarity within differentiated cells.



The RNA localization process is essential in a variety oérdiz cell types and
organisms (reviewed in Jansen 2001). mRNA localization is importatiteimormal
function of nerves (reviewed in Martin 2000) and muscles (Reddy 2005) in humans and it
is crucial in the development of several model systems, includiogphila, Xenopus
and yeast (reviewed in Bashirullah 1998). Localization is paheobiogenesis of only a
subset of vital messages which encode a wide variety oftedseolecules including
transcription factors, growth factors and molecular receptor$o@dlized messages each
play a pivotal role in imparting distinct properties to a cellular region.

Once properly sorted, transported and subcellularly positioned, theatatim
purpose of mMRNA localization is to spatially and/or temporallyulag protein
translation of these specific messages. Therefore, theagesgs held translationally
silent until it reaches its final subcellular destination whemnethe last step(s) of
localization, other factors interact with it. This causesrasgement of the localizing
complex, release of translational repression and position-specific tramslat

Protein localization in eukaryotic cells can be regulated by rnveans: post-
translational protein sorting or localized mRNA translation. Whitgein sorting is more
common, there are some distinct benefits to localizing the nedsaggalized translation
can quickly and efficiently create a local protein pool from onelilcedh message
through multiple rounds of translation, rather than having to individuallylizecane
protein at a time via protein sorting. Thus, it is a more gffeanethod to rapidly
produce large amounts of localized protein (reviewed in Martin 2009)ditidnally,
MRNA localization can have a stabilizing effect on the locdlinessage by preventing
the binding of destabilizing factors; therefore, the cell can fayool of localized
MRNA ready to translate at an appropriate time. One such exasntiie localized pool

of nanos mMRNA in the posterior pole @rosophila. This pool ofnanos message is more
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than 100 times more stable then the non-localized pooamds transcript because the
localization machinery prevents the binding of the Smaug protelretmanos mRNA, a
protein which triggers deadenylation and subsequent degradation of MRNA
Drosophila (Zaessinger 2006).

In Drosophila oocyte axis determination, mRNA localization of several crucial
maternal transcripts establishes the polarity of the developingeoaod embryo. The
preeminent example of a localized mRNA is the Drosphitaid message (reviewed in
Ephrussi 2004)bicoid is a primary anterior determinant in Drosphila embryasoi
mutants show complete loss of head and thorax (Frohnhofer 1986, 1987). Thraltyate
encoded twoid message is localized to the anterior of the oocyte and eablyye in a
multistep post-transcriptional process. Once properly positioned, tianslaf the
localized bicoid mRNA is initiated. This, combined with diffusion, produces a Bicoid
protein morphogen gradient that extends from the anterior pole (whese most
concentrated) to diffuse within the anterior 30% of the embryoey@ri 1988 a,b).
Resulting Bicoid protein functions as a transcription factor doge-dependent manner,
regulating the anterior expression of several downstream, embryon&s gehose
products are required for further polarized development, sudiurahback (Driever
1989, Struhl 1989) anarthrodenticle (Gao 1998). Bicoid also serves as the translational
repressor of another localized messagadal (Niessing 2002). Therefore, the localized
message produces a localized protein that in turn serves riscriggionally and
translationally regulate other localized messages and losisisofunction has a fatal

outcome on the development of the fly embryo.
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cis-acting Signals

The localization elements of a variety of localized mRNAs hdeen
characterized; however, sequence analysis of these element# hagealed a consensus
localization sequence. In fact, this analysis only revealed howndssithe various
localization signals seem to be. There are a few generahooalities to the signals
identified thus far: 1) with few exceptions they reside in theuEranslated region
(3’UTR) of the localized message and 2) they commonly have both ansegaad
structural component required for localization (reviewed by Chabanon 2&@bhekhar
2007). They range is size and complexity from a simple 25 nuclesdigieencefatvg
MRNA (Chan 1999), to a 625 nucleotide signal with three separateénlsaimghebicoid
MRNA (Macdonald 1990). This diversity has made bioinformatic piedicof
localization elements extremely difficult and attempts have lesuccessful, requiring
identification of these signals to be experimentally determ{redewed by Jambhekar

2007).
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mRNA Localisation Cis-acting signal
(cell/lorganism)
Length/ Sequence or structure
organisation
[-actin Leading edge of the lamella 54 nt zipcode Tandem repeat
(Chicken embryo fibroblasts) ACACCC
Mpyelin basic protein, MBP Localisation in myelin Modular: I'l nt sequence = A2REII
compartment AZRE and Secondary structure
(mouse oligodendrocytes) RLR (342 nt)
Vimentin Perinuclear cyroplasm 100 nt Secondary structure
(3T3 fibroblasts, CHO cells
Metallothionein-1 Perinuclear cytoplasm 40 nt Sequence repeat CACC
(CHO cells) + structure
c-myc Perinuclear cytoplasm 86 nt Structure
(fibroblasts) + conserved AJUUA
Bicoid Anterior 625 nt— modular : Secondary and higher
(Drosophila oocytelembryo) 53 nt BLEI and order structure
helical domains
(stems lll, IV, V)
vel szl FaniE 340 nt Clusters of YYUCU
(Xer_lopus cocyte) and CAC-containing motifs
VegT Vegeral cortex <2 i Clusters of YYUCU
(Xenopus oocyte) and CAC-containing motifs
Nanos Posterior 547 nt Nfa
{germ plasm)
(Drosophila cocyte/embryao)
Oskar Pasterior Modular: MNia
(Drosophila oocytefembryo) Multiple elements of
100—200 nts
Kig Anterior 44 nt region Single stem—loop
(Dresophila cocytefembrya)
Gurken Dorsal—anterior Modular: Nfa
(Drosophila cocyte/fembryo) Different elements in
5'UTR, Coding and
3'UTR
Hairy Blastoderm apical 125 nt region SLI1/SL2a.
cytoplasm Secondary and higher arder
(Dreosophila cocyte/embryo) structure
Ashi Daughter cell Several LE: Secondary structure
{budding yeast) El, E2a, E2b E3

Table 1.2 Sequence and structural characteristics of known localizatiomtdeme
several model systems.

The sequence and structural requirements for the localization of spesfages are
listed. Notice that many messages have complex localization signialsultiple
sequence and structural components. (modified from Chabanon 2004)
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trans-acting Factors

The process of mMRNA subcellular localization occurs through ersal set of
defined steps that are guided tygns-acting factors associated with the message. To
initiate localization, the localization element must be recaghend bound by an RNA
binding protein, commonly referred to as a zip-code binding protein (ZBR®yever,
only a small subset of ZBPs have been identified for known localizexsbages that
originally appeared to be unique to each message. Emerging evideygests that
related transcripts may co-assemble into localization pestiahd share localization
factors (Lange 2008). ZBP binding recruits a variety of attesis-acting factors to the
message, forming a localizing ribonucleoprotein (IRNP), which talhsverse the cell
through its association with the cytoskeleton until it reachedfitia¢ destination, as
signaled by its interaction with protein ‘anchors’. Some IREsso large that they can
be visually observed transporting though the cell. In fact, localiaskgr mMRNA RNP
granules have been discovered as large as 50-8D&sophila (Chekulaeva 2006

The trans-acting factor composition of characterized IRNPs reved¢ IfHctor
overlap between the different particles, suggesting that tive étalization complex is
message specific rather than a generalized macromolacaddine like the spliceosome.
However, a consensus in the functional requirements of components twéhacalizing
RNP has emerged. These roles include: 1) translational repressibe dbcalizing
message 2) linkage of the IRNP to a motor and 3) a motor to tratispdRNP along the
cytoskeleton. By definition, all localizing complexes must contairtranslational
repression mechanism to ensure only localization-dependent transiatioem message.
In many cases, such as ZBP1 localizatioB-edctin mRNA, the zip code binding protein
also functions as a translational repressor (Huttelmaier 2005)hén examples a small
non-coding RNA (Cheng 2006, Schratt 2006) or another RNA binding protein (Paquin
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2007, Nakamura 2004) serves to translationally repress the localiesgpge (reviewed
in Besse 2008).

Also found in the localizing RNP is a motor and an adaptor protein which
connects the RNP to the motor. The double stranded RNA binding protaiferst
appears to function as a general adaptor protein in localizingleres (reviewed in
Chabanon 2004). This protein is known to be involved in the localizatiohreé t
different Drosophila messageshicoid, oskar and prospero, and has been isolated in
several different localizing particles in mammalian neuroegdwed in Roegiers 2000).
The RNA binding of this protein is non-specific, indicating that tlessage specificity
may be achieved through Staufen’s association with other proteinthei IRNP
(Ferrandon 1994). The commonality of Staufen in seemingly undelatzalization
complexes, along with its lack of RNA binding specificity, suggdbat it acts as a
general adaptor, or even a scaffolding protein, in localizing RNBrowing evidence
indicates that Staufen is associated with the kinesin motor alizatton complexes in
several systems, implying that it may specifically fimttto connect the motor to the
localizing particle (Joeng 2007, Yoon 2004, Ohashi 2002, Brendza 2000). Staufen, and
many other factors, are only associated with kinesin; however, kirmesiot the only
motor known to be involved in mRNA localization. Dynein is the requinedor for the
localization of several messages Dmosophila embryos, particularlygurken, bicoid,
wingless and pair-rule mRNAs. Also, the myosin motor is specifically required for the
bud tip localization oAshl mRNA in budding yeast (reviewed in Czaplinski 2006).

Once the localization complex has assembled and been actively transported withi
the cell to its ultimate destination, a signaling event occtws tethers the RNP to the
appropriate locale. This anchoring is known to occur, but few detel&known about

this step. In the bud tip localization @&shl mMRNA mentioned previously, mutant
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analysis revealed that the presence of the She5 protein andpalimerization is
required to keep the mRNA localized once it reaches the bud tip, buéxte
mechanism is not understood (Beach 2001). Data suggests that interaithiothew
anchoring machinery causes dramatic rearrangements withitRMI that releases
translational repression of the message, thus ensuring the tansialy occurs in the
proper location. In some transcripts, the anchoring signal is not enougtease the
repression, so the message will be continually held as sildhtedocalized site until
another signal is received. This allows the cell to have a techinessage poised for
immediate translation when the appropriate signal is receiMediiad for the immediate
production of localized protein. This has been shown extensively in neurdoeie w
specific messages are translated in mature dendrites omly sfbaptic activation
(reviewed in Bramham 2007, Besse 2008).

Few mMRNA localization pathways are well characterized tte,danaking
definition of the signals and factors required for the process viigutti The discovery
of naturally occurring mutations in human disease greatly advaisceshtific
understanding of splicing (and several other post-transcriptional pescest discussed
here). Unfortunately, to date, no human disease caused by aberrationRNA
localization has been characterized to provide deeper insighthetoetjuirements for

this process.
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Myotonic Dystrophy

CLINICAL PRESENTATION

Myotonic dystrophy (DM), also referred to as Steinert's disessa hereditary,
autosomal dominant neuromuscular disorder. This chronic disease dfféct8000
individuals worldwide, making it the most common form of muscular dghkly in
adults. It is characterized by an extremely diverse, mulésys clinical presentation of
a seemingly unrelated, yet consistent, constellation of symptomsheAdisease name
suggests, the musculature, predominantly skeletal and cardiac nsigglassly affected
in DM patients. The primary defects lie in muscle contractia manifest clinically as
myotonia (involuntary persistence of muscle contraction), hypotoedu¢ed muscle
tone), dystrophy (muscle wasting) and cardiac conduction defectée Ykbi muscular
symptoms are the hallmark of the disease, abnormalities ieximany other bodily
systems: patients can develop posterior subcapsular iridesdanactsr and insulin
resistant diabetes, with frontal balding and testicular atropgty @ccurring in males.
Central nervous system manifestations have been documented in @Mtgpats well,
including hypersomnia, cognitive impairment, and avoidant social behaviorh&mnot
characteristic of the disease is anticipation, which refetisedact that each subsequent
generation exhibits earlier age of DM onset and increased symgeéverity than the
previous generation. Muscle biopsies of DM patients show unique his@logi
characteristics such as its cytological hallmark sarcoptasrasses, atrophic fibers, ring
fibers and centralized nuclei in the muscle fiber (de Leon 2008,eH&@01, Strong

1997).
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DM1

Ninety-eight percent of DM cases are classified as DM tyg®M1) Positional
cloning and sequence analysis revealed that the cause is a Sliffplrepeat expansion
in the 3’ untranslated region (3'UTR) of tHaystrophia Myotonica Protein Kinase
(DMPK) gene on chromosome 19g13.3 (Aslanidis 1992, Brook 1992, Buxton 1992, Fu
1992, Harley 1992, Mahadevan 1992). DM1 is a non-coding triplet repestsdijs
making it one of a substantial group of triplet repeat diseaseg\(red in Ranum 2002)
(see lllustration 1.1). Within the general population, ERdPK gene harbors 5 to 35
repeats, however, this repeat is expanded in DM1 patients who eétitotover 2000
repeats per individual (Harper 2001).

To date, no patients have been found harboring any mutation iMR& coding
region. Therefore, th®MPK gene in both normal and DM1 patients encodes a fully
functional DMPK protein. The DMPK protein is a serine/threonine kiiBsene 1994)
and a founding member of the “DMPK-related family of kinases”s Tamily includes
the Rho-associated kinases, Cdc42-binding kinases, MRCKs, as welaras other
kinases that are thought to regulate cytoskeletal changes gioage to external stimuli
(Zhau 1997).

Several putative targets of DMPK phosphorylation have been idenitifieidro
including: DMPK itself, myosin phosphatase target subunit 1 (MYPT1),ghladsmman
(PLM), phospholamban (PLN), and CUG binding protein 1 (CUGBP1) (redein
Kaliman 2008). Three of the targets, MYPT1, PLM and PLN, areoallrelease and
muscle contraction regulatory proteins; therefore, loss of regulaf these proteins
could directly cause muscle contraction malfunctions like those in DM patiéi¥&PT1
is a phosphatase that regulates the phosphorylation status of mgbsichiain and is
involved in smooth muscle contraction in response to calcium signatkiresis and
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cytoskeletal organization during cell migration (reviewed by sMiatura 2008). PLM
phosphorylation due to adrenergic stimulation regulates the acti¥igardiac Na/K
pumps, effecting cardiac muscle contraction (Fuller 2006). PLNagsgutalcium flux in
an extremely similar manner to PLM in both cardiac and sketetscle. Adrenergic
stimulation causes PLN to become phosphorylated which, in turn, stiswdakgum
uptake in the sarcoplasmic reticulum via the SERCA 2a calciumppamd muscle
contraction (Simmerman 1998). In contrast to the other known DMPK phosgtiammy
targets, CUGBP1 does not appear to have a direct role in the tregubd muscle
contraction. It is an RNA binding protein with known function in alternatipkcing

(Ishiura 2005) and mRNA turnover (Zhang 2008). Its subcellular localizéat DM

patients is dependent upon its phosphorylation state (Roberts 1997); theteiora
reasonable assumption that DMPK kinase activity dictates thellsldickcation of this

post-transcriptional regulator of mRNA.
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Huntington’s (CAG) DM (CUG)
DRPLA (CAG) SCA R (CUG)
SMBA (CAG) HDL2 (CUG)
SCA 1 (CAG)

SCA 2 (CAG)

SCA 3 (CAG)

SCA 6 (CAG)

SCA 7(CAG)

SCA 17 (CAG)

lllustration 1.1 Triplet Repeat Expansion Diseases.

Myotonic Dystrophy is a member of a class of diseases called tripkstrexpansion
disorders. Most identified triplet repeat disorders have the causatives sepphat
expansion occurring in exons that are translated and end up in the resulting protein. They
exert a protein level effect which changes the properties of the encoded magchits
molecular interaction. A small handful of disorders have their causative repeat
expansions in non-coding regions (5’UTR, intron, 3'UTR). Since these expansions do not
end up within the resulting protein products, an alternative model of action must be found
for their effects. Diseases listed in green are non-coding and blue arg.codin

DM2

A second locus known to independently cause DM (referred to as DM type 2) was

mapped to chromosome 3 nine years after the mapping of DM1 (Liquori 2001).
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Molecular analysis revealed the mutation to be an extremefje |6l1kb to 40kb)
complex expansion with an abundance of (CCTG)n elements in thenfnen of the
ZNF9 gene. The ZNF9 gene encodes a putative zinc-finger protein of unkKooetion
named the DM2 protein, or pDM2. In contrast to the situation with DM1,DikiR
mutation appears to be predominantly spliced out in the nucleus (Ma2§oks Krahe
personal communication), rather than stay with the mRNA througholifeit To date,
consequences of the extremely large expansion on DM2 protein compaeitibn
expression have not been clearly delineated.

The putative DM2 protein is a very small (19kD), evolutionaribnserved
protein that contains 7 predicted CCHC zinc fingers and an RGG ddAranas 2008),
both nucleic acid binding domains(reviewed in Burd 1994). Zinc fingersaaailass of
common protein motifs that fold into finger-like structures that enehdem contacts
with the target molecule; whether the target is a protein, RNENA depends on the
amino acid composition affecting the fold of the domain (reviewedaity12001). The
CCHC type of zinc finger, as seen in the DM2 protein, is an uhasuafinger that is
only found in a small subset of zinc finger containing proteins.Khawvn to bind RNA
(Hall 2005) with the best characterized CCHC containing proteingy ibe HIV-1
Nucleocapsid (NC) protein, which binds to and packages the HIV RNA geimbonine
capsid during viral assembly (Gorelick 1999, Summer 1992)[mudophila’s Nanos
protein, a translational repressor of the transcription falatochback active during
Drosophila embryonic development (Curtis 1997, Wharton 1991). The other domain in
the DM2 protein, the RGG box, is an arginine-glycine-glycine meghon highly similar
to the RNA binding domain proposed to be a predictor of RNA binding Bciivi
heterogeneous ribonuclear proteins (Kiledjian 1992). To date, theduraftthe DM2

protein in DM etiology is unknown.
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A DMI Mutation
(98% of patients)

Chromosome 9
DMPK

T I lmmﬂuiﬁf-i“\l

DMWD D[_qur 1hr Kinandae _ N coiea-con T .

(CTG)n
=100 to = 2,000

B pMm2 Mutation
(1% of patients)

Chromosome 3

ZNF9
—F .

f | 234 5
(CCTG)n
n=73 to = 11.000

A-Modified from Groenen,P and Wieringa,B. Bioessays 20:11:301-912, 1998,
B-Modified from Ranum LPW and Day, IW. Am. J. Hu. Genet. 74:793-804, 2004,

lllustration 1.2 Mutation of two distinct loci can independently cause DM.

A) Schematic of the Dystrophia Myotonica Protein Kinase (DMPK) gene and two
flanking genes, DMWD and SIX5. The causative mutation of DM1 is an expanded
(CTG)n tract within the 3'UTR of the DMPK gene, where n= 50 to several thousand. B)
A large insertion within the first intron of the ZNF9 gene has been mapped as the
causative mutation for Myotonic Dystrophy type 2. Exons are represented with bla
boxes. Transcriptional start sites are marked with an arrow and stop sitksvarcated

with an asterisk and causative mutations are denoted.
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Despite the fundamental differences in the afflicted genes andhtiomut
characteristics causing DM1 and DM2, the clinical presentation of DM&npsis nearly
identical to the DM type 1 patients (Ricker 1994, Day 2003) (Table OB8e notable
exception to the similarity is the large amount of misregula#NA splicing, 21
different spliced transcripts, that is seen in DM1 patientssandt seen in DM2 patients.
In fact, only one transcript, the Insulin receptor, is known to benaligely spliced in
DM2 patients (Savkur 2004). The pathological importance of misredusgkcing in
Myotonic Dystrophy will be discussed later in this chapter.

The presence of a congenital form of DM1 was a classic diifereetween the
clinical presentations of DM1 and DM2; however, a putative case geoitial DM2 has
recently been reported (Kruse 2008). Congenital DM1 is rare, augurr only 13 of
every 100,000 people (Aicardi 1998), presenting the issue that thdacsthlilstlihood of
diagnosing a rare form of DM2, which accounts for only 1% of thedalks identified,

is drastically low. However, more cases besides the case that Kalseeently reported
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must be discovered to verify the existence of a congenital fofmDM2.

SYMPTOM DM1 DM?2
Myotonia

Facial weakness

Proximal weakness

Distal weakness
Sternocleidomastoid atrophy
Iridescent cataracts

Cardiac arrhythmias

Testicular failure

Hyperinsulinemia
Hypogammaglobulinemia

Elevated creatine kinase
Retardation/Congenital abnormalities
Misregulated mRNA Splicing

+ = present, -- = absent

*®

++ 4+ +++++ + +++F
P+ + 4+ ++ + + + + ++

Recreated from Ranum, LPW and Day TW. 4m. J Hu. Genet. 74:793-804, 2004,

Table 1.3 Symptoms seen in DM1 and DM2 Patients.

The clinical presentation of Myotonic Dystrophy represents a diversestiahieh of
multi-systemic symptoms. This unusual collection of disease manifestatioeariy
identical between the two forms of DM with the exception of the misregulateddmRN
splicing events seen in DM1 patients that are not seen in DM2 patients. The asterisk

refers to the need for more cases to substantiate the presence of thetaidiogenof
DM2.
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M OUSE MODELS

DM1 Models

Soon after the DM1 mutation was mapped, several groups began tryireate a
mouse model for DM. This is a universal step in the early stafgd® research of most
diseases. Mice make excellent disease models because madhgirophysiological
systems behave similarly to humans in response to disease caugiaigons. Early
attempts at a DM1 mouse model began vibtiPK knockout mouse models (Jansen
1996, Reddy 1996). These models showed only subtle defects, suggesteftethsaton
the DMPK protein have only a minor role in some aspects of DMopzgy. Attention
was then focused on the disease causing (CTG)n expansion. Two modsks were
created that expressed the (CTG)n expansion in the contexé DMRK gene (Seznec
2001 (300 CTG repeats), Ornego 2008 (960 interrupted CTG repeats)) and one was
created which expressed 250 CTG repeats artificially edem the p-actin gene
(Mankodi 2000). All three of these systems showed a variety of dugstal,
physiological and molecular symptoms that correspond to DM patieotgever, all of
them failed to produce the vast majority of DM pathology (revieimeéd/ansink 2003);
indicating that the CTG repeat expansion does possess some pathologyis bubt

sufficient to reproduce the diverse DM phenotype.

Related Models

To address the possibility that the full constellation of DM pathoisglue to the
affects on factors other than DMPK, several knockout mice of qih&eins were
created. The most significant results were achieved with the kndkkocikdown of two
of the Muscleblind proteins (MBNL1 and MBNL2) and the knockdown of the DM2

protein. The Muscleblind proteins are a group of double stranded RNA binditegngr
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identified as factors that specifically bind the CUG repepaegion within the context of
the DMPK message (Miller 2000). To examine a potential role for MBNL1 M D
pathology, a MBNL1 knockdown mouse model (Kanadia 2003) was created which
specifically eliminated the MBNL1 isoforms that bind teMPK (CUG)n repeat
expansion (simulating a hypothesized diseased situation whereLMBMds to the
repeat tract rather than associating with its normal splitangets). Interestingly, this
mouse model recapitulated several features of DM pathology, includimy splicing
abnormalities and, most notably, posterior subcapsular iridescemaatataa unique
symptom not seen in previous models. The variety of misregulatedripgaseen in this
mouse model strongly suggests that CUG binding of certain isoforrtise dfiBNL1
protein has a specific role in the splicing misregulation seddM patients. A MBNL2
knockout mouse was created (Hao 2008) that had many of the samegigstol
abnormalities of the other DM mouse models, but did not show the MBhabdse
MRNA splicing abnormalities. Thus, these two proteins may shambihigy to bind the
DM repeat expansion, but they do not share roles in the pathology ofs#eseli The
final DM model created was a DM2 protein knockdown (Chen 2007). The phenotype of
these mice dramatically combined many of the histological andiglbgical disease
features seen in both the DMPK mice and the MBNL1 knockout miitk,the notable
exception of MBNL1 splicing abnormalities. The DM2 mouse model suggesat
significant impact of the loss of DM2 in DM etiology, which appdarbe distinct from
the MBNL1 role. Despite the many attempts to create a corapsele mouse model for
DM, the field is left with a variety of different models that re-creagous subsets of the
disease, but none that represent the full constellation of DM symgsa@sAppendix 1

for a complete discussion of Myotonic Dystrophy mouse models).
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Models of DM1 Disease Etiology

Presently both the mechanistic basis of DM1 and its accornmga@aytosomal
dominance are not fully clear. Unlike other diseases where wnsati the disease gene
result in an aberrant protein product or no product at all, DM1’s ¢eesatitation is not
decoded into protein. Since there are no paradigms for this type afionytany model
to adequately explain how the DMPK CUGh expansion can result in patsigds

likely to be novel.

DMPK HAPLOINSUFFICIENCY

Initial hypotheses of DM1 pathology proposed a mechanism based on the
decrease of DMPK protein level (Fu 1993, Carango 1993). Analyses dDNteK
protein level in patient tissue produced conflicting results, vathesgroups detecting a
reduction in total DMPK levels (Hamshere 1997, Furling 2001, Salvatori 2808%)
others, including our lab (Bhagwati 1996, Raabe and Gottlieb unpublishedfidaliay
the levels relatively unchanged. The discrepancy is likely due feretices in protein
extraction techniques, tissue examined, and proteolysis (reviemigdfinann-Radvanyi
1993, Groenen 1998). Indeed, our findings that DMPK protein resides in sardgplasm
masses (see Chapter 3) and that these require certain conditia@fBcient extraction
supports this conclusion. DMPK knockout mice were generated to dieteanrpossible
role for DMPK haploinsufficiency in DM1 pathology (Jansen 1996, Reddy )1996
Strikingly, DMPK knockout mice do not present with the multisysteohiaracteristics of

the disease, instead only having some cardiac conduction abnormalities (see>Appendi
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Therefore, the DMPK protein may contribute to the cardiatufea of DM1, but DMPK
haploinsufficiency is not responsible for the multisystemic dinieatures of DM1

(Jansen 1996).

CHROMATIN REMODELING EFFECTING NEIGHBORING GENES

A second proposed mechanism for DM1 pathology stated that chromatin
remodeling occurred due to the CTG repeat expansion ilDkeK gene. This then
altered the expression of genes neighboring EMPK gene. This hypothesis is
supported by the observation that the CTG expansion is a strong nuttebsaling site
that results in the alteration of local chromatin structureeO®t995). Of particular
interest was the potential effect on the expression of the ®né, gvhose 5 promoter
region overlaps the CTG expansion in IPK gene. The Drosophila homologues of
Six5 are known to effect eye (Serikaku 1994) and muscle developmeht (R001),
potentially accounting for the cataracts and muscle wasting ised&M1 patients.
However, Six5 knockout mice showed no significant phenotypic overlap witi DM
symptoms, excluding this theory as a possible cause of DM1 path(@agkar 2000,
Klesert 2000). The subsequent mapping of the DM type 2 mutation diffeaent
chromosome with unrelated neighboring genes completely undermined ithi¢y @i

this model as well.

RNA GAIN-OF-FUNCTION THEORY

Evidence now indicates that the predominant mechanism of DM1 pathogenesis
a gain-of-function of theODMPK mRNA transcribed with the CTG expansion. First,
transgenic mouse models expressing the repeat expansion at thdeiRNAhowed

myopathy and myotonia (Mankodi 2000, Seznec 2001, Ornego 2008) (Appendix 1).
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Second, the DM1 expansion in the 3'UTR of DPK mRNA has the ability to inhibit
myoblast differentiation in cell cultur@Bhagavati 1999 Third, specific RNA binding
proteins, CUGBP-1 and the Muscleblind proteins, show altered subcétodization

and increased expression levels upon CTG expansion expression $R&@8tt Fardeai
2001, Ornego 2008). Finally, recent gene expression profiling of transgeci
expressingactin mMRNA with a 250 CUG expansion illustrates the tremendous amount of

altered gene regulation resulting from the CUG repeat (Osborne 2009).

DMPK biogenesis affects

Investigators initially focused attention on the role of thedtiptpeat expansion
on MRNA biogenesis, hypothesizing that the DMPK CTG mutation ttiratters the
creation and/or regulation of the DMPK message. HowdMgiPK mRNA transcription
appears unaffected by the triplet repeat expansion becausevéte of wild type and
mutant unsplicedMPK pre-mRNA are normal in DM patients (Krahe 1995, Davis
1997). Similarly, in well executed experiments, direct splicgtgbility, polyadenylation
and translatability of th®©MPK message does not seem to be affected by the triplet

repeat expansion (Krahe 1995, reviewed in Groenen 1998).

Nuclear sequestration causes DM pathology

In the absence of a simple direct effect on DM biogenesaltamative
RNA-level model termed ‘nuclear sequestration’ emerged. This ytheaggests that
CUG expansion-containing transcripts are retained in nuclei andte@UG-binding
proteins (Taneja 1995, Davis 1997). These proteins are no longer avéilgeeorm

their normal functions; several are known splicing regulatorsheosplicing of their
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natural target mMRNAs is affected and causes DM pathologycfiénko 1996b, Philips
1998, Charlet-B 2002). Thus, the theory suggests that the (CUG)n expandios
3'UTR of the DMPK message adtstrans to chelate a subset of RNA binding proteins,
indirectly resulting in splicing misregulation.

The identification of naturally occurring short CUG stretchethin intronic
splicing enhancers of theardiac troponin T (cTnT) MRNA (Ryan 1996) lead Cooper and
coworkers to speculate that the large DM1 CUG expansion could be thognwéh the
binding of thecTnT splicing regulators. Examination of cTnT isoforms in cardiats cel
from DM1 patients revealed that this message was, in fact, ablprspliced (Philips
1998), substantiating the hypothesized binding competition between thengsplic
regulatory signals and tHeMPK 3'UTR CUG repeats in DM1 patients. Since those
initial studies, a variety of DM1 splicing misregulation evelnégse been documented
both in vivo in patient tissue and mouse models amditro in myoblasts from DM1
patients (recently reviewed in Orengo 2007, Dick 2006). The grovwgngflalternatively
spliced transcripts in Myotonic Dystrophy type 1 stands at 21 reiffemessages
(Osborne 2006) (see Table 1.4). However, the molecular detaiie observed splicing

misregulation and its contribution to DM1 pathology are still being explored.
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Tissuelgene Target

Skeletal muscle

ALF exon Sa, Gh

CAPMNI exon 16

CLCMT intron 2, exon fa, Ba

FHO= exon 11a

SFATI exon 10

IR exon 11

MBMLT exon

MBMLZ exon

M TRAR exon 2.1, 2.2

MEAP exon 12

HYH1 exon 70

SERCAT exon 22

Z-Titin exon £rd, Fro

tr-Titin M-line exon 5

THMNT3 fetal exon

IASP exon 11

Heart

THMNTZ BXON S

IASP exon 11

tr-Titin M-line exon 5

KCMNABT BXON 2

ALP BXON S

Brain

TAL exon 2, exon 10

APF BXON 7

MDART BXON S
Modified from Osbome 2006

Table 1.4 Alternatively Spliced mRNAs in DM1 Patients.

Twenty one different messages have been identified to date in DM1 patientiesbeet
primary myoblasts or mouse models that exhibit misregulated splicing. Ehef nolost

of the inappropriate splicing events in DM1 pathology is unknown. Tissue specificity and
target of the splicing event is listed.
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DMPK CUG RNA binding proteins

The identification ofcTnT mRNA splicing misregulation in DM1 provided a
specific target with which to identify the key CUG RNA bindteins that are being
affected by the DM1 (CUG)n expansion (Philips 1998). The initiabickate explored
was a conserved heterogeneous ribonucleoprotein called CUB-BP1. Ehis kveown
CUG RNA binding protein (Timchenko 1996a) that was subcellularly bliged in the
nucleus (the site of an accumulation of the CUG contailiMPK message) or the
cytoplasm in a phosphorylation dependent manner (Roberts 1997). Thiyss Bhial
examined the potential role of CUG-BP1ainT mRNA splicing regulation and found
that CUG-BP1 does control the splicing pattern of ¢lieT message (Philips 1998).
CUG-BP1 functions in both splicing and translational regulation i(#2hill998,
Timchenko 1999, Timchenko 2005) and has now been shown to bind to regions adjacent
to splice sites in three DM1 misregulated transcripts (Mank&di2; Philips 1998;
Savkur 2001). Over-expression of CUGBP-1 in cell culture resultamiasidefective
alternative splicing patterns as seen in DM1 patients (reviewed in @@e03).

Miller et al conducted a UV crosslinking experiment with DMPKIBR RNA
containing 54 or 90 CUG repeats to identify other CUG RNA bindirgeprs
potentially affected by the DM1 mutation. Their work resulted inidleatification of the
Muscleblind (MBNL) proteins, MBNL1-3 (Miller 2000), a group of thre®uble
stranded RNA binding proteins that are known alternative splicing ategsl that
influence exon selection (reviewed in Pascual 2006), as well aoltiogtrtransport,
stability and translation of mRNA (Timchenko 1999, Timchenko 2005, Ad@@d5).
The significance of the MBNL proteins in DM pathology is discussed below.

The nuclear sequestration model gained support from 1) the discoary th
MRNASs with long tracts of CUG or CCUG repeats transcribet the mutant DM1 and

32



DM2 loci accumulate in discrete nuclear foci (Taneja 1995, DE9®, Liquori 2001)
and 2) the localization of CUGBP-1 and the MBNL proteins is redigtgd from the
cytoplasm into the nucleus of DM tissue and myoblasts (Philips 1998&rNi000).
Several lines of evidence strongly suggest that the nuclearo$NBNL is a result of
CUG repeat recruitment, that this binding results in a loss atiimof the Muscleblind
proteins, particularly MBNL1, and that this loss directly resultsthe abnormal
regulation of alternative splicing seen in DM1 patients (revikimeKuyumcu-Martinez
2006, Cardani 2006, Osborne 2006). First, all three MBNL proteins co-localithe
CUG-RNA containing nuclear foci observed in DM patient cells tsglie, suggesting
that their nuclear localization is a result of association thithCUG repeat RNA (Miller
2000, Mankodi 2001, Fardaei 2002). Also, expression of exogenous MBNL1 protein
rescues the splicing phenotype of transgenic CUG expansion minadiga2006), thus
the splicing abnormalities caused by CUG repeat RNA aretdua reduction in
free/functional MBNL. Finally, MBNL1 knockout mice presented wighigng changes
that are characteristic of DM1 and seen in mice expressinG €xpansion mMRNA
(Kanadia 2003), so a loss of MBNL1 protein directly results inrrabe splicing
regulation.

However, the role of CUGBP-1 in DM pathology is questionable; sepereés
of data suggest that its role in DM pathology may be inditeatas purified with a wild-
type lengthDMPK CUG repeat, CUg(Timchenkol996a), and does not efficiently bind
to the pathogenically long CUG expansions (Michalowski 1999). Also, thdudpes
redistribute to the nucleus in DM cells, it does not colocalize @UG containing RNA
(Fardaei 2001) as MBNL1-3 proteins do, suggesting that this locahzaliange is not
due to direct recruitment by the CUG repeats. Interestifigperts et al discovered that

the regulation of CUGBP-1 protein subcellular localization is deen upon its
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phosphorylation by DMPK botin vivo andin vitro, hypophosphorylated CUGBP-1 is
selectively localized to the nucleus while hyperphosphorylated BRJIG protein is
located in the cytoplasm (Roberts 1997), implying any splicing opadly due to
CUGBP-1 mislocalization may be a downstream effect of DMRKade function

misregulation.

Problems with the nuclear sequestration theory of pathology

Though the importance of the MBNL family of proteins and alternaplesing
in DM1 pathology is firmly established, several problems ewigh a model of DM
etiology based primarily on the nuclear sequestration of RNA bindwotgips. 1) It does
not explain the unique clinical presentation of other non-coding (WG expansion
diseases, such as Spinocerebellar ataxia 8 and Huntington’s dilea®e nor the non-
pathogenic naturally occurring CTG expansions in the human genome. GCUlke
expansion is sufficient to develop DM pathology, regardless of gemnt, then all of
these expansions should result in the wide constellation of Myotonitropky
symptoms. Moreover, recent evidence suggests that the MBNL hdsewliag affinity
for both CAG and CUG repeat tracts (Yuan 2007), broadening the liginefs with non-
coding repeats that should present identically to DM if, in, foe triplet repeat
expansion sequestration of MBNL is the primary determinant ofgbs@a If the amount
of MBNL binding is directly proportional to number of repeats (Milg900) and the
MBNL affinity for CUG repeats is the same for CCUG repe@Warf 2008), then the
tremendously higher number of CCUG repeats in the DM2 expansiosegv®M1)
should result in more MBNL sequestered and increased severdisedise, when, in
actuality, DM2 is the more mild form of DM. 3) Despite the lasgeount of effort that

has been invested in characterizing mRNA alternative splicindpMy only one
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transcript, the insulin receptor, has been reported to be altergaspited in DM2
patients (Savkur 2004), suggesting that splicing misregulation ist tioé dneart of this
nearly identical form of DM. 4) Recent data suggests that nuclear éoseparable from
DM cellular pathology (Ho 2005, Houseley 2005, Holt 2007) and MBNL-basedrgpli
affects are not due to its sequestration in these foci (Ho 200f)ardging a key
component of the nuclear sequestration model. This model of pathologyendisely on
the non-specific RNA binding protein chelation by CUG repeats fail address the
unique and complex nature of the DM symptoms. Knockout models of MBNLimsote
fail to reproduce major DM-specific characteristics and th@lag of mis-spliced
transcripts do not explain many characteristic DM symptoms., Tdespite the elegant
data revealing the importance of alternative splicing in DM patjolit cannot be the

sole mechanistic basis of Myotonic Dystrophy.

RNA localization theory of DM etiology

Experience researching the process of RNA localization atlavgeto recognize
another potential RNA level molecular consequence of DMPK mRNA disease-
causing 3'UTR triplet repeat expansion. We considered that mamyR3Warbor signals
for mRNA localization, the evolutionarily conserved post-transcriptiopabcess
whereby particle messages are positioned within the cytopasmpart distinct cellular
or subcellular properties. Is it possible that the triplet remegiansion could be
disrupting or blocking an RNA localizatiams-acting signal in the 3’ untranslated region
of the DMPK transcript? The developmental requirement for RNA locatinatias been
established in many model systems (flies, frogs, yeasewed in Jansen 2001), but it is
also know to be required for the normal functioning of human nerves and muscle

(Martin 2000, Reddy 2005). Thus, it is reasonable to hypothesize tHaMBRKE message
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may be subcellularly localized in normal muscle. Disrupted mRi¢Alization results in
developmental and birth defects in model systems, thereforendlpgy, it seems
reasonable that disruption of the normal localization of certainagessn nerves and
muscles might result in a neuromuscular disease, such as Mybigstiophy. Notably,
to date no human diseases characterized have been attributed tantalbtA
localization.

Therefore, we hypothesized that DMPK mRNA might be a localized message
in muscle tissue and the CUG repeat expansion might disruptitdeiype localization.
Since the protein coding region of the message is unaffected,igtozatization of the
DMPK mRNA would result in the translation of a fully functional setimeonine kinase
in an inappropriate subcellular location. At the new locale, this kinaseéd then be
exposed to novel substrates which it could potentially phosphorylatenglsgnal
transduction cascades and leading to DM’s diverse symptomsisTitie simplest and
most direct current model of DM etiology, as the mutation aatssito cause pathology,
rather than only effectinyans-acting factors. It takes into account that the CUG disease
causing repeat leads to Myotonic Dystrophy only when attachéget@MPK coding
region. This vital piece of information is not accommodated by mthelear
sequestration/alternative splicing model.

This still leaves the etiology of DM2 unanswered. How can mutatiogsnes of
functionally unrelated proteins, on different chromosomes, cause e Seemingly
unrelated set of symptoms? The predicted RNA binding charaicterist the DM2
protein led us to further hypothesize that DM2 functions in the l@&taliz pathway of
the DMPK message. If DM2 is a localization factor fDIMPK transcripts, then the
proposed protein effect of the DM2 intronic expansion would disrupPMBEK mRNA

localization pathway, causing mislocalization of B&PK mRNA. Thus, the same
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molecular outcome would be seen by the disruption of the proper kteatizsignal in
the 3'UTR of theDMPK mRNA by the CUG repeat expansion and disruption of the
localization factor, the DM2 protein, by altered DM2 splicing ofititeonic insertion. In
this model, the independent mutations leading to DM1 and DM2 reprdsamnataoons in
the same molecular pathway, causing the same cellular consegjutteesulting in
nearly identical clinical symptoms. Therefore, DIPK mRNA (mis)localization model
is the first RNA based model to take into account the messagiismentext of the
mutations and fully incorporate the mutational differences betweetwo forms of DM

into a cohesive model of etiology.

Prospectus and Overview

Given that 1) RNA localization is at the heart of development in model sy&ems
that disruption of location in these systems causes birth defadts3athat RNA
localization is prominent in higher eukaryotic (human rat, micejaseand muscles, we
initially reasoned that disruption of RNA localization might be invdlvia certain
neuromuscular disorders. Consequently, we (the Gottlieb lab) seb dudta human
disease where RNA localization functioned in its etiology/patholdhe criteria we
established were three fold: 1) a hereditary disease of nangésr muscles 2) a disease
characterized/caused by mutations in the 3'UTR of a causathe siece that is where
RNA localization signals reside and 3) a disease caused bgramdy a few genes to
simplify our analyses. Our search led us to the candidate disgagenic Dystrophy.
Via positional cloning and locus analyses, this disease was edvieabe caused by a
triplet repeat expansion (CTG)n in the 3'UTR of il Kinase gene in 1992 (Aslanidis
1992, Brook 1992, Buxton 1992, Fu 1992, Harley 1992, Mahadevan 1992).
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In Chapter 3, in actual patient tissue we show EMPK RNA is subcellularly
localized in the sarcoplasmic reticulum the muscle equivalenthef endoplasmic
reticulum. Additionally, DMPK mRNA is mislocalized to the site of ultimate disease
pathology characteristic of this disorder. We show that this ihlss to the disease’s
molecular genetics, cytopathology and cell biology. These dgtdyhimplicate RNA
(mis)localization as a vital process underlying this importigsgase. The majority of the
tissue work presented in this chapter was performed by Dr. T&aabe, a former
postdoctoral fellow in the Gottlieb Lab, and | conducted the remaexpgriments that
were requested by reviewers.

While we were truly fortunate to have access to actual musssue from
multiple DM patients to reveal this phenomena and establish thebegs, the system
does not lend itself to testing hypotheses. Therefore, in Chapter éstablish a disease-
relevant tissue culture system usingCG cells. These cells are of muscle origin and can
be differentiated at will. Thus, they allow us to examine the wrdiftiated and/or
differentiated muscle states. Using this system and syntinatiscripts we extend our
findings from patient tissue and establish function. We prove that D)NtiK mRNA
is, indeed, subcellularly localized; 2) that localization isadexd by signals in thBMPK
3'UTR and is disrupted by the DM1 disease causing (CTG)n expaasibithat 3) the
presence of the DM2 protein is required to achieve and/or maintdirsubaellular
localization. These data establish tbMPK mRNA targeting/mistargetting underlies the
Myotonic Dystrophy disease process and implicate a role for the DM2 proteiecthels
gene identified in DM, in thBMPK mRNA localization process.

In Chapter 5, we examine the role of the DM2 protein in the cbmiexhe
localization/mislocalization process. Taking an interdisciplireggroach, we show that

the protein encoded by tixmf9 gene, a small, zinc finger containing protein, colocalizes
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with the DMPK mRNA and associates with tleMPK 3'UTR, where the RNA
localization signals reside. A small subset of iMPK 3'UTR that comprises the pDM2
binding site, is sufficient to impart wild type localization @ra reporter construct and
deletion of this small portion of thBMPK 3'UTR alters the wild-type localization.
Finally, we show that the DM1 (CTG)n expansion in a syntHeitPK 3'UTR RNA is
sufficient to disrupt the interaction of the DM2 protein and ganmew association with
the MBNL proteins, suggesting that DM etiology involves both tise bf normal pDM2
interaction and the addition of MBNL protein association withDMPK message.

Together these data show that the two identified genes whiwn wutated,
independently caused DM act as two different components within the serecular
pathway. For the first time, we establish that DEIPK mRNA and DM2 protein
physically interact, th@ MPK 3'UTR sequence protected by pDM2 acts as an mRNA
localization signal, the DM2 protein functions in RNA localization anutation of either
component,DMPK mRNA or pDM2, presumably can lead to Myotonic Dystrophy
disease etiology.

These data establish RNA localization as a key process umdgttiyg debilitating
neurodegenerative disease Myotonic Dystrophy. This is theifirestanyone has sought
out and successfully identified a human disease as an RNA Idicadizasorder. Our
findings have major implications for Myotonic Dystrophy and, potdgtidbr other
select human nerve and muscle diseases, as well as open new &vedeeslopment of

therapeutics for these diseases. The implications of this work are expl@@bdpter 6.
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CHAPTER 2: MATERIALS AND METHODS

Materials and Methods for Chapter 3

PATIENT MUSCLE

Fresh human biceps biopsies were frozen in “G&opentane-liquid nitrogen
(40 sec) and stored at —80. 10um sections were generated using a Hacker model H/I
Bright OTF/AS/MR/EC/1020 cryostat at —28, transferred to slides and attached by
heating (5 min; 45C). Biopsies from 3 DM patients and 2 "normal" individuals were
employed. All DM patients possess DMPK (CT@xpansions (500nts to >4 kb; not
shown) as determined via combined PCR amplification and SoutherfGaonharelli
1998) consistent with DM diagnosis. Repeat length was assessedhessame biopsy
material that was used fom situ hybridization. The average triplet repeat length of the
DMPK mRNA in the muscle for these 3 DM patients was approxima&dnts (DM1),
1050nts (DM2) and 1500nts (DM3). Note that tB®MPK triplet repeat is more
heterogeneous and often larger in muscle than in blood (review&toenen 1998).
“Normal” denotes control tissue from individuals with no known musclerdess or
histological evidence of muscle abnormality. Aliquots of identicdue samples were

used to generate muscle extracts (see below).
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IN SITU HYBRIDIZATION

Muscle sections were fixed and subjectriaitu hybridization (Tautz 1989) by a
modification of Jostarndt et al (1996). Basically, frozen sectittasteed to slides were
fixed (4% paraformaldehyde / 1x PBS; 5 min. RT), washed (PBS)5prioteinase K
treated (15ug/ml in PBS; 3 min RT), washed (PBS, 5 min), fixedinag4%
paraformaldehyde / 1x PBS, 5 min), washed (1x PBS, 2 min) and wagaied(2x SSC,

2 min). After incubation in 0.25% acetic anhydride-0.1M triethanolanmi@engin) and
then 0.1M tris-glycine pH 7 (30 min), excess fluid was removed.

Sections were pre-hybridized in 200ul (5x SSC, 40% formamide, 0.028#, Fic
0.02% polyvinylpyrolidone, 0.02% BSA, 200ug/ml yeast tRNA, 10% dextrdateuB0
min). Solution was removed and replaced with RNA probe (1ng/ul) inidigation
solution (100ul) that was preheated at@B%5 min). Sections were covered with a
coverslip, sealed with Gurr (BDH, Poole UK) and hybridized a€4@r 16 hrs in a
sealed chamber.

Coverslips were floated off in 5x SSC (3x 20min, room temperature), incubated i
20% formamide-0.5x SSC (60, 20 min), RNase A treated in 2x SSC (Roche 1ug/ml, 30
min, 37°C), washed (20% formamide / 0.5x SSC, ®0L0 min) and washed again (2x
SSC, 5 min, room temperature).

RNA detection involved blocking with 5% Carnation non-fat dry milk /PBS
(30 min), anti-DIG Fab fragment antibody-alkaline phosphatase conjggsteration
(Roche: sheep polyclonal sera, 1:3000 dilution in 0.2% non-fat dry milkPB&) and
NBT / BCIP development (see Roche). The NBT / BCIP reacmurred in 100mM

NaCl, 50mM MgC}, 100mM Tris pH 9.5 in a sealed chamber in the dark at room
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temperature for 24-72 hrs because of the low abundance of mRNAsnianhskeletal
muscle (Jostarndt al, 1996). Sections were mounted (90% glycerol / 1x PBS) and used
for confocal microscopy or immunostaining. Roughly 10% (patient 1n@R&o (patient
2) of the biopsies’ area contained mislocaliZ&®lPK RNA. This is compatible with

localization in other systems and underscores the specificity of our results.

RNA PROBES FORIN SITU HYBRIDIZATION

RNA probes were generated byvitro transcription from plasmids with DIG-
UTP and the appropriate RNA polymerase (T3, T7). They were suthjecteontrolled
alkaline hydrolysis (60C, 20 min in the presence of 1M carbonate) to yield an average
probe length of 100-200 nucleotides as judged by polyacrylamide-utedligaline
hydrolysis was stopped by sodium acetate (pH 5) addition andintithehloride
precipitation. For the (CUG)probe every third templated A was replaced with a U
allowing DIG-UTP incorporation. This should not compromise probe-repeat
hybridization since U-U base pairs can be accommodated in RNAWRNe pairing and
provide equivalent hydrogen binding to A-U base pairs. The (GU&be detects
significant RNA amounts in patient but not normal muscle. This ishle@tnceDMPK
RNA in patient but not normal tissue harbors large (GlU&pansions. Sense probes
corresponding to DMPK and every mRNA used here exhibited only baokdg stain on
normal and patient sections (not shown).

Notably, we initially tried this analysis on archived, frozen DMiscle and
obtained variable to no RNA results. Thorough analysis of the tisslugling propidium

iodine staining +/- RNase revealed the original stored biopsies eallever a span of 10
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years had little to no intact RNA. Hence, no distinct RNA liaesion pattern. This was
likely due to the biopsy fixation and/or storage conditions. We subsequetéymined
proper conditions for fixation and storage (see above) and obtainegétisht biopsies
which gave the reproducible conditions documented here. Our experimenBBl@s
probes; repeated attempts to detect cytopladdPK RNA in patient tissue with
fluorescent probes were unsuccessful. Using our DM@K probes, we could repeat the
results of Taneja et al (1995) on DM vs. wild type fibroblasts progidndependent

verification of the specificity of our probes.

| MMUNOFLUORESCENCE

Immunofluorescence was by standard means using a 30 min block (5%t non-
dry milk) and a 1 hr (room temperature) antibody incubation to staiibddies were
against DMPK amino acid regions 612-625, 259-271 and 1-542. Anti-DMPK1 (rabbit
polyclonal) was purified over a peptide column Ser-Gly-Ala-Ala-Glu_Pro-Pro-Ala-
Leu-Pro-Glu-Pro. Anti-DMPK2 and anti-DMPK3 (corresponding to #8391, #10033;
Timchenko 1995; Roberts 1997) were against peptide Pro-Gly-Thr-Gliyy8esly-Pro-
Glu-Cys-Asp-Trp and bacterially expressed DMPK protein, eetsgely. Some
antibodies were provided by L. Timchenko (anti-DMPK 2 and 3; anti-@BPg or
obtained commercially (anti-SERCA, Affinity Bioreagents; arlpha actin, Imogenex;
anti-utrophin). Secondary antibodies were goat anti-rabbit rhodan@i¢) @nd anti-

mouse FITC (ICN) for DMPK and other antibodies, respectively.
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MICROSCOPY AND IMAGING

Laser confocal microscopy employed a Leica TCS 4D microsdéiperescent
dyes (TRITC, red; FITC, green) and NBT/BCIP detected protethRNA, respectively.
For transverse (40X) and longitudinal (100X) sections, RNA and protem visualized
in identical or consecutive sections, respectively. Image processed the Leica TCS
maximal projection algorithm. In all figures, NBT/BCIP appdaleck (except Figure 2),
TRITC red and FITC green. In Figure 2B, NBT/BCIP stain appédask or blue
depending on the panel. Digital color conversion was done in RGE msidg Adobe

Photoshop, allowing digital merging BMPK RNA and protein.

| MMUNOBLOTS

Biceps extract were frozen tissue slices pulverized underdliguirogen.
Resulting powder was boiled in sample loading buffer, centrificalgared, gel
fractionated, transferred to nitrocellulose and probed (Towbin 1979). Rran@ibodies
were anti-DMPK, anti-phosphoserine (Zymed) or anti-phosphothreonine #yme
Detection used anti-rabbit IgG-HRP (ICN) and chemiluminescendatianal

Diagnostics; Pierce).
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Materials and Methods for Chapter 4

CELL CULTURE

C.Ci12 mouse myoblasts cells were purchased from the American Cyfiare
Collection (ATCC, Camden, NJ). They were grown in high glucosedgaliis Modified
Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA)) supplementeth vid0% Fetal
Bovine Serum (Gemini BioProducts, Woodland, CA) and 1xPenicillinStremiom
(Invitrogen, Carlsbad, CA) at 37°C in a humidified 8% £&mosphere. The myoblasts
were never allowed to grow over 70% confluent to prevent unwantethglriiward
differentiation due to overgrowth. To differentiate the myoblastsnmtotubes, actively
growing cells were passed to 70% confluency overnight then the groetlie was
completely replaced with differentiation media (DMEM + 2% hasaim) (horse serum
from Gemini BioProducts, Woodland, CA) rather than FBS. The mediarepaced
with fresh differentiation media daily until myotubes were obsemisdally, usually
about ten days.

When GC;; cells were grown at 5% GQather than 8% C£ | found that it
required about half of the time to differentiate them into myotybedays verses 10
days), suggesting that the myoblasts are maintained in a moreemitied state than
when grown at 8% C£ Helen Blau’'s website discusses the,C€yuirement for €C;»

cells in culture fittp://www.stanford.edu/group/blau/protocols/c2lineprotocol.htni

indicates that 10% C£Qs optimal and 8% Cgis functional, since | had access to an 8%
CO, environment they were grown at 8% £Qhe differentiation difference between
5% CQ and 8% CQ growth conditions may account for variability of observation seen

in the literature.
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GENERATION OF DM2 ANTIBODY , C,C12 CELL EXTRACT PREPARATION AND
WESTERN BLOT ANALYSIS

The DM2 protein is small and has a large number of predicted uhatdunding
domains. Thus, it possessed limited regions for potential epitopesvthad yield
antibodies that did not cross react with other proteins. After sisalg 19 amino acid
peptide to the DM2 protein Carboxyl terminus (amino acids 158-177)swakesized
(UT Austin Protein Core Facility). This peptide was HPLC pedifand conjugated to
KLH (Pierce, Rockford, IL, Imject (R) Malemide Activated McK Kit).We routinely
employ KLH conjugation, rather than BSA conjugation, for all of ounegated
antibodies since we tend to use BSA as a carrier for our punif@erials in some of our
analytical methods. This was then sent to AnimalPharm Servtssdsburg, CA) for
injection into rabbits that we had prescreened to ensure thathdteyno substantial
reaction to any component of the antibody creation material. Bfemdsthe two rabbits
at various time points were received and analyzed for specifiodystrength of binding
via western blot analysis of,C;, whole cell extract. Extract was prepared by harvesting
overnight cultures of 70% confluent,@, cells by 1xPBS rinse, followed by
trypsinization with 1mL room temperature 0.25% Trypsin-EDTA (Ingé&o
Corporation, Carlsbad, CA) for two minutes at 37°C. The cells wWese collected and
spun at 1500 RPM for five minutes in a clinical centrifuge, the reapent aspirated off
and the pellet resuspended in 1xPBS. After another five minute fagation, the
supernatant was removed and the pellet was resuspended in ice tratd buffer
(150mM NacCl, 20mM NaPO4, 0.1% NP-40, .2mM EDTA, 1 mM PMSF, 1mM DTT) at
a concentration of 5xfCcells per microliter. This was then sonicated 3 times for 20
seconds, taking care to chill the extract on ice for 30 secorglsesth sonication to
minimize temperature increase (resulting in component denaturdtiony this process.
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The sonicated material was then centrifuged at 10,000 RPM for 8ddsem a pre-
chilled 4'C microcentrifuge and the supernatant was collected. If th@cémtas not to be
immediately used, it was frozen in liquid nitrogen in 20% glycerbisTextract was
boiled at a final concentration of 1xLaemmli (Laemmli 1970) amttedphoretically
separated on a 5% separating, 14% resolving SDS mini-gepfooxamately 1.5 hours
at 100V before being transferred onto pre-soaked (5 minutes at roopersgure in
transfer buffer) Optitran nitrocellulose membrane (Schlei@rat Schuell Bioscience,
Keene, NH) in 1x western transfer buffer, 25% methanol at 125mdéoat temperature
overnight. Following transfer, the membrane was washed in 1xTBf&/éominutes and
blocked in blotto (2% Carnation Instant Milk, 0.2% Tween 20, 1xTBS) faytminutes
at room temperature. It is essential to use Carnation Instdktrther than generic
brand milk for blocking available sites as the former results inenmaghly specific,
cleaner results in our hands. The membrane was then incubated envitbtthe anti-
DM2 primary antibody (1:1000 dilution) for one hour at room temperatute shidking.
Three five minute washes (1xTBS, 0.1% Tween 20) were followethéyone hour
incubation with shaking in fresh blotto with Peroxidase-conjugated got-rabbit
secondary antibody (MP Biomedicals, Solon, OH) at a dilution of 1:2000 adbeze
more five minute washes (1XTBS, 0.1 % Tween 20) and two subsequentingie m
washes (1xTBS) preceded membrane development with Western nihgyht
Chemiluminescent Reagent Plus detection system (PerkinElmeeiStiences, Boston,
MA). Results were visualized by exposure to autoradiographic (fi8-MAX film,

SciMart Inc., St. Louis, MO).
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TISSUEI MMUNOFLUORESCENCE

Human muscle tissue mounted on slides were defrosted at room aeun@dor
five minutes and then rehydrated in 1XPBS for ten minutes. Aft& Wwa&shing, the cells
were fixed with 4% paraformaldehyde in PBS for twenty minute®@m temperature.
The cells were then blocked for 30 minutes at room temperatunemainofluorescence
blotto, 2 % Carnation Instant Milk, .2% Tween 20, 1XTBS, before priraatypody was
added for one hour. After washing, secondary antibody was added for oneénhour
immunofluorescence blotto. Finally, the samples were washed in RB&aunted onto

slides in 90% Glycerol in 1xPBS.

C2C12 IMMUNOFLUORESCENCE

Cells were grown to 70% confluency overnight on autoclaved glass bips€l
thickness). After a room temperature 1xPBS rinse, the cellee vimed (4%
paraformaldehyde, 1xPBS) for ten minutes at room temperatnsgdrithree times in
1xPBS and permeabalized (0 .1% Triton X 100 in water) for ten mirattaeom
temperature. Blocking and antibody incubations were performed esba#gsfor tissue

immunofluorescence.

IN SITUHYBRIDIZATION IN  C2C12 CELLS

Exon 15 of the human DMPK gene was cloned into pBluescript SK-eeatihe
Kpnl and Sacl restriction sites. The resulting plasmid (tdrii€R12) was digested with
Sacl and transcribed with T7 RNA Polymerase (New EnglandaBsolBeverly, MA) to
generate antisense probe or digested with Kpnl and transcritte@3WRNA Polymerase
(Roche Diagnostics, Indianapolis, IN) to generate sense probe. The IUJER was

used because humans are the only species that actually geesliseased by triplet
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repeat expansion in 3'UTRs and other species (including mice) haehamsms to
rapidly eliminate these expansions. Antisense human desmin and nhgbsichain
probes were generated using T7 RNA Polymerase transcription BEti cut desmin
or myosin light chain plasmid, respectively. These plasmids gemerated by cloning
desmin or myosin light chain sequences into the EcoRI and Xhobs$ip&iuescript SK-

. Probes were internally labeled by incorporation of Digoxeginiine triphosphate
(DIG-UTP, Roche Diagnostics, Indianapolis, IN) uevitro transcription. Transcription
reactions containing: 1ug linearized plasmid DNA, 40u rRNasin (BgamnMadison,
wi), 10mM DTT, 2.5mM rATP, 2.5mM rGTP, 2.5mM rCTP, 1mM rUTP,
1xTranscription Buffer (supplied with RNA Polymerase), 25u RNA Pelrase and
1mM DIG-UTP to a volume of 20ul with water, was assembled onridercubated at
37'C for one hour to generate product. The probes were then PCA extracted once, ethanol
precipitated and resuspended in 20ul TE. Prior to use, a collectionatiesisized
probes were generated by partial hydrolysis of half of thedrgtisn reaction with 1ul
of 1M Sodium Hydroxide (1 minute, 37°C) and quenched with 1M Tris, pH fes&
smaller probes tend to be more accessible to the target andseicredu hybridization

signal intensity.

C.Cy2 cells were grown on coverslips overnight and fixation, permeahbahzat
andin situ hybridization was performed as described in Lerner et &13R0ollowing
probe hybridization, 14-16 hours at 55°C of 150ng probe/100ul hybridization solution)
and washing, cells were blocked for one hour (3% Carnation Instant MIR3S).
Hybridized probes were visualized either fluorescently with RHE-Fluorescein
antibodies (Roche Diagnostics, Indianapolis, IN) at 1:250 dilution or ch#éyniwith

anti-DIG Alkaline Phosphatase antibodies (Roche Diagnostics, Indianapd) at a
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1:2000 dilution. Either antibody was added to the blocked samples and incidvaiad
hour at room temperature with shaking. After three washes withB3xP
immunofluorescence was performed as above (for anti-DIG-Fludngsae reactions
were developed with Nitro blue tetrazolium chloride/ 5-Bromo-4-chBindolyl
phosphate, toluidine salt (NBT/BCIP, Roche Diagnostics, Indianapdljs(for anti-
DIG- Alakine Phosphate). In the latter case, NBT/BCIP solution (2880/BCIP Stock
Solution in 10mL 100 mM Tris pH 9.5, 100 mM NaCl, 5 mM MgCI2) was added and
samples were incubated for 48 hours in the dark. Samples wereultjexted to
immunofluorescence. Samples were mounted in 90% glycerol, 1xPBS and covered with a
coverslip before being visualized on a Zeiss Axiophat Microscopeaualgzed using IP
Lab and Adobe Photoshop software or a Leica SP2 AOBS Confocal bbpesand

analyzed using LCS Lite and Adobe Photoshop software.

EGFP CONSTRUCTS - GENERATION , TRANSFECTION AND VISUALIZATION

Portions of the DMPK 3'UTR were inserted into the multiple clonsitg of
EGFP-C1 with the SV40 UTR (between the Kpnl and Mlul cut sitesnoved. EGFP-
3'UTR corresponds to the insertion of human DMPK DNA from the Niaelto the end
of the gene, an artificially inserted Xba site, into the EGEEtor multiple cloning site
between the EcoRI and Kpnl sites. EGFP-CTG90 is identical PEBBUTR except is
has 90 uninterrupted CTG repeats verses the 5 CTG repeats iartlardtUTR. This
corresponds to the diseased and wild type 3'UTRs respectively. EGERO was
created by digesting the plasmid pcDNA3-CAT-3'UTR (CTG90) (@rrio-Mora 2002),
a gift from Drs. Bulmaro Cisneros and Robert G. Korneluk, withI%ex Pstl, positions
183 and 305 from the DMPK stop codon respectively, and ligating this @p&at

containing fragment in EGFP-3'UTR which had been digested withl $ac Pstl.
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EGFPAHAIRPIN corresponds to the wild type 3'UTR construct from above EGF
3'UTR) with the sequence between Sacll and Pstl sites reim(@vel22 nucleotide
deletion). EGFP-HAIRPIN corresponds to the human DMPK 3'UTR ftben DMPK
stop codon to the HypCHA4lIIl cut site (14 nucleotides) blunted anctgatthe DMPK
3'UTR region between Sacll and Pstl sites (122 nucleotides) thetedl and ligated to
the sequence between the Avrll site, position 678 from the stop codte, énd of the
UTR, an artificially inserted Xbal site (37 nucleotides). | Abnstruct stocks were
prepared via the alkaline lysis plasmid prep method.

As needed, these constructs were transfected into 50% confluent overnight
cultures of GC,, cells grown on coverslips in 6 well plates with TransIT-LT1
Transfection Reagent (Mirus Bio, Madison, WI) according to thaudprotocol (3ug
DNA to 9ul LT1 reagent per well in overnight media (2ml)) and incedbddr 24 hours
(37'C, 8% CQ) before collecting the samples and performing immunofluorescence a
described previously. Twenty four hours is sufficient to allow #tpession, localization
and translation of the EGFP protein in these cells; however, itienb@me can be
extended as long as 36 hours if needed (as was the case for t2eRNDAI knockdown

effect on EGFP localization experiment) without reduction or diffusion of the signal
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EGFP-AHAIRPIN  TOTF Pstl xoal i
coding
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EGFP-HAIRFIN EGFF STOP HpyCH4I Pyrl) Xbal oo
coding

lllustration 2.1 EGFP Reporter Constructs used to Determine the LoaaliZzdpability
of the DMPK 3'UTR.

Several EGFP reporter constructs were created that contained all ofiengof the
DMPK 3'UTR instead of the SV-40 3'UTR that is usually contained in the EGFP-C1
plasmid. EGFP-3'UTR contains tiBVIPK 3'UTR in its entirety and EGFP-(CTG)90 has
a CTG repeat expansion (90 repeats) precisely inserted into EGFP-3&£BRitulating
the DM1 disease expansion. EGERairpin is the entir®MPK 3'UTR except for the
region protected by pDM2 binding. EGFP-Hairpin is BMdPK stoop codon followed by
the pDM2 protected region and th&1PK poly A site.

RNAI KNOCKDOWN AND TRANSFECTIONS

ShRNA (short hairpin RNA) inserts were designed to three difteareas of the
CNBP mRNA, and were then cloned into pcDNA3-H1 expression vectortrfigen,
Carlsbad, CA) between Bgl Il and Hind Ill. The shRNA insedstained a transcription
start site and transcription termination sequence immedidagliifig the shRNA 5" and
3’ end, respectively. The regions used for RNAI design were 49ength, containing
the 21nt sequence of interest, as well as its complimentary segteeform the dsRNAI

and a loop forming sequence in between. These sequences containedt&( lwetween
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30%-50%, started with a naturally occurring AA in the DNA segeemmd did not
contain more than three consecutive Ts. Upon BLAST searching theerandshuman
genome there was no homology to the sequences of interest chosentipyesss-
reactivity with a message other than the one targeted. They were agoottsrdevoid of
known protein binding sequences, were present in all mMRNA splicamns®fand were
not predicted to form any major secondary structure. The sequences of the thre
inserts were as follows: CNBP1
5'GAAGATCTCCCAGTGTGGACGATCTGGCCATTCAAGAGATGGCCAGATCE
CCACACTTTTTTGGAACAAGCTTCTC, CNBP2
5'GAAGATCTCCCAGGACTGCAAGGAGCCCAATTCAAGAGATTGGGCTCCTSG
CAGTCCTTTTTTGGAACAAGCTTCTC, CNBP3
S5'GAAGATCTCCCACTGGTCATGTAGCCATCATTCAAGAGATGATGGCTACA
GACCAGTTTTTTGGAACAAGCTTCTC. The three DM2 mRNA construtssget the
5'UTR, exon 2 and exon 3, respectively.

The complementary DNA of these oligonucleotides (Integrated DNA
Technologies, Coralville, IA) were produced by a Klenow reactidul( reaction-2ug
antisense oligo, 0.2 ug universal antisense primer, 2mM dNTPs]eiW buffer, 90'C
2min then 37'C 2min, add 1ul Klenow enzyme, 37'C 30min, 75’C 20min) and
Bglll/Hind 11l digested for ligation into the Bglll/Hind Il cupcDNA3-H1 vector. The
confirmed constructs were prepped using the Qiagen Plasmid Midciording to
Qiagen instructions (Qiagen Inc., Valencia, CA).

Plasmids were independently transfected into overnight cultures oté0ftient
C,Cy2 cells as described above and incubated for 36 hours, 37'C 8% letre
harvesting the samples for subsequentitu hybridization, immunofluorescence or

western blot analysis. Knockdown efficacy was determined by subsegastarn blot
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analysis with anti-DM2 anti-sera. While efficiency varidigtgly between experiments,
the CNBP2 construct consistently gave the highest reduction of Db2imprat these
conditions, averaging approximately 75-80% reduction as comparedpty poDNA3-

H1 vector controls. Visualization of the DMPK or EGFP proteinsrafiBM2

knockdowns were performed as normal except the exposure timaaveased for these
knockdown samples in order to see the pattern of the remaining proteirediizgion in

DMPK and EGFP proteins upon knockdown may indicate a role for the DM2rpmote
the stability or translational pathway for the DMPK and EGWPK 3'UTR messages.
When pDM2 RNAI plasmids were co-transfected with EGFP cortsttbhe protocol was
followed as described except only 2ug of the RNAI plasmid DNA suasiltaneously

transfected along with 1ug of the EGFP reporter construct.
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Materials and Methods for Chapter 5

SUCROSE GRADIENTS

The 4.8mL 10-40% continuous sucrose gradients were generated in 150mM
NaCl, 20mM NaPO4, pH 7 and chilled at 4'C, along with the SW 5%ofor and
buckets, 14-18 hours, being careful not to move or disturb them as they.cBilerose
gradient analyses were performed on dounced, rather than sonicgiegdw@ole cell
extract. This extract was prepared by washing, trypsinizingcandting the cells as
usual. However, after spinning down the cell pellet, it was pesued in 500ul of 4'C
dounce buffer (10mM KCI, 10mM Hepes, 1mM MgCI2), pipetted into a preechilmL
glass dounce. The cells were then dounced with 10 strokes on ice anil Zb@nose
was added. The solution was transferred to a chilled eppendorf tubejnspud’'C
microfuge for 30 seconds at 10,000 RPM, and resuspended in 4'C glyc8fol ta00ul
of freshly prepared extract (1xX2@ell equivalents) was delicately layered onto pre-
poured and chilled 10-40% sucrose gradient, so as not to disturb any sictiose
layers. The gradient was run at 4'C for 14 hours, 5 min at 21,200 RPM in a
ultracentrifuge. It was then fractionated by sequential remov&0@dl fractions from the
top of the gradient down. Half of each fraction was increasedlime by adding 200ul
TE before chloroform extracting twice and then were ethanolgitaed overnight (2.5
volumes 100% ethanol, 0.1 volume 3M NaOAc, pH 5.2, and 20ug Glycogen (Roche
Diagnostics, Indianapolis, IN)). The samples were pelleted forihQtes at 13,000 rpm
in a microfuge and the pellets were ethanol washed in 70% ethafwk deeing
resuspended in 20ul TE and subjected to northern blot analysis. Thiaingntelf of

each fraction was suspended in SDS Loading Buffer to a finaleotnation of
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1xLaemmli buffer and analyzed by western blot analysis. Untleset gradient
conditions, ribosomes should pellet at the bottom (fraction 12), hnRNPs shaylast
above the middle (approximately fractions 4/5) and free protein agtsituat the top of

the gradient in fraction 1.

NORTHERN BLOT ANALYSIS

Phenol chloroform extracted, ethanol precipitated extract, the amouet va
between 5 and 15ul depending on the sample concentration, was suspehddRINA
loading buffer, heated at 65’'C for 3 minutes and electrophoretitalifionated through
a pre-run 20x20cm, 3mm thick, 4% polyacrylimide (40:2) 8M Urea gel inTBEx
running buffer. The gel was run hot (approximately 1000V) until the xytgaaol dye
in the RNA loading buffer reaches the bottom of the gel and then Ri¥Ae sample
buffer was loaded into the wells (5ul of plain buffer with no RNAispended in it) and
the gel was continued to run until this second xylene cyanol dyeréached the bottom
of the gel. The gel was then electrophoretically transfdoque-soaked (5 minutes in
transfer buffer) nylon membrane (Amersham HyBond N+, GE Hea#h&iscataway,
NJ) 14 to 18 hours in 25mM Sodium Phosphate pH 7.0 at 12V at roomregorpe The
membrane was blotted dry, wrapped in plastic wrap and crosslinked apatelyi 10cm
from the UV source on the “Auto Crosslink” setting of the Strakalf (UV Stratlinker
2400, Stratagene, La Jolla, CA) . It was then rehydrated in 6xSSC for ten minota® at r
temperature and pre-hybed at 60’C for 3-6 hours, shaking or rotatiNgrthern Hybe
solution (5x SSC, 50% deionized formamide, 5xDenhardt's Solution, 1% &S
500ug denatured salmon sperm DNA).

In vitro transcribed internally radiolabelled sense DMPK riboproas generated

using Ncol restriction of the Weiringa 1.1 plasmid (Jansen 1992) timrescription
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reaction containing: 1lug linearized plasmid DNA, 40u rRNasin (Pgamdadison, WI),
10mM DTT, 2.5mM rATP, .1mM rGTP, 2.5mM rCTP, 2.5mM rUTP, 1xTranscription
Buffer (supplied with RNA Polymerase), 25u T7 RNA Polymeraddew( England
Biolabs, Beverly, MA) and 5 uCi of [alpha-32P]GTP (800 Ci/mmol) (Bé&althcare,
Piscataway, NJ) to a volume of 20ul with water, was assemblectecand incubated at
37'C for one hour to generate product. The entire transcription reaci®mdded to the
pre-Hybed reaction and incubated at 60'C for 14-18 hours shaking ongotAfter
removal of the Hybe solution and probe, the nylon was washed twizeS8C, .1%SDS
followed by two 2xSSC, .1% SDS washes and a 2xSSC wash, for fiudesieach at
room temperature with shaking. The nylon membrane was then blottethbve excess
liquid, covered with plastic wrap and placed on a Phospholmager screeigbizefhe
data was read by a GE Typhoon Scanner (GE Healthcare, RiagatdJ) and analyzed

using Quantity One Software (BioRad Laboratories, Hercules, CA).

Alternatively, for a slot blot Northern, nucleic acid pools from eaabtion was
treated with RQ1 RNase- free DNase (Promega, Madison, Wdprding to
manufacturer’s instructions. The RNA was then suspended in 3 volunteEnaturing
solution (500ul deionized formamide, 162ul 12.3M formaldehyde, 100ul MOPS buffer)
and denatured for 15 minutes at 65’'C. Two volumes of ice cold 20x3SGhen added
to each sample and they were loaded into individual wells of theBRltier (Schleicher
and Schuell Bioscience, Keene, NH) for transfer onto a 10xSSCdwsfien membrane
(Amersham HyBond N+, GE Healthcare, Piscataway, NJ). The welie washed with
2mL of 10xSSC and the membrane was allowed to air dry. From tmistheiprocedure

is identical to that described above.

57



| MMUNOPRECIPITATIONS

Antibody Conjugates

Antibody conjugates were prepared by incubating 2.5 mg ProteireghaBose 4B
(Pharmacia, ) in 500 ul NET-2 for 10 min in 1.5mL eppendorf tubesoah temperature
with nutation, then adding 10ul sera and nutating for two hours. These cesjugste
then washed once in 1ml of IPP buffer and three times in 1 ml of NET-2 buffee lteéor
addition of the IP reaction (see below). Antibody conjugates iese chemically
crosslinked with dimethyl pimelidate dihydrochlorids described in the protocol of
Harlow and Lane before immunoprecipitating for the protein IP sanipég were to be
western blotted with an antibody that was produced in the spewes of animal as the
immunoprecipitation antibody. This is necessary because the immuipdpiem
antibody will be stripped off of the Protein A Sepharose beadsg@luhe protein
extraction steps, along with the proteins recovered from the immunmpagon
reaction. The IP antibody is typically orders of magnitude mdmendant than the
experimentally recovered proteins. If these immunoprecipitatiohahés are of the
same species as the western blotting antibodies, then the HRPatedjisgcondary
antibody will cross react with the constant regions of the abunaentimoprecipitation
antibody, overwhelming the visualization of the experimental proteinsmicaky
crosslinking the IP antibodies to the Protein A Sepharose beads priantsom being
stripped off by the protein extraction procedure, thus avoiding thislziatian problem.
Chemically crosslinking the Protein A Sepharose and antisera meoessary for nucleic

acid immunoprecipitation experiments.
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Endogenous Transcript Immunoprecipitation Reactions

Extract was prepared by sonication as described previously and iapgedy
5x1¢ cell equivalents of extract (100ul) were added to anti-DM2/RroAeBepharose
antibody conjugates in 1.5mL eppendorf tubes. Reactions were rovatedef hour on
rotator () at 4'C, with gentle agitation every twenty minuidse samples were tap spun
in a microfuge and 10ul of each reaction was removed, phenol chloroftracted and
the aqueous layer ethanol precipitated. These samples repretbentethl amounts of
RNA present in each of the immunoprecipitation reactions. The &dorsa were washed
five times in 1ml aliquots of cold 200mM NET-2 buffer before subsetiyighenol
chloroform extracting the Protein A Sepharose conjugate linkedsbaad ethanol
precipitating the nucleic acid (2.5 volumes ice cold 100% ethanol, 0.1 vdBine
NaOAc, pH5 and 20ug Glycogen (Roche Diagnostics, Indianapolis, IN)dibng for
ten minutes in 1xSDS loading buffer for protein isolation. The esdaoucleic acid
samples were then analyzed by northern blotting with the eduoitdédDMPK antisense
probe while the boiled samples were loaded onto SDS gels angkethdly western

blotting.

Exogenous Transcript Immunoprecipitation Reactions

A transcript of the entir®MPK 3'UTR was generated kin vitro transcription of
a Xbal linearizedDMPK 3'UTR plasmid in a transcription reaction containing: lug
linearized plasmid DNA, 40u rRNasin (Promega, Madison, WI), 10mM ZI9mM
rATP, .1mM rGTP, 2.5mM rCTP, 2.5mM rUTP, 1xTranscription Buffer (sugaplivith
RNA Polymerase), 25u T3 RNA polymerase (Roche Diagnostics, byolidis, IN) and
5 uCi of [alpha-32P]GTP (800 Ci/mmol) (GE Healthcare, PiscataiNdyto a volume of

20ul with water, was assembled on ice and incubated at 37'C forcumetdhgenerate
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product. RNA loading buffer was added (to a 1x concentration) tarémscription
reaction and it was heated for 3 minutes at 65'C before beimigdoanto a pre-run
20x20cm 4% polyacrylamide (40:2) 8M Urea gel and run warm (1000V) in &xTB
buffer until the xylene cyanol dye front reached the bottom of therge gel was then
placed on film for 1 minute to visualize the RNA and the RNA baad wut out of the
gel. The excised gel slice was incubated in a 42'C water bathigkiein 250ul Crush
N'Soak to extract the RNA from the polyacrylamide gel. eAfphenol chloroform
extraction of the Crush N’ Soak and ethanol precipitation of the aquesmi®n (2.5
volumes ice cold 100% ethanol, 0.1 volume 3M NaOAc, pH5 and 20ug Glycogen (Roche
Diagnostics, Indianapolis, IN)) , the transcript was pelleted weeshed in ice cold 100%
ethanol and resuspended in 10ul of TE.

Run-off transcripts were created by linearizing the DMPKTRUplasmid with
the restriction endonucleases specified in figures 5.5 and 5.10 awodnpedin vitro
transcription as above.

The 50ul immunoprecipitation complex reaction was assembled on ice dB0ul
frozen GCy, whole cell extract in 20% glycerol, containing 1.5%t8ll equivalents, 1ul
of the freshly maden vitro DMPK 3'UTR transcript, 2mM ATP, 7.5ug tRNA, 1mM
DTT, 5mM MgCh, 5ul 10xGlycerol compensation buffer) and incubated for 15 minutes
at 30'C in a circulating water bath to facilitate complerniation. Reactions were then
added to the prepared antibody conjugates plus 25ul NET-2 buffer and
immunoprecipitated as above. The phenol chloroform extracted, ethangbitatedi
samples were resuspended in 1XRNA loading buffer, heated atf@Xminutes and
electrophoretically separated on pre-run 3mm thick, 33x40cm 4% polyaoi@d40:2)
8M urea gels run in ¥%2xTBE buffer at approximately 34mA until theng/ cyanol dye

front reached % of the way through the gel. It was then dried foour at 60'C and
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exposed to X-ray film (ISO-MAX film, SciMart Inc., St. LouisMO) for
autoradiographic analysis.

The amounts in the immunoprecipitation reaction can also be halvedingdue
complexing reaction to 25ul rather than 50ul and the immunoprecipitation vdtume
37.5ul instead of 75ul with little immunoprecipitation efficiency loss. In thisaton, the
antibody conjugates are prepared as normal, but only 12.5ul of additiome? Eadded

to the conjugates when the complex reaction is added.

CTG Repeat Competition Immunoprecipitation

The competition immunoprecipitation experiment between the normalemfgjth
DMPK 3'UTR transcript and the (CUG)90 containing full lengiiMPK 3'UTR
transcript was performed in a very similar manner as ther @kegenous transcript
immunoprecipitation reactions. The DMPK (CUG)90 3'UTR was crebatedigesting
the DMPK CTG90 plasmid with Nrul and performing ianvitro transcription reaction
containing lug linearized plasmid DNA, 40u rRNasin (Promega, Madisdn,10mM
DTT, 5 mM rATP, 2mM rGTP, 5mM rCTP, 5mM rUTP, 1xTranscription fBuf
(supplied with RNA Polymerase), 25u T7 RNA polymerase (NewldfagBiolabs,
Beverly, MA) and 7.5 uCi of [alpha-32P]GTP (800 Ci/mmol) (GE Hwealte,
Piscataway, NJ) to a volume of 20ul with water, was assemblectecand incubated at
40'C for one hour to generate product. The transcript was gel jpuafid prepared for
immunoprecipitation as described.

The immunoprecipitation reaction was identical to that describedopisdy for
exogenous transcript immunoprecipitation; however, 1ul of wild BAg¥’K 3'UTR and
1ul of (CUG)90DMPK 3'UTR were both added to the complex reaction. The reaction

volumes and immunoprecipitation protocol remained unchanged.
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PROTECTION IMMUNOSELECTION

Immunoprecipitation reactions were performed as described for exogenous
transcripts above except that the reactions are treated widseRN1 after complex
formation and before addition to the antibody conjugates and immunopagoipitin
this case, the samples were placed on ice after the fiftémmeancomplex formation
incubation and 180 units of RNase T1 (Calbiochem RNase T1, EMD Chsnizai
Diego, CA) were added to each reaction. This was incubatgardorsely five minutes
on ice, immediately diluted with 100ul NET-2 and added to the antibodjygates for
immunoprecipitation as described previously. The extracted andppaseid samples
were separated on pre-run 3mm thick, 33x40cm 15% polyacrylamidg 88:area gels
run warm in 1/2xTBE buffer (at approximately 34mA) until theexyd cyanol dye front
reached 2/3 of the way down the gel. The gel was then dried for 8 &bbt0’C, placed
on X-ray film (ISO-MAX film, SciMart Inc., St. Louis, MO) andanalyzed by

autoradiography.

RNASE H OLIGONUCLEOTIDE MAPPING

Taking advantage of the specific RNA-DNA duplex nuclease agtofitRNase
H, we designed ten DNA oligonucleotides that corresponded to partiegians of the
DMPK 3'UTR (see figure 5.7), bound themitovitro transcripts of the DMPK 3'UTR
and treated them with RNase H to create a deletion mutasttipt. First, one twentieth
of the extracted and precipitated transcript created by a ahditdd DMPK 3'UTRin
vitro transcription reaction described previously (lul) and 10-20ug/mL of DNA

oligonucleotide (1ul) were boiled together in a 1.5ml eppendorf tube nfiautes and
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allowed to cool on the bench for ten minutes. The RNase H react®mpeaviormed on
the cooled potential RNA-DNA duplexes (RNA-DNA duplex, 2.5ul extrhaatfer
(150mM NacCl, 20mM NaPO4, 0.1% NP-40, .2mM EDTA, 1 mM PMSF, 1mM DTT),
.5ul 100mM DTT, 20U rRNasin, .5U RNase H) in a circulating 37'C wh#gh for 20
minutes. This reaction was then supplemented with 15ul of froz&p Extract (7.5x19
cell equivalents) in 20% glycerol, 2mM ATP, 3.75ug tRNA and alloveedomplex for
fifteen minutes in a 30'C water bath. Immunoprecipitation wasop®add and the
samples were analyzed on 4% polyacrylamide denaturing PAGEutomddiography as

described for exogenous transcript immunoprecipitation.
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Antibody Target

Primary antibodies
BIP (GRP78)

B-tubulin

Calnexin

Calsequestrin
DM2

DM2

DMPK
Dynein
HnNRNP cl/c2
KDEL
Kinesin
MBNL 1-3
PDI

SERCA 2

Secondary
antibodies

rabbit anti-goat Rhodamine
goat anti-mouse
Rhodamine

chicken anti-rabbit
Fluorescein

sheep anti-mouse
Fluorescein

rabbit anti-goat HRP
goat anti-mouse HRP

goat anti-rabbit HRP
sheep anti-DIG
Fluorescein

sheep anti-DIG AP

Manufacturer

Santa Cruz
Chemicon
Santa Cruz
Santa Cruz
Gottlieb Lab
Novus
Gottlieb Lab
Chemicon
Santa Cruz
Stressgen
Chemicon
Santa Cruz
Stressgen
ABR

ICN Cappell
ICN Cappell
Chemicon

ICN Cappell
ICN Cappell
ICN Cappell
ICN Cappell

Roche
Roche

Working Dilutions

Western

n/a
1:6000
n/a
n/a
1:2000
1:500
1:1500
1:15000
1:500
n/a
1:1000
1:2000
1:500
n/a

n/a

n/a

n/a

n/a

1:2000
1:2000
1:2000

n/a

n/a

Table 2.1 Antibodies used in this dissertation
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CoCyo

IF

1:1000
n/a
n/a

1:1000

1:1000

1:1000

1:1000
n/a
n/a

1:1000
n/a

1:500

1:1000

1:1000

1:1500
1:1500

1:1500

1:1500

n/a
n/a
n/a

1:200
1:2500

Tissue

IF

1:100
1:100
1:100
1:100
1:100
1:100
1:100
n/a
n/a
1:100
n/a
1:50
1:100
1:100

1:200
1:200

1:200

1:200

n/a
n/a
n/a

1:150
1:3000

IP
Amount

n/a
n/a
n/a
n/a
15ul
15ul
5ul

15ul
10ul
n/a
15ul
15ul
n/a
n/a

n/a

n/a
n/a

n/a

n/a
n/a
n/a

n/a

n/a



Solution Name
Crush N' Soak (50mL)

50 x Denhardt's Solution (1L)

10 x glycerol compensation buffer (200uL)

IPP Buffer (1L)

10 x Laemmli (1L)

MOPS Buffer (100mL)

NET-2, pH 7.5 (1L)

10xPBS, pH 7.4 (1L)
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Recipe
8.3mL 3M NaOAc
2.5mL 200mM EDTA
500uL 1M Tris pH 7.5
100uL 10% SDS

10.0g Ficoll 400
10.0g Polyvinilpyrolidone
10.0g Bovine Serum Albumin

10.4uL 1M NaPO4
5.2uL 10% NP-40
78uL 1M NacCl

125mL 4M NaCl
10mL 1M Tris pH 8.0
10mL 10% NP-40

30.0g Tris
10.0g SDS
144.2g Glycine

2M MOPS pH7
500mM NaOAc pH 5.2
10mM EDTA pH 8.0

6.0g Tris
8.7g NaCl
5mL 10% NP-40

325mL 4M NacCl
200mL KPO4 buffer (pH 7.4)



1 x RNA Loading Buffer (1mL)

5 x SDS Loading Buffer (10mL)

20xSSC, pH 7.0 (1L)

10 x TBE, pH 8.3 (1L)

10 x TBS, pH 7.4 (1L)

TE (1L)

20 x Western Transfer Buffer (1L)
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0.6g Urea
50ul 10 x TBE

1.25ul 200mM EDTA, pH 8.0
100ul0.25% Bromophenc
Blue

100ul 0.25% Xylene Cyanol

1.5mL 2M Tris pH 6.8
1.0g SDS
5mL glycerol

1.4mL B-mercapitalethanol
100ul 10% Bromophenc
Blue

175.3g of NaCl
88.2¢g of sodium citrate

121.1g Tris
61.8g Boric acid
7.449 EDTA

75.9g of NaCl
48.4g of Tris base

10ml 1M Tris pH 8.0
400ul 250m M EDTA pH 8.0

30.28g Tris
142.63g Glycine



SDS PAGE Mini-Gels

Stacking (5%) Resolving (14%)

500uL Acrylamide (30:.8) 2.4mL Acrylamide (30:.8)
625uL 500mM Tris pH 6.7 1.95mL 1M Tris pH 8.7
25ulL 10% SDS 50uL 10% SDS

1.3mL Autoclaved water 600uL Autoclaved water

Denaturing Polyacrylamide Gels 33x40cm (half fox2@cm
gels)

4% (100mL) 15% (100mL)

10mL Acrylamide (40:2) 39.5mL Acrylamide (38:2)
5mL 10xTBE 5mL 10xTBE

125uL 200mM EDTA pH 8.0 125uL 200mM EDTA pH 8.0
489 Urea 48g Urea

Table 2.2 Solutions used in this dissertation
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CHAPTER 3: DMPK IS SPECIFICALLY
LOCALIZED/MISLOCALIZED IN DM1 PATIENT TISSUE

Overview

MRNA localization is a process whereby particular messagespositioned
within the cytoplasm to impart distinct cellular or subcellulavperties (Bashirullah,
1998; Kloc 2002). This post-transcriptional process is fundamentally iamorh
development (flies, frogs, yeast) and differentiation (epitheliaese muscle). Disrupted
localization of key developmental MRNAs causes severe birth ded@ct infertility;
analogously, disruption of specific mMRNA’s localization in differated tissues could
result in human disorders, such as those of nerves and/or musclestypioak DM
patients carry their (CTG)expansion in th®M kinase gene’s 3'UTR, we hypothesized
that the corresponding (CUGepeat in the RNA may either disrupt an RNA localization
signal or create a new one, resulting in alté&&tPK mRNA cytoplasmic distribution.

Here we demonstrate that in muscle from multiple DM pati@iskinase
MRNA is mislocalized sub-cytoplasmically to sarcoplasmissea characteristic of DM
pathology. Mislocalization is specific iDMPK mRNA and appears limited to type |
muscle fibers, which are predominantly affected in these patiéus.data redirect
attention to the cytoplasm as a primary site of DM pathogemesissuggest a simple
situation whereby the DM 3'UTR mutation directly alters gpsSteDMPK mRNA post-
transcriptional gene expression, namely cytoplasmic mRNA lotalizaAs a result,
DMPK protein is synthesized at a new location where it can palignghosphorylate
abnormal substrates leading to disease pathology. This scenarimexyig the (CTG)

expansion causing DM occurs exclusively in tbPK gene of afflicted patients,
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specifically incorporates a function for the encodeMIPK protein and provides a
rational framework to understand several recent observations Iitetlagure. DM is, to
our knowledge, the first human disease where a naturally occurringR3tutation in

the disease gene is documented to cause cytoplasmic mMRNA mistargetin

Results

DM KINASE MRNA IS SUBCELLULARLY LOCALIZED WITHIN MUSCLE CYTOPLASM
AND LOCALLY TRANSLATED

To determine whetheDM kinase mRNA is normally localized subcellularly,
human muscle biopsies were subjectedintasitu hybridization (Figure 3.1)DMPK
MRNA was indeed localized exhibiting a striated (sarcomgrat)ern in longitudinal
sections (Figure. 3.1L). Signal was specific since it wasctlsd with theDMPK
antisense but not the sense riboprobe. Moreover, there was acdimetation between
DMPK signal and the presence of intact RNA within biopsied tissuee\ssaled by
propidium iodine staining (data not shown).

The major reason to localize an RNA is to spatially contralrésslation. Anti-
DMPK immunofluorescence revealed DMPK protein was localizedvlgein striations
(Figure 3.1L). Superposition of digitally colorizéaMPK mRNA and protein profiles
from doubly labeled sections indicat€MPK mRNA and protein reside in identical
striations, consistent with a localized mRNA being translatigraégiployed to produce
spatially restricted protein. Moreover, DMPK protein does not possess any knowin prot

trafficking motifs to provide an alternative explanation folaksalization. In contrast, no
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discrete localization was apparent in normal transversetipoeed muscle (Figure 3.1T)
whereDMPK mRNA and protein exhibited uniform stippling, consistent with bieacti

of the RNA and protein striations seen in longitudinal sections.

DMPK RNA Control RNA DMPK Protein

DMPK RNA DMPK Protein DMPK RNA+Protein
Control RNA DMPK Protein

Figure 3.1 DM-kinase mRNA is localized subcellularly in normal human muscle.

Confocal microscopy reveal&MPK RNA is localized within normal muscle.
(longitudinal sections), Upper panBIMPK RNA and protein in a double-labeled
section. A consecutive section was probed WithPK sense RNA (control); Black bar
(2 um). Lower panel: The RNA profile (above) digitally colorized allowedtebnic
merging of RNA (blue) and protein (red) patterns. T (transverse sectonsgcutive
sections were either labeled with DMPK antisense or sense (control) ribsamdbanti-
DMPK-1 antibody; Black bar (10 um).
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To test whether this protein localization pattern reflected RMfPotein, we
obtained three independent anti-DMPK antibodies; all recognized KDgiBtein in
western blots (Figure 3.2A) and detected DMPK protein striatiooifowiing
immunofluorescence on normal longitudinal muscle sections (Figure .3RBdher,
DMPK protein colocalized with, SERCA 1l ATPase, a sarcopiesmiculum marker
(Figure 3.2B, DMPK+SR) by coimmunofluorescence, suggediMPK mRNA and

protein both reside at or near the sarcoplasmic reticulum.

A B

DMPK SR DMPK + SR

a-DMPK1
a-DMPK2
a-DMPK3

Pre
E

. a-DMPK1
97-

DMPK-> S s=== S

a-DMPK2
68-

o-DMPK3

Figure 3.2 DMPK protein is subcellularly localized to the SR of human muscle. tissue

(A) All three anti-DMPK antibodies specifically recognize an ~80 kD B\MiPotein in
biceps extract via western blot which is undetected with pre-immune seruror(pre)
without extract (E-). This size agrees with reports that muscle DMPKipristmodified
and has a higher molecular weight than predicted from its amino acid sequencs (Lam
al, 2000). (B) DMPK protein overlaps a sarcoplasmic reticulum (SR) marker.
Longitudinal muscle sections were independently double-labeled with thrdeNR#-
(red) and SR marker (green) antibodies. Digitally merged images edweabcalization
(DMPK+SR; yellow) for all antibodies (anti-DMPK 1,2,3).
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DM KINASE MRNA IS MISLOCALIZED IN  DM1 MUSCLE TO AREAS OF DISEASE
PATHOLOGY

To see iDMPK RNA is mislocalized in diseased tissuesitu hybridization was
performed on DM1 patient muscle. Strikingly, this revealed an ditBidPK RNA
localization pattern with high loc@MPK mRNA concentrations in transverse sections
(Figure 3.3A,DMPK RNA). This contrasts with the uniforl@MPK RNA stippling in
normal biopsiesDMPK mRNA mislocalization is an intrinsic property of DM1 patient
muscle: mislocalizedMPK mRNA was observed in multiple sections from a single
patient (not shown) and in three separate DM1 patients (Figug. 3tBevery patient,
mislocalizedDMPK mRNA was translated generating DMPK protein at new subcellula
positions, coincident witbMPK mRNA (Figure 3.3A, DMPK protein). RNase (Figure
3.3B) or protease (Figure 3.3C) treatment of tissue priamntsitu hybridization or
immunofluorescence confirmed that the observed signals do inefd@ttrdetection of

endogenou®MPK RNA and protein, respectively.
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A MNormal Patient 1 Patient 2 Patient 3

DMPK RNA

DMPK Protein

SERCA
B -RNAse +RNAse
‘vﬁ‘mp --"
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: : __a
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Figure 3.3 DMPK mRNA is selectively mislocalized in DM1 patient muscle.

(A) DMPK mRNA mislocalization (DMPK RNA) in transverse sections from DM1
patients (patient 1,2,3); no mislocalization occurred in normal individuals (normal).
Consecutive sections double-labeled with anti-DMPK (DMPK protein; red) and anti
sarcoplasmic mass marker (SERCA,; green) antibodies revealed nzslddaNA
(black) is expressed and occurs in sarcoplasmic masses, characebdfipathology.
(B) Tissue treatment with RNase A prioritositu hybridization eliminatedMPK RNA
staining. (C) Tissue pretreatment with protease (proteinase K) a@diaati-DMPK
antibody staining.
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In DM1 muscle, DMPK protein colocalized with SERCA Il ATPaB&(re 3.3A
SERCA), a marker for the sarcoplasmic masses (Jorgensen 198®&xtehstic of
myotonic dystrophy pathology. These masses are one of the best rogipdiainarkers
of DM (Cassanova 1979), they are specific for myotonic dystrophags&ova 1979;
Mussini 1970; Samaha 196 DMPK protein was visualized in sarcoplasmic masses with
all three anti-DMPK antibodies (Figure 3.4). Sarcoplasmic nsasse enriched in
ribosomes as indicated by 28S rRNAsitu hybridization (TR and EG, not shoyvand
by electron microscopy (Mussini 1978 that they could support localiz&MPK
MRNA translation into protein. DMPK protein detection in sarcoplasmasses is
consistent with two previous reports (Dunne 1996; Ueda 1999). Our obsenatibogh
the RNA and protein levels in multiple patients indicate DisiPK mRNA is, indeed,
mislocalized and provides a source for subsequent DMPK protein egpressireas of

pathological significance within DM1 tissue.
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aDMPK1 cDMPK2 uDMPK 3 pre

DMPK Protein

SERCA

Figure 3.4 DMPK protein product is selectively mislocalized in DM1 patienti®aus

Anti-DMPK antibodies (anti-DMPK 1,2,3) but not pre-immune (pre) serum show DMPK
protein in sarcoplasmic masses. Anti-SERCA immunostaining (green;calesgctions)
marked sarcoplasmic masses. Transverse sections were from normal or tig¥ts pa

SPECIFICITY OF DMPK MISLOCALIZATION IN DM1 TISSUE

Several abundant muscle constituents display a cellular disbribditinct from
DMPK underscoring the specificity oDMPK mRNA localization to sarcoplasmic
masses (Figure 3.5A, RNA). Specificallggtin mRNA which is localized in several
systems andtropin mMRNA which is up-regulated in DM patients, were not concemtrate
in sarcoplasmic masses; nor were actin and utropin proteins (F3gbike protein).
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Similarly, the muscle specifiMyosin heavy chain RNA and the SR localizebesmin
RNA failed to concentrate in sarcoplasmic masses, with theeasg probe exhibiting
uniform fiber staining (data not shown). Sarcoplasmic massesarmerely a massive
sarcoplasmic reticulum reorganization with passi¥®IPK RNA association. They
contain components such as mitochondria that are missing from tbeplsamic
reticulum. Several resident sarcoplasmic reticulum proteingcalited with DMPK
protein in normal muscle but did not mislocalize to sarcoplasmicsesas patient
muscle (Table 3.1). Our results are not an artifact of somm@asmic mass-related
phosphatase activity since NBT/BCIP development following RNA hybridizatithout
a riboprobe failed to exhibit any sarcoplasmic mass staining owégtmand (Figure
3.5B). Likewise, they do not reflect sarcoplasmic mass stickif@s#’K signal by
immunofluorescence required our primary antibody (Figure 3.5@) and
immunofluorescence using anti-myosin heavy chain antibodies revibalethis major
muscle constituent was totally absent from sarcoplasmic snagske residing in muscle
fibers outside the area (Figure 3.5C; MHC). Together, these @admghlight the

specific nature obDM kinase mMRNA mislocalization to sarcoplasmic masses.
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A DMPK Utrophin
RNA f a7, :
Protein

= DMPKRNA  NBT/BCIP DMPK SERCA

o

Figure 3.5 DMPK (mis)localization to sarcoplasmic masses in DM paissoetis
specific.

(A) In contrast tdDMPK, two muscle-specific RNAs (alpha-actin; utropin) are not
mislocalized to sarcoplasmic masses (RNA) or expressed there (pr8esg probes of
all mRNAs revealed no specific staining here or elsewhere in the papeh€B) 9tu
hybridizationDMPK signal found in sarcoplasmic masses (DMPK RNA) requires anti-
senseDMPK RNA probe for visualization sinde situ hybridization without probe does
not stain sarcoplasmic masses. (C) Sarcoplasmic masses are notgetesralf antibody
stickiness: absence of the primary antibody €liminates anti-DMPK staining and anti-
MHC immunofluorescence reveals this major muscle constituent is spégiggcluded
from sarcoplasmic masses. White arrow (sarcoplasmic masses).
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Protein Name SR Location Sarcoplasmic Masses?
] : longitudinal and
Grp78 (Bip) terminal cisternae No
Calsequestrin terminal cisternae Mo
PDI (Protein Disulfide Isomerase) SK total lumen No
KDEL SR total lumen No
longitudinal and
Calnexin terminal cisternae
membrane Yes

Table 3.1 DMPK protein localization to SMs is specific.

The presence of several classic SR resident proteins in sarcoplassesmas tested
via immunofluorescence. Of these tested only one, calnexin, was seen in sarcoplasmi
masses with the DMPK protein.

(CUG)\-CONTAINING RNA BUT NOT CUG-BINDING PROTEIN IS ENRICHED IN
SARCOPLASMIC MASSES

Three additional findings are pertinent to our hypothesis for myottysicophy’s
etiology (Figure 3.6). First, DM patients contain wild type and (¢lU&pansion-
harboringDMPK mRNAs from their wild type and mutabiMPK alleles, respectively; it
seems logical that mutaltMPK mRNA is preferentially mislocalized to sarcoplasmic
masses. Indeed, oun situ hybridization analyses of DM1 tissue samples revealed
concentrated areas @MPK mRNA that was accompanied by stippling outside the
sarcoplasmic masses (Figure 3.3A). Such stippling occurred as#aydsignificantly less
than the stippling in normal patient material (Figure 3.1T and 3.3A%. iShconsistent
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with repositioning of a subset BIMPK mRNA in patient muscle. Since all the sequences
contained in the wild-type message occur in the mutant messaggl ,aso probe for the
wild-type mRNA exists that will detect the wild-type RNéver the mutanDMPK
message. However, a probe complementary to the CUG repeat ierpaas been
employed to preferentially detect mutaDMPK transcripts (Taneja 1995)n situ
hybridization of transverse DM1 muscle with such an anti-(GU®&be showed CUG-
containing mMRNA heavily concentrated in sarcoplasmic massesiréFi3.6A, CUG
RNA, DM patient). Since the same probe revealed background stainingmalrigsue
(Figure 3.6A, CUG, normal) and only background staining occurred withrtheCAG
probe on tissue samples from both DM1 and control patients, this suggasthe
mutant DMPK message is highly localized to sarcoplasmic masses in D&8leti
Second, combinedn situ hybridization and immunofluorescence showed that while
DMPK mRNA is expressed in all muscle fibers, it is visibly logalized to sarcoplasmic
masses exclusively in type | but not in type 1l skeletal muscle fibegar@3.6B). This is
consistent with the observation that type | fibers are prefalignaffected in DM
patients. Third, it has been postulated that DM etiology might beodrily to DMPK
MRNA’s (CUG) expansion titrating CUG-BP (Timchenko 1996a; Caske¥6;
Timchenko, 1999). If soDMPK mRNA'’s cytoplasmic mislocalization might cause
CUG-BP’s subcellular redistribution. Inconsistent with this idea,P@P was not
notably redistributed to the cytoplasmic site of mutadPK mRNA, sarcoplasmic
masses (Figure 3.6C). This observation is in line with suggest@asCUG-BP may
mediate a downstream effect in DM (Michalowski 1999) while havisigaificant effect

in some DM patients (Savkur 2001).
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Patient |

Normal

CUG CAG DMPK Protein SERCA
— ] '.(_" 1 ; i
1‘- -- S
' Ul Y
DMPK RNA DMPK Protein Typell Type Il + DMPK Protein

ot”

CUG BP SERCA CUG BP+SERCA

Figure 3.6 Additional sarcoplasmic mass properties.

(A) (CUG)-containing RNA specifically concentrates in sarcoplasmic masses.

Consecutive patient (top) and normal (bottom) muscle sections labeled with a riboprobe
to detect CUG-containing mRNA (CUG), the corresponding sense riboprobe (CAG),

anti-DMPK and anti-SERCA antibodies, respectively. DBJPK RNA is visibly
mislocalized only in type | and not type Il muscle fibers. Consecutive patehbns

probed foDMPK RNA (black; first panel) or double-labeled with anti-DMPK 1 (red) or

anti-type Il fiber (green) antibodies. (C) CUG-BP resides in but is raigly enriched

in sarcoplasmic masses. Patients’ tissue sections were double-lalibladtwCUG-BP

(red) and

anti-SERCA (green).
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NOVEL PHOSPHOPROTEINS APPEAR IN DM MUSCLE HARBORING MISLOCALIZED
DMPK

Since DMPK'’s protein coding region is unmutated in DM, misloeal2MPK
MRNA would vyield functional DM kinase at its new cellular lega). This serine-
threonine kinase (Timchenko 199%)uld encounter and phosphorylate novel substrates.
In agreement with this prediction, we detected novel phosphorylated grateDdM1
biopsies containing mislocalize®M kinase mRNA (Figure 3.7; arrows). One is
hyperphosphorylated (*) with phosphoserine and at least three each ayvasr
phosphorylated (**) with phosphoserine (Figure 3.7A) or with phosphothreoniger¢F
3.7B) in all three patients. Although biopsy amounts are insuffi¢t@ntlentify these
substrates, these data indicate newly phosphorylated substrates iappdat tissue
containing cytoplasmically mislocalizddMPK mRNA. Clearly, phosphorylation of a
subset of these molecules could modify their activities triggedn altered signal
transduction cascade(s) and the resulting constellation of musg@mys characteristic

of myotonic dystrophy.
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Figure 3.7. New phosphoproteins appear in DM patient muscle containing mislocalized
DMPK mRNA and protein.

Extracts from three DM1 patients vs. two normal individuals were westeredlating
anti-phosphoserine (A) or anti-phosphothreonine (B) antibodies. (Arrows): newly
phosphorylated or hyperphosphorylated proteins detected in at least one patient vs.
normal individuals; newly phosphorylated (**) or hyperphosphorylated (*) proteins
detected in all three patients vs. normal individuals. Phosphoproteins were
electrophoretically separated on SDS polyacrylamide gels; Upper panelgel€)%

Lower panels: lighter exposures of strongly staining phosphoproteins in ntiolsaic
12.5% gel.
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Conclusions

Here we provide key observations, which indicate that the (C&&)ansion in
the 3'UTR of theDMPK gene creates a new cytoplasmic RNA localization signal. We
show that in normal musclBMPK mRNA is subcellularly localized and deployed,
whereas in DM1 patient muscl®MPK mRNA containing the 3'UTR mutation is
mislocalized to a new cytoplasmic locale. We IDKIPK mRNA mislocalization to the
diseases’ 1) molecular genetics, by showing mislocalizatiomrecwith the DMPK
MRNA harboring DM1’s causative triplet repeat mutation, 2) cyapgagy, by
demonstrating the mutated mRNA is mislocalized to the estadllishie of disease
pathology (sarcoplasmic masses) and 3) cell biology, by finaiistpcalization occurs
exclusively in type | muscle fibers which are the predominafflycted muscle fibers in
DM. We show further that this mislocalizddMPK mRNA results in mislocalized
DMPK protein, a kinase that can potentially encounter novel subs@atés new
subcellular position. Notably, we detect at least seven newly physgteor proteins in
DML1 patient muscle, which contains mislocaliZ2®lPK RNA and protein. These results
lead to the model shown in lllustration 3.1. Our data are theriugidating the 3’'UTR-
dictated process of cytoplasmic RNA (mis)localization in human disease.

Our findings in DM1 tissue suggest hddMPK’s 3'UTR (CTG), expansion
could directly generate a diseased state. Parallel to othkat trepeat disorders where
coding region repeats cause a “gain of function” by giving theases@ene’s protein
product the new ability to interact with novel cellular componddiPK’s triplet repeat

expansion can cause a “gain of function” because the gene’s RNA phaduatquired a
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new property, namely the ability to localize to new cytoplasregions, where its
encoded protein can likewise interact with novel cellular componeriscet/ably
altered cytoplasmi®MPK RNA localization may be the causative mechanistic event in
disease initiation. Since the wild-typMPK mRNA is itself localized to a different sub-
cytoplasmic region in normal muscle (Figure 2A), future experisnewitl have to
determine ifDMPK RNA's 3'UTR triplet repeat expansion creates a new autonomous
cytoplasmic localization signal or does so in conjunction with existing 3'UTakzation

information and whether existing localization information is simultanealistypted.
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Nucleus

DMPK
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"Normal Situation" "Diseased Situation"
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Localized fMPK MR NA Mislocalized DMPK mRNA
DMPK Protein in Normal Locale DMPK Protein in New Locale
R
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Normal Signaling Abnormal Signaling

lllustration 3.1 A model for DMPK mRNA (mis)localization and its molecular
consequences.

Information flow within the myoplasm represents the pathways for RNA fromdheal

(left) and mutated (righfpMPK alleles. While muscle cells are multinucleated, one
nucleus is shown for simplicity. The triplet repeat expansidd\iPK’s mutated allele

and its encoded mMRNA are denoted (CTG) for ease of understanding. (Note thaGthe CT
in the gene would be CUG in the RNA). In the normal situation, locala¢BaK

MRNA translation produces DMPK protein, which would carry out its normal
phosphorylation function. In the diseased situation, mislocabadBK mRNA

translation would likewise generate DMPK protein, which would be a fully functional
kinase since thBMPK coding region is not mutated in this disease. However, since this
kinase now occurs at a new locale it can encounter and phosphorylate novel
(inappropriate) substrates, potentially resulting in abnormal signalingpl@gmic
mislocalization of only small mMRNA amounts frddMPK’s mutant allele would suffice

to contact and phosphorylate novel substrates ultimately causing diseasé@ud@tns
would not be compensated for by the presence of properly loc&ld&K mRNA from

the normal allele. Hence, the autosomal dominance of DM.
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CHAPTER 4: MRNA LOCALIZATION FUNCTIONALLY
UNDERLIES BOTH FORMS OF MYOTONIC DYSTROPHY

Overview

Two diverse mutations, DM1 and DM2 can independently cause Myotonic
Dystrophy; each resulting in the same large constellationvefse symptoms. This led
us to consider that DM1 and DM2 gene products likely function in dh@amolecular
pathway. Then mutation of either would result in disruption of the pgthwamately
leading to the same symptoms. Unfortunately, little work has been done on the DM2 gene
product as it relates to myotonic dystrophy. Notably, highly condemeenologs for the
DM2 protein (pDM2) exist in a variety of organisms (Armas 2008). phaein is
spatially and temporally regulated (Shimuzu 2003, Chen 2003, De Dominicis &f0)
is crucial for development in a variety of model systems, inctudeveral stages of
Xenopus laevis embryogenesis (Flink 1998 haunus arenarum oogenesis and early
embryogenesis (Calcaterra 1999, Armas 2001), forebrain formatimrcéand chickens
(Chen 2003, Abe 2006) and neural crest developmeXenopus laevis (Armas 2008).
Although the exact mechanism of action in these pathways is unkrudmp is
required because loss of its function results in severe ddfeben 2003, Abe 2006,
Weiner 2007).

Proteins which have severe effects on development in model systanse
disease when mutated in humans. The strong evolutionary conservati@Mvaf pis
severe developmental consequences and its mapping as a locus Edvdsilegl us to
consider that DM2 provides vital clues to DM etiology that wereipusly neglected.
Hence, we considered that pDM2 examination could open a new window into

understanding DM etiology/pathology.
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The data presented in this chapter 1) establish a diseasantetsgue culture
system using &;, muscle cells for the analysis BMPK mRNA localization and 2)
provide evidence that tHeMPK 3'UTR is positioned subcellularly to the ER/SR via the
post-transcriptional processes of RNA localization. Our reputigide a mechanism for
the DMPK results in human muscle (Chapter 3). Further, detedadhination indicates
1) sequence information required for ER localization residdgsmiheDMPK 3'UTR 2)
RNA localization is the apparent cause of DMPK protein locatinaB) the disease
causing CUGn mutation seen in tbMPK 3'UTR of DM patients compromises this
proper wild type localization and d),C;, myoblasts have sufficient machinery to
localize endogenous mouBVMPK mRNA as well as exogenous mRNA harboring the
humanDMPK 3'UTR. Together with the data in human muscle, these results ugge
RNA localization underlies the human disease Myotonic Dystrophys iBhihe first
human disease where RNA localization has been shown to function; hpwesenot

likely to be the last (see Chapter 6).

Results

CREATION OF A DM2 ANTIBODY

For the analysis of the role of the DM2 proteinDMPK RNA localization, we
required antibodies against the DM2 protein, which were not commegrenadlilable.
Hence, we generated an anti-DM2 antibody.

Antibody design began with examination of the protein sequence to determ
which regions of the protein had hydrophilic stretches of at teastmino acids, making
them more likely to be on the surface of the folded protein and #uleeks antibody
binding. From the available areas we excluded regions that had highkerged
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domains that would potentially cross-react with other proteinsprgmed by database
examination. Since the predicted protein is small (19 kD) aneéighs conserved motifs
(seven CCHC zinc fingers and an RGG box), this left us with oné/ optimal epitope
target which was at the carboxy-terminus of the protein (amiids 468-177). Database
analyses revealed this epitope sequence was unique to pDM2, lipdtiegtial cross-
reactivities that would have complicated our analyses. A peptidespanding to this
region was synthesized. After peptide purification by HPLC andesuiesnt KLH
conjugation to increase its immunogenicity, the peptide was sentnimafPharm
(Healdsburg, CA) for injection, by a regimen that we designedojitimal antibody
production. Animals were prescreened to ensure they possessed norivgsateactivity
to pDM2.

We screened successive bleeds via western blot usfhig @yoblast cell extract.
As indicated (Fig 4.1), 2 independent animals made high titer antibmdaegprotein of
19 kD, the size of the DM2 protein. The sera from both animals higinéy specific and
recognized no other entities on our blots. Moreover, pre-immune dedhtéacross-react
with this or any other entity. Taken together, these data indizatehte 19 kD protein is
DM2 and that we possess high tier anti-peptide rabbit sera spkmifpDM2 for our

subsequent analyses.
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Figure 4.1 Anti-DM2 antibody specifically binds to pDM2

We designed and created an antibody against the DM2 protein that is spetific a
selective. Western blot analysis ofC, extract using anti-DM2 antibodies from two

different animals and demonstrate that our antibodies cleanly and spldifindlthe

19kD DM2 protein. Paired non-immune sera do not recognize this band, underscoring the
specificity of this reaction

LIKE DMPK MRNA, DM2 PROTEIN LOCALIZES TO THE SARCOPLASMIC
RETICULUM IN HUMAN MUSCLE TISSUE

Our analyses of human muscle tissue demonstrated th&MRK mMRNA is
specifically localized to the sarcoplasmic reticulum (SRie Tiypothesis, put forth here,
that DM2 functions in thédMPK mRNA localization pathway predicts that at least a
subset of DM2 protein should localize to the same subcellular las@®PK mRNA.

To test this idea, we assessed the cellular location of DMgiprvia anti-DM2
immunofluorescence. On longitudinal sections of normal human muscleDMati

fluorescence revealed a familiar striped pattern (Figure @&eful examination using
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confocal microscopy indicated that these stripes are comprissthaked discs. This
distinctive pattern is characteristics of the SR. Immunofluemse with antibodies
against two independent SR proteins, Serca Il ATPase (Dormer B9@BProtein
Disulfide Isomerase (Ohba 1977), revealed the same striped paiteposed of stacked
discs. Co-immunofluorescence of each marker independently with Bi#i-protein

followed by electronic merge, revealed co-localization of &érdTPase and DM2 as
well as co-localization of Protein Disulfide Isomerase and DM&ace, DM2 protein,

like DMPK mRNA co-localized to the SR.
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Figure 4.2 The DM2 protein localizes to the SR in muscle with DMPK mRNA

Analyses of human longitudinal muscle tissue demonstrate that the DM2 protéizekca

to the SR along with theMPK mRNA. Co-immunofluorescence of human longitudinal
muscle tissue with anti-DM2 and the SR markers SERCA Il ATPase orrpdiseifide
isomerase demonstrate that the DM2 protein localized to the SR. This is tnthilar

pattern seen by situ hybridization using an antisense DIG-label@6IPK probe

followed by anti-SERCA Il ATPase immunofluorescence. Thus, the DM2 protein and the
DMPK mRNA both localize to the SR in human muscle cells.
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ESTABLISHMENT OF A DISEASE RELEVANT CELL CULTURE SYSTEM

In Chapter 3, we provided a body of data indicating tB&iPK mRNA
localization/mislocalization underlies Myotonic Dystrophy etiolog¥hese data
established this phenomenon in actual muscle biopsies from multipleaD&hts. While
it was imperative to establish these observations in patienetasd, while we were
fortunate to have access to this material, human tissue issystean that lends itself to
experimental manipulation.

For our analyses we required an experimental system to exathae
localization/mislocalization mechanism that appeared to underlietdviic Dystrophy.
There were two possible approaches; a mouse model system for AMssue culture
system. The former are costly and slow. Moreover, no single moadel rfor DM1
exists. This may be due to the fact that humans are the only sfg&niown to have
diseases caused by triplet repeat insertions (RH Singegnaérsommunication). This
situation may arise from the fact that other organisms haiaglate mechanisms for
reducing or eliminating triplet repeat expansions that do not exisumans. Despite
numerous attempts reported in the literature of creating sewexae models for DM1
(Chapter 1., Appendix 1), each recapitulates only a small subsBtVid diverse
symptoms and none recapitulate the multi-systemic nature otlisease. The second
approach, and the one we employed, was to turn to cells in culturargdutiells have
been the system of choice to study most post-transcriptional pescesmd the vast
majority of information about these processes has come fromulthe at tissue culture
cells. Hence, it was the better choice for our studies.

Myotonic dystrophy is a disease of muscles, our localizatiordoabkation

observations were made in actual skeletal muscle and we desmastk related culture
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system. Our initial examination of the literature revealedtgreghan 90% of muscle-
related studiesn vitro focused on the £i, system, suggesting it was the preferred
research tool. £C;, cells have many advantages including: they are hardy, hayeda ra
doubling time and behave in a well-defined control manner. Theybeaeasily and
reproducibly differentiated in culture over a ten day period by ddéian of Dulbecco’s
Modified Eagle Medium + 2% horse serum. This allows one to studyritiéferentiated
state (myoblasts), the differentiated state (myotubes) anttahsition between the two
states. Our analyses primarily focused on undifferentiated mysldaxe diseased DM
tissue expresses undifferentiated characteristics (Timchenko 2001 haNties is due to
the fact that DM muscle tissue is undifferentiated or wheti®¥domes de-differentiated
is a matter of active debate (Amack 2004) that has not been resolved.

Ouir first order of business was to determine whether thesepositessed ample
amount oDMPK mRNA and DMPK protein. Both northern blots and RT-PCR analyses
confirmed that these cells contained ample amounDMPK mRNA (Figure 4.3).
Parallel western blots indicated that these cells also codtaxmgerimentally accessible
amount of the DM Kinase protein (Figure 4.1). Taken together, we codcthde this
was a desirable system to examine@\PK localization process that we had detected in

muscle tissue.
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Figure 4.3 C2C12 cells Contain Substantial Amounts of DMPK mRNA

For GCi1, mouse myoblasts to be an appropriate cell culture model to examine DM
etiology, these cells must contain a reasonable amount of DMPK mRNA, so wedchecke

this level by two means. A) Northern blot analysis of DMPK mRNA levels,@y £
extract.In vitro transcribed DMPK mRNA serves as a positive control to ensure that the
signal seen reflects DMPK message and not a cross-reaction with anetisaigms B)
Reverse Transcriptase-PCR analysis g£,¢extract with primers specific to the DMPK
3'UTR demonstrate that there is a detectable amount of DMPK mRNA by anothe

means.
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ENDOGENOUSDMPK MRNA IS LIKEWISE LOCALIZED IN C,C12 MYOBLASTS

From the data we present in Chapter 3, we infer@iMPK mRNA is localized to
the muscle sarcoplasmic reticulum and is subsequently transtdtegrotein at this
subcellular locale. In order to use theCg system to examine this presumptive
localization, endogenou3MPK mRNA would also have to be subcellularly localized in
these cultured cells.

In situ hybridization using an anti-sen&&MPK riboprobe on @C;, myoblasts
resulted in a bibbed pattern surrounding the cell nucleus which wasasfyenmetric
(Figure 4.4A). Signal was attributable to hybridization of thesenseDMPK riboprobe
as the correspondinPMPK sense riboprobe gave no apparent signal (Figure 4.4).
Specificity of the antbMPK riboprobe is underscored further by the fact that this pattern
is not seen using an antisense riboprobe to an abundant muscle piytem Heavy
Chain (Figure 4.4A).The highly specific pattern was detected wighantisense DMPK
MRNA probe is characteristic of the endoplasmic reticulum ,(&Rich is often seen as
an asymmetric bib around the cell nucleus. To ask whetheDihieK mRNA was
localized to the ER, we performed co-immunofluorescence with angiboagainst
several ER markers, Protein Disulfide Isomerase (PDI), K¥Eunro 1987) and
Calsequestrin (MacLennan 1971), followed by an electronic mergeseTia® signals
(DMPK mRNA in situ hybridization signal and ER marker immunofluorescence) co-

localized (Figure 4.4B), indicating that tB®MPK mRNA is indeed localized to the ER.
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B DMPE mRNA Calsequestrin
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DMPEK sense probe ER marker

DMPEK mRNA

DMPE mRMA

Myosin Heavy Chain probe ER marker Merge

Figure 4.4 DMPK mRNA specifically localizes to the ER in C2C12 myoblasts

In situ hybridization analysis of DMPK mRNA followed with immunofluoreseewith

an ER marker reveals that the DMPK mRNA specifically localizes toRmE2C12

mouse myoblasts. A) The specificity of this localization is demonstrateddeeoasitu
hybridization using a DMPK mRNA sense probe reveals no significant fluotesigaal

and in situ hybridization to an abundant message, myosin heavy chain, does not show an
ER specific pattern. B) Verification of the ER pattern of the DMPK mRN#& achieved

by immunofluorescence with several common ER markers, PDI, KDEL and
Calsequestrin. The DMPK mRNA pattern colocalized with all three of thesspEé&tfic

protein markers.
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One of the major reasons to localize an mMRNA is to trandlatea spatially
and/or temporally controlled manner. To assess whether the endogerabus didxVPK
MRNA is translated at this locale, we conducted immunofluoresceith anti-DMPK
antibodies. As indicated (Figure 4.5), DMPK protein is found encirchegiucleus with
a punctuate pattern emanating from that. Co-immunofluorescenbeawiER marker
(anti-PDI) and electronic merge demonstrated that the bulk of endogenous DBIEIK pr
signal co-localizes with the ER and a small portion abuts théFifRre 4.5). This is
consistent with DMPK protein being locally translated from the I&¢alized DMPK
MRNA, followed by some limited diffusion from that site. Thisoiten the case with
localized mRNA translation and the mechanism by which developmgradients,
which are crucial to establishing developmental patterning, @maetl (ex:bicoid
message irDrosophila ((Driever 1988 a,b)). Indeed, disruption or alterations in these

gradients are due to mislocalized RNAs and result in birth defects.

DMPE Protein POl Merge

Figure 4.5 DMPK protein localizes the ER in C2C12 cells

Co-immunofluorescence analysis reveals that the DMPK protein loctdizles ER in
C,C12 mouse myoblast cells, corresponding to the ER specific localization DMRK
message. This ER localization in mouse myoblasts concurs with the SR specific
localization of both of these components in human muscle tissue (Chapter 3).
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The DMPK mRNA localization pattern observed in thesgC{z myoblasts is
particularly informative in that the endoplasmic reticulum, the st DMPK mRNA
localization in cultured myoblasts, is the cellular equivalent ot#neoplasmic reticulum
in muscle tissue, the site @MPK mRNA localization in human muscle biopsies.
Therefore, even though the actual architecture of these two oegaael dissimilar, the
MRNA localization is the same, truly underscoring the spegifiot the in situ
hybridization signals and, hence, the actual localization. Ta&gether, these data
demonstrate endogenoldMPK mRNA is subcellularly localized and translated in
cultured cells analogous to its situation in muscle tissue. Th5, Cells are an ideal

system to study thBMPK localization process.

DM2 PROTEIN RESIDES IN THE ER OF C,C12 CELLS WITH DMPK MRNA,
MIRRORING THE MUSCLE TISSUE SITUATION

If DM2 protein functions in the proper wild-type localizationi¥1PK mRNA in
C,Ci2 myoblasts at least a subset of DM2 protein should reside iBRhef these cells,
mirroring the finding thaDMPK mRNA and pDM2 exhibit overlapping locations in
human muscle (in SR, Figure 4.2). As in Figure th4jtu hybridization exhibited an ER
localization pattern in €23, myoblasts. This was shown to be ER localization by overlap
with ER markers previously in this chapter (Figure 4.4B). Imnmunadsmence with anti-
DM2 antibody showed the bulk of DM2 protein co-localized with the ERkengFigure
4.6), thus the DM2 protein also resided in the ER. (a minor portion of 2oisls
detected in discrete speckles elsewhere in the cytoplasm higthantibody). Finally,
performing an electronic overlap of cells subjectedirtasitu hybridization with an

antisenseDMPK mRNA probe and immunofluorescence with anti-DM2 sera indicated
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that these two cellular components at least partially overtappehe same cellular
locale, the ER. Therefore, pDM2 is in the right place to functioMPK mRNA

localization.

A OM2 protein ER Marker Merge

Gottlieb Lab
c-DM2

Commaercial
c-DM2

B DM2 protein DMPK mRNA Merge

Figure 4.6 The DM2 Protein Co-localizes to the ER with the DMPK mRNA

A) Co-immunofluorescence analyses of the DM2 protein were conducted usingthe ant
DM2 antibody that we made (Gottlieb LabDM?2) or a commercially available anti-

DM2 antibody (Commerciak-DM2) and an antibody against an ER marker. A subset of
the DM2 protein co-localized with the ER marker in both samples; however, the signa
was more specific using our antibody that is made against only a small porthen of t
DM2 protein chosen to reduce cross-reactivity, not the entire protein as the rcoaiyne
available antibody was prepared. B) A portion of the DM2 protein pool co-localized with
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the DMPK mRNA message. Both showed a characteristic asymmetrical bipalikern
around the nucleus, the common presentation of the ER.

10C



THE DMPK 3'UTR DICTATES ER LOCALIZATION

All of our data in human muscle cells angdg; cultured myoblasts points to the
conclusion thatbMPK mRNA is subcellularly targeted to the SR/ER by the post-
transcriptional processes of localization. To further test whdtt@rDMPK mRNA
subcellular localization arises via RNA trafficking, we focusedthe fact that signals
dictate RNA localization reside within the 3'UTRs of virtuadlyery localized mRNA
examined (reviewed in Chabanon 2004). We turned to a reporter congstech svhich
has been used to successfully demonstratectMYC (Veyrune 1996) andbeta-Actin
(Kislankis 1993) are localized post-transcriptionally within subsétmammalian cells.
Such systems have likewise been used to demonstrate thatatlpdecalized mRNAs
(eg, bicoid in Drosophila, Vgl in Xenopus) are subcellularly partitioned via a post-
transcriptional mRNA localization process.

For these experiments we used an EGFP reporter system @ClonEGFP-C1).
Two parallel constructs were created, one with a normal SV-40R'&hd a second with
the humarDMPK 3'UTR. Mouse cells and mouse and hunbdviPK coding regions are
90% homologous, but the (CUG)n disease-causing expansion and associateteproper
are specific to humaDMPK 3'UTR. Our data from &C;, mouse cells (Section 4.4)
indicated that machinery is in place to localize endogenous nMB& mMRNA.

The EGFP reporter constructs were separately transieatigfécted into parallel
C,Ci2 myoblast cultures. Following overnight incubation to allow ample gems
expression, cells were fixed and microscopically examined. ESBfffal was used as a
readout and indicator of the transgenic RNA and encoded protein. Fiee doatrol
constuct, which encodes the EGFP coding region attached to td® SWUTR, EGFP-

SV40, is evenly distributed throughout the cell cytoplasm and nudcl&is distribution
101



is as one would predict (Healy 1999, Munster 2002, Adereth 2005) since td4@ SV
3'UTR harbors no localization information. In contrast, cells trartetewith the parallel
construct containing the EGFP coding region attached tdWMPK 3'UTR, EGFP-
3'UTR, signal is dramatically restricted. Indeed, the EGAainow co-localizes with
an ER marker. From these data, we conclude that 1) signatsesuffor ER subcellular
localization reside in th®OMPK 3'UTR and that 2DMPK mRNA is positioned to the

ER/SR via a post-transcriptional mRNA localization process.

EGFP construct ER Marker Merge

EGFP-5V40

EGFP-Z'UTR

Figure 4.7 The DMPK 3'UTR is sufficient to specifically localize a régroconstruct

An EGFP reporter construct with an SV40 3'UTR transiently transfectedid cells

did not show any specific localization, as would be expected because this 3'UTR is not
know to contain any localization signals. However, when the SV40 3'UTR was replaced
with theDMPK 3'UTR the reporter construct was specifically localized to the ER,
mirroring the endogenoBMPK localization pattern. Therefore, tBMPK 3'UTR

contains sufficient localization signals to independently dictate ER zatialn to a

reporter, solidifying, once again, tHaMPK mRNA is a localized message.
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THE (CUG)y DISEASE-CAUSING TRIPLET REPEAT EXPANSION DISRUPTS PROPER
LOCALIZATION

Cis-acting sequences dictating mRNA localization residéimithe 3'UTR of
localized mRNAs. Our data thus far show that the wild tip&PK 3'UTR contains
information sufficient to localize a reporter construct to the ¥BfR. postulated that the
(CUG)Nn disease causing expansion might disrupt or impair wipe tipcalization.
Localization information could be dictated by one signal or multipgmats in a
combinatorial manner. Therefore, depending upon the effect of the)(Cé&xpansion on
the 3'UTR, logistically we could disrupt part or all of the localization process.

To assess this situation, we examined the localization oPE&pressed from a
reporter construct containing a (CUG)n expansion embedded within th&lnlbuman
DMPK 3'UTR. For these experiments, we used a repeat with 90 @pl6éts (called
EGFP-(CTG)90). This is the maximal number of CUG repeatsdiwatbe maintained
stably in cells and we wanted a uniform, consistent population of Rbl&cules for this
analysis. Moreover, this number of repeats is sufficient to intiitférentiation and elicit
misregulation of calcium channel expression (Quintero-Mora 2002, An@@deé) in
cell culture. Immunoflourescence with an antibody probe to thewaR used as an
internal signpost, since the ER is the site of nor@MPK mRNA localization.
Following transgene expression, cells were fixed and examingdsoopically. Some of
the reporter is still found in the ER; however, it also diffises that area and it can be
found throughout the extent of the cytoplasm. Notably, it is stillugbed from the
nucleus. Therefore, the (CUG)90 repeat contained within the contetkteoDMPK
3'UTR is sufficient to disrupt wild type DMPK mRNA ER localization.

It may be pathologically significant that the DMPK mRNAlegalized to the

SR/ER and that the (CUG)n repeat expansion compromises thaébsitdde SR is the
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site of calcium regulation within the muscle, a process thati@uscto control muscle
contraction. The DM kinase may patrticipate in that process; thas(CTG)n repeat
would disrupt the full complement of DMPK protein at that locale which could contribute

to altered calcium currents and the myotonia characteristic of DM matient

EGFP construct ER Marker Merge

o - - -
o - - -

Figure 4.8 The DM1 causative mutation disrupts proper reporter localization

A reporter construct containing the EGFP coding region attached to the wilDM/pi&
3'UTR was transiently transected inte@; cells. As seen previously, this 3'UTR is
sufficient to localize a reporter construct to the ER. Intriguingly, ilsedf 90 CUG
repeats into thddDMPK 3'UTR is sufficient to disrupt that ER localization, resulting in a
more diffuse pattern of signal. Thus, the DM1 causative mutation spegifiealllts in
lossDMPK 3'UTR dictated ER localization.
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RNAI TECHNOLOGY IS USED TO BIOCHEMICALLY GENERATE PDM2 MUTANT
CELLS

Our finding that theDMPK mRNA and the pDM2 protein are both found within
overlapping areas of myoblast ERs meet an important preregiaisihe DM2 protein to
function inDMPK mRNA localization: namely, to reside at the same placheatame
time. Additionally, since pDM2 contains one known RNA binding domain and seven
nucleic acid binding domains while residing outside the nucleus, disissrthe distinct
possibility that pDM2 could bind to RNA and be part of DMPK mRNP (DMPK
messenger RNP). Recall that no mRNA exists as naked RNA inyetikecells. Rather,
they exist as MRNPs and a subset of particle proteins can stippdyiogenesis of that
MRNA.

Does pDM2 function in the process of localizing tb&PK mRNA? To
experimentally address this question directly, we required wgth decreased amounts
of DM2 protein. To derive such cells, we turned to RNA interferéR&®AI) knockdown
technology. RNAI has become one of the most cost efficient ardtigg technologies
for creating a knockdown mutant in cultured mammalian cells (re@dew Shi 2003,
Scherer 2004).This can be accomplished via a variety of means inciathoducing
chemically synthesized RNA oligonucleotides complementary ttatiget RNA into the
cell cytoplasm or alternatively, putting a vector into the wélére RNA complementary
to the target RNA is encoded and can be transcribed by thelacethachinery.
Depending on the properties of the vector, this RNA can remaineimacleus or be
transported to the cell cytoplasm. There, it can encounter its tangeform a double
stranded RNA stem with the target mMRNA. This double stranded RNAlsequently a

target for RNA degradation by the RISC complex (RNA induceehsihg complex)
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(reviewed in Fire 1999, Sharp 2001, Hannon 2002, Zamore 2002). The result is a
decrease in the overall amount of specific target message.

For our experiments targetiigM2 mRNA via RNAI, we selected the pcDNA3-
H1 vector system (Invitrogen, Carlsbad, CA). This system hasigdbful property of
using an H1 RNA Polymerase Ill promoter, which produces a targ&iWy that is
transported to the cytoplasm where it can interact with itgetaranscript (Myslinksi
2001). To tailor this vector system to our specific purpose, we aedethree DNA
constructs, each containing oligonucleotides complementary to thteetdiseas of the
DM2 mRNA (Construct 1 nucleotides 239-258, Construct 2 nucleotides 473-492,
Construct 3 nucleotides 645-665). In our design we selected predictedRNN2egions
that were a) 21 nucleotides in length, b) would hybridize under glbgstal conditions
to the DM2 mRNA and c) did not cross react with any other maramBNA species in
the database. We designed probes complementary to three diftagiemsrof theDM?2
MRNA coding regions in hopes that at least one of these might lessdde for
hybridization dependent on the packaging of the mRNA in mRNPs and its structure.

As a preamble to our experiment, we transfected all three RhiAstructs
independently into parallel £ myoblast cultures using TransIT-LT1 (Mirus
Biotechnology). Using this transfection reagent, we weretabtensistently achieve 80-
85% transfection efficiency in L1, cells. Following thirty six hours of incubation of
these transfected cultures (a time that was empiricatigrméned to produce efficient
knockdown on the DM2 protein), we harvested the cells, made a totahpeateact and
assayed for the relative level of DM2 protein via western atalysis. Using beta-
Tubulin as a loading control, we discovered that two specific DM2 artstresulted in
dramatic knockdown of the DM2 protein. Specifically, construct 2edhdsockdown up

to 85%, while construct 3 resulted in 60-65% reduction in DM2 proteir. leveontrast,
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construct 1 did not result in a significant DM2 protein level depletiod the vector
without a DM2 specific insert did not have an appreciable affech@mdlls. Therefore,

we had a system for specific analysis of DM2 function bycéffely reducing the

amount of DM2 protein in cell culture.

Egofil
+13 26

RNA pal lll H1 promatar

456 (anly In pEONAL)
[ *a,
___,,---“"T'Hm. Start Trm, termination .,

GAAIGATCTCCG — sense N19 — TTCAAGAGA — a-sense N19 — TTTTTGGAACA/AGCTTCTC (77 ni)

Byl il Loop Q Hind 111
Universal antisense primer
Target sequence: AA-sense N19 5 — GAGAAGCTTGTTCCAAAAA — 3

Predicted RNA product sense-N19

5 e
3-TT 1
a-sense-N19

= o] ]
k) k3] k)
c R
. 1 T A
i P
Construct 1 ik Cﬂﬂsf{"guim - Btubulin W G '
iy 234 53U
DM2 -_— - -
protein

Figure 4.9 RNAI constructs effectively result in pDM2 reduction

A) RNAI constructs were designed using shRNAs in the pcDNA3-H1 vector from
Invitrogen. This vector contains the H1 RNA Polymerase Ill promoter, whiokdrides
small RNAs that are transported into the cytoplasm and interact with the pitAvay.

B) Three constructs were created which target different regions bMRenessage,
increasing the chance that one of the constructs will be effective. C)rwhkie

analysis of GC,, cells that were transiently transfected with no construct, an empty
vector or one of the three DM2 constructs, demonstrates that two of the constructs did
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result in a dramatic loss of DM2 protein. Beta-tubulin protein was probed for asragloadi
control and to verify the specificity of the DM2 knockdowns.
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KNOCKDOWN OF PDM2 SPECIFICALLY CAUSESDMPK MRNA MISLOCALIZATION

MRNA localization requires many proteins which all work coordilyatto
complete subcellular message localization. Loss of any of these protens faety affect
the ultimate localization. Therefore, if pDM2 is a localiaatfactor forDMPK mRNA,
reduction of this protein by RNAi knockdown may disrupt nor@&PK transcript
localization. To visualize the potential impact of this loss iMPK mRNA, DM2
protein knockdown in &C;, cells was followed byn situ hybridization to visualize the
resulting localization of th®MPK message. £, cells were transiently transfected
with the pDM2 RNAI constructs described previously followed Iy empirically
determined incubation time to allow the RNAi degradation o2 mRNA to occur
and additional time for its effects to be seen. The cells wene fixed and hybridized
with a DIG labeled antisense riboprobe to BldPK message and mRNA localization
was visualized via anti-DIG immunofluorescence. Parallel psig®of a DIG-labelled
antisense probe @esmin MRNA functioned as a specificity control.

Visualization of the endogenol¥VIPK mRNA profile within pDM2 knockdown
cells revealed thaDMPK mRNA localization was, in fact, dramatically altered. Using
immunofluorescence with an ER marker as a cellular signpost, maxcgfacted cells
contained normaDMPK mRNA compact ER localization. However, the cells with
reduced DM2 protein levels, due to transfection with an anti-DM2 iR&OASstruct,
exhibited a diffuse, punctuate pattern throughout the cell cytoplaBeneXtent of the
DMPK mRNA localization redistribution varied with the efficiency @DM2
knockdown, with the most efficient construct, Construct 2, showing a madrgselif
DMPK mRNA pattern than a less effective RNAI construct, Constru€tisguption of

the DMPK mRNA localization was specific to DM2 protein knockdown constructsesi
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it was seen with both pDM2 knockdown constructs (Figure 4.10, Constructs3?, dnd
not the cells transfected with an empty vector (Figure 4.10, madkjpose treated with

the RNAI construct that did not decrease pDM2 levels (data not shown).

DMPK mRNA ER Marker Merge

- . . .

Figure 4.10 RNAI knockdown of pDM2 causes mislocalization of DMPK mRNA

Mock

RNAI
Construct 2

RNAI
Construct 3

C2C12 cells were subjected to RNAIi knockdown and the resulting DMPK mRNA
localization was visualized using DMPK antisense probe in situ hybridizatiorcellee

that were transfected with no DNA, wild type, or empty vector, mock, displayed the
previously seen ER mRNA pattern when compared to an ER marker. However, the
DMPK mRNA localization in the cells that were transfected with DM2 canos® or 3

was noticeably diffuse when compared to an ER marker. Therefore, the reduction of the
DM2 protein in C2C12 cells resulted in mislocalization of the DMPK mRNA.
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Results were specific idtMPK mRNA distribution and did not reflect a massive,
general redistribution of messages since the normally ERlized Desmin mRNA
retained its ER localization in mock and DM2 knockdown cells alikgu(E 4.11).
Finally, the change inDMPK mMRNA cellular localization observed upon pDM2
knockdown did not result indirectly from an overall disruption of the ERitan@sident
contents. In addition to the proper unalteredB&min mMRNA localization, anti-KDEL
immunofluorescence demonstrated that the localization pattern ofateenptomponents
of the ER were unaffected by the DM2 protein knockdown. These expgsime
demonstrate that pDM2 functions IBMPK mRNA localization; they indicate its
importance in the localization process, as loss of the DM2 proteaifispkty disrupts

the wild type DMPK message distribution in cells.
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Figure 4.11 Mislocalization from RNAI reduction of pDM2 is specific

Desmin mRNA is an ER localized messagejisaitu hybridization withDesmin
antisense probe was performed in parall@®KkbPK in situ hybridization analysis as a
specificity control. Thédesmin mRNA localization pattern was unchanged in all
samples, regardless of the protein level of pDM2, showing that the role of pDM2 in
DMPK mRNA localization is specific and that the mislocalizatioD®fPK mRNA is
not a general phenomenon of all ER localized messages in these cells.
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KNOCKDOWN OF PDM2 IS ALSO SUFFICIENT TO MISLOCALIZE AN EGFP
REPORTER, UNDERSOCIRNG ITS ROLE IN L OCALIZATION

Our data demonstrated that O&PK 3'UTR is sufficient to localize an EGFP
reporter (Figure 4.7) and the data above indicate that reductithre dM2 protein is
sufficient to mislocalize endogenol@MPK transcripts. The consequence of pDM2
knockdown onDMPK 3'UTR directed localization was examined on the reporter
construct to determine if tHeMPK 3'UTR, which confers specific mRNA localization,
is sufficient to transmit the pDM2 effect observed on endogenousagesfNAI
constructs were co-transfected intgCg; cells with an EGFP-DMPK 3'UTR construct,
incubated to allow the RNAI to take affect, fixed and the EGFPepratignal was
examined as a read out for the EGFP reporter. Indeed, depoedlsgar amounts of the
DM2 protein caused altered localization of the EGFP reporter e tbells as compared
to mock construct. Mirroring the situation with endogenDi$PK mRNA, the reporter
was seen extending throughout the cell cytoplasm, rather than deiogriined (Figure
4.12). The fact that pDM2 knockdown’s effect on altered cellular digian is
recapitulated on a reporter construct that is localized due tolsigithin the DMPK
3'UTR, underscores the conclusion that the DM2 protein functions direcDMPK

MRNA localization.
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Figure 4.12 Reduction of pDM2 levels alters reporter localization

C.Cy2 cells were co-transfected with the EGFP-3'UTR reporter (a constnogin to
specifically be ER localized, Figure 4.7) and RNAI constructs and the RNAI ptotas
performed. Visualization of the reporter construct revealed that theleliwere

transfected with no DNA, wild type, or an empty vector, mock, showed the ER localized
pattern seen previously. Those cells transfected with either effedih2eRNAI

construct, RNAI construct 2 or 3, displayed a marked change in the localization péatter
the reporter, demonstrating that the mislocalization effect of pDM2 knockdown functions
completely through the DMPK 3'UTR and is independent of the rest of the DMPK
message.
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L OCALIZATION CHANGE FOR DMK PROTEIN AFTER P DM2 KNOCKDOWN

A fundamental purpose of mRNA localization is to control the tediosial
location and timing of the localized message; therefore, loeglizanscripts are held
translationally silent until the proper signals have been ret¢o/eelease this repression.
There are two potential translational consequences of a messeaxge wubcellular
localization is incorrect: the message is never translatédsotranslated at the incorrect
location. It is possible that the message will not be translatedube the signals to
release the translational repression have not been received andsege will never be
made translationally active. The other possibility is that theepra¢ made at the new,
incorrect location because either 1) the aberration that cabsechislocalization also
compromises its translational repression by kicking off theessor or altering the RNA
structure into a productive one or 2) a new factor is encounterbd aetw location that
can relieve the repression. In DM patient tissue, the misleclDMPK message was
translated since the DMPK protein was observed in sarcoplasmic ntassgise of RNA
mislocalization and disease pathology.

To determine if theDMPK mRNA mislocalization resulting from the loss of
pDM2 also results in the mislocalization of the DMPK protein, unofluorescence of
the DMPK protein was performed after the RNAi knockdown of pDMZ46;, cells.
Like the DMPK mRNA, in cells that were transiently transfected witreetive DM2
knockdown constructs, the DMPK protein distribution shifted away from otrated
endoplasmic reticulum staining to a more diffuse cytoplasmienpatihus, the DMPK
protein is translated at the mislocalized site, recapitulatmeg disruption of DMPK
protein distribution uporDMPK mRNA mislocalization that was observed in muscle

tissue.
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Figure 4.13 DMPK protein localization is altered in pDM2 knockdown cells
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C.Cy2 cells that were treated with the DM2 RNAI procedure were subsequently probed
via immunofluorescence for the localization of the DMPK protein. In wild type, nA DN
was transfected, and mock, an empty vector was transfected, cells the DME&HK pr

pattern is restricted to the ER, as seen by co-localization with an ER maypker DM2

protein knockdown, the DMPK protein pattern extends beyond the ER into the cytoplasm
(RNAI Constructs 2 and 3), thus loss of the DM2 protein alters DMPK protein
localization.
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Conclusions

MRNA localization is crucial for proper embryonic developmentmnodel
systems and in the nerves and muscles of humans. While disruptiocalidtion in
models systems in well established to cause birth defectsthedsevere abnormalities,
no analogous mislocalization disease has been identified in humanso@uxamining
DMPK mRNA localization in human muscle tissue from normal and DNicedtl
individuals (Chapter 3) implicated mRNA (mis)localization asaaise of Myotonic
Dystrophy. These data, along with my data in the disease rel@vescte culture system,
provides proof that mMRNA localization does indeed wunderlie the human
neurodegenerative disease DM (this chapter). Reporter cosstewal information
necessary for prop&@MPK mRNA localization resides in tHgMPK mRNA 3'UTR, the
site of localization information in most messages. Moreover, v sthat DM1’'s
causative mutation disrupBMPK localization when harbored within ti¥VIPK 3'UTR
(this chapter).These data solidify a role for RNA (mis)lzedion in DM pathology and
provide a molecular mechanism whereby DM1’s disease mutatiomagsto function
in DM etiology/pathology.

To date, the role of DM2 in DM etiology has received comparativiche
attention. DM2 was characterized by a large (up to 49kb) inseritbmwhe first intron
of the ZNF9 gene. Initial speculation suggested that here was a common patlblogy
DM1 and DM2 with the DM repeat expansion and the ZNF9 insertion coadesto
nuclear foci and chelating the same RNA binding protein, thus remthang from their
appropriate tasks (Liquori 2001). From our perspective these twodargeences (CUG

vs. CCUG) could not be expected to form the same RNA structure¢hemefore, would
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not be able to specifically bind the same RNA binding proteins. tidddily, the
specificity of the nuclear foci and their relationship to DM hexently been called into
guestion (Ho 2005, Houseley 2005, Holt 2007).

While DM2 is relatively rare (<2% of DM cases), we consdethat this might
provide vital clues to the process underlying DM pathology. GivenOh&t and DM2
produce the same diverse constellation of symptoms, we postulatddMbhsand DM?2
gene products function in the same molecular pathway. The RNperiexents
delineated here suggest that this is indeed the case. They shdhetiRd¥12 protein is
essential for the proper cellular localization@¥PK mRNA and its disruption alters
DMPK mRNA localization. Therefore, these data establish that tme geoducts

identified by the two forms of DM are functionally linked.

11¢



CHAPTER 5: DM2 PROTEIN BINDS A SUBSET OF THE DMPK
MRNA 3" UNTRANSLATED REGION

Overview

Based on thd®OMPK mRNA mislocalization resulting from pDM2 knockdown
seen in Chapter 4, we hypothesize that the DM2 protein performssantial role in the
normal subcellular localization of tHeMPK mRNA. The domain composition of the
DM2 protein gives further insight into its potential function in thaéghway. This small
protein possesses eight RNA binding domains: seven CCHC type idgersf and an
RGG box (Armas 2008). Zinc fingers are a class of common proteifsriwit fold into
finger-like structures that make tandem contacts with thettangéecule, whether the
target is a protein, RNA or DNA depends on the amino acid composftectiag the
fold of the domain (reviewed in Laity 2001). The CCHC type at4inger, as seen in
the DM2 protein, is an unusual zinc finger that is found in a srabBet of zinc finger
containing RNA binding proteins (Hall 2005). The other domain in the DM2iprdtes
RGG box, is an arginine-glycine-glycine rich region highly samtb the RNA binding
domain found in hnRNP proteins and proposed to be a predictor of RNA birudivitya
(Kiledjian 1992).

The overwhelming presence of known RNA binding domains strongly predicts
that pDM2 has RNA binding ability. | hypothesize that pDM2 is an RNA binding protein
that interacts with the localization element within the 3'UdiRhe DMPK mRNA. A
series of experiments intended to biochemically characterizd2{sD hypothesized
interaction with the DMPK mRNA were conducted. These data 1blesttaa molecular
association between the DMPK mRNA and the DM2 protein.2) mamtéeaction to a

very small subset of the DMPK 3'UTR and demonstrate this regoté as an mRNA
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localization element and 3) provide insight into a potential simpdecunlar switch

underlying the disease state.

Results

DMPK MRNA AND PDM2 BIOCHEMICALLY COFRACTIONATE

We have demonstrated the importance of pPDMDMPK mRNA localization
(Chapter 4) and established@z, mouse myoblasts as a disease relevant tissue culture
system for studying this process. This system provides a nfabgchemically
analyzing the hypothesized role of pDM2 agrans-acting factor in theDMPK RNA
localization process. An interaction between the DM2 protein an@®kiieK mRNA
would absolutely require that the two at least partially etddboverlapping subcellular
localization. Although | have shown previously that these two componeftsale in
both human muscle tissue and myoblast cell culture and that théyitea functional
overlap, these data have not determined if pDM2’s function in thisvagtis through
direct association with the localized mRNP or more tangentially.

To elucidate whether the DM2 protein and DEIPK mRNA reside within the
same molecular particle, | employed cofractionate analyseg sscrose gradients. This
technique separates cellular extract components based on the dértbigy naturally
occurring complexes found within a cellular extract. Thus, iffaebors reside within the
same complex, at least a subset of each component will be found sarntteegradient
fraction. A 10-40% sucrose gradient was layered wih, £cell extract and separated via
centrifugation. Resulting fractions were analyzed for the poesef the DM2 protein via

western blot and thBMPK mRNA via northern blot.
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Since the DM2 protein itself is 19KD, free protein will resatethe top of the
gradient. Its sedimentation elsewhere in the gradient shoudtttré stable association
in a molecular complex with other cellular components. Notably, gradiealysis
revealed no significant free DM2 protein exists in my exsracather it is found
sedimenting further into the gradient (Figure 5.1). This imptiegists as a component
of larger molecular complex(es). This finding has direct ioapions for our subsequent
experiments (see below). Moreover, the DM2 protein and the DMPK AnRN
cofractionate into two separate peaks, of approximately (35s) (8@s). This
sedimentation implies the DM2 protein is found in larger partieslathich likely have
multiple other components (RNAs and/or proteins). This is consistémttie large
number of interaction domains (7 Zinc fingers + RGG box) within ihiekD DM2
protein. Indeed, DM2 could act as a potential scaffold or adaptor where itagisausly

interacts with a variety of components.
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Figure 5.1 DMPK mRNA and DM2 protein Cofractionate in Sucrose Gradients

C.C12 myoblast extract was fractionated through a 10-40% sucrose gradient and the
resultant gradient fractions were analyzed for the preseri2®BK mRNA and DM2
protein. Top panel: Half of the total RNA from each gradient fraction was dotted onto a
nylon membrane and probed for the presend@MPK mRNA using ann vitro

transcribed, radiolabelled antisense mdDB#PK mRNA riboprobe. Bottom panel: DM2
protein distribution was determined by anti-DM2 antibody western blot analysis
guarter of the total protein from each gradient fraction.
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PDM2 ASSOCIATES WITH ENDOGENOUS DMPK MRNA

MRNAs do not exist in the cell as naked RNAs; rather, thepanteof an mRNP.
A subset of cellular proteins instrumental in mRNA localizastould be part of the
MRNP harboring the localized mRNA. Cosedimentation of pDM2 anDliiegKk mRNA
in the previous gradient analyses in two complexes, each with larstfansity, does not
directly demonstrate these two molecular components reside inathe molecular
complex/patrticle.

To probe for potential association of pDM2 dbIPK mRNA, GC,, whole cell
extract was subjected to anti-DM2 immunoprecipitation. As a abntr
immunoprecipitation with non-immune sera was performed in parallebllowing
immunoselection, conjugates were eluted and nucleic acids in emth elere extracted.
Samples were fractionated via denaturing gel electrophoresisuajetted to northern
blot analysis. Probing the blot with a internally radiolabelleiisanseDMPK riboprobe
revealed pDM2 andMPK mRNA do indeed interact (Figure 5.2 lane 2). Controls
indicate that this molecular association was highly specifiher&fore, pDM2 and

DMPK mRNA reside in the same molecular particle(s).
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Figure 5.2 pDM2 specifically associates with endogenous DMPK mRNA

C.Ci2 whole cell extract was phenol extracted (lan€) br subjected to immunoselection
with anti-DM2 (lanes 2,4) or non-immune (lanes 3,5) sera. Antibody conjugateihProt
A Sepharose beads (lanes 2,3) or supernatants (lanes 4,5) were extracteds ®arapl
fractionated via 8M Urea 4% polyacrylamide gel electrophoresis, electdichtye
transferred to Nitrocellulose and subjected to northern blot analysis usidopkalbelled
riboprobe complementary to tlBVIPK 3'UTR. Lane 1 indicates the mobility BiMPK
MRNA and lanes 4, 5 indicate that equal amounts of iDtatRK mRNA were present

for both immunoprecipitation reactions.

DM2 PROTEIN CAN ASSOCIATE WITH EXOGENOUS DMPK MRNA

Further biochemical analyses of pDM2 bindingDIbIPK mRNA required ann
vitro binding assay. For these analyses, | chose to use a whole,Cglle&tract since
this has components f&MPK mRNA and pDM2 association and arwvitro transcribed,
radiolabelledMPK 3'UTR transcript since localization information for the vast majority
of localized messages reside there (reviewed by Chabanon 2004, JamR2i0ékhaim he

DMPK 3'UTR and extract were mixed and incubated under complex formingtioorgdi

124



This should allow any factors which associate withbiPK 3'UTR to bind/assemble.
This procedure has been used successfully to map known Drosphiladtoaliactors
with the 3'UTR of the localized Drosphilsicoid mRNA (exuperantia, staufen) in the
Gottlieb lab. Taking into account the numerous zinc fingers within & protein and
their requirement for the presence of zinc to properly bind taeget, 1mM ZnCl was
included in the binding reactions. This amount was determined based aonthioos
for Muscleblind RNA binding (Miller 2000), another zinc finger contain®gA binding
proteins involved in DM biogenesis, as well as other zinc fingeragung proteins
(Zang 1995, Rakitina 2006). After complex formation, this reactios w@bed via
immunoprecipitation as before using anti-DM2 or non-immune serum. iNwatals in
the resulting samples were extracted, fractionated via dertpadlyacrylamide gel
electrophoresis and visualized by autoradiography. Mirroring tmelogenous
immunoprecipitation experiments, the DM2 protein successfully aedtsadly interacts
with the exogenoudDMPK 3'UTR transcript (Figure 5.2). This demonstrates that
endogenous DM2 protein in a cell extract is able to bind tm aitro transcript of the
DMPK message, thus creating a system for the biochemiahigation of this

interaction.
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Figure 5.3 The DM2 protein recognizes the DMPK 3'UTR in vitro.

An internally radiolabelle@MPK 3'UTR riboprobe (lane 1) was mixed with@

whole cell extract and incubated under complex formation conditions containing zinc.
Reactions were subjected to immunoselection with DM2 (lanes 2,4) or nonimranes (|
3,5) antibodies. Nucleic acids in precipitates (lanes 2,3) and supernataess4(s)

were extracted, electophoretically fractionated on an 8M Urea 4% polyaidd gel

and transcripts were visualized via autoradiography. Supernatants4Jahesveal

equal amounts of full length mMRNA were present in both immunoprecipitation reactions
(lanes 2,3) and that the binding in immunoprecipitation procedures do not lead to
transcript degradation.

PDM2 SPECIFICALLY RECOGNIZES A SUBSET OF THE DMPK MRNA

For the first time, these data establish a physical interatietween the DM2
protein and th&®MPK mRNA and, additionally, they reveal that association occurs via
the DMPK 3'UTR. However, theDMPK 3'UTR is almost 800 nucleotides long, so
further study is desirable to define the regions oDNPPK mMRNA that are necessary for
pDM2 recognition. A smaller, more defined mRNA region is prdferéor application

of a battery of analytical RNA-protein interaction techniques (usually 500 resr
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To achieve this goal, a DNA plasmid carrying tBMPK 3'UTR cloned
downstream of a T3 promoter were digested independently with 4 spesfraction
enzymes, Smal, Pstl, BamHI and Xbal. Paratalitro transcription reactions using T3
RNA polymerase created a nested set of internally radidééabelin-off transcripts of
increasing length (Figure 5.4a). Each has the same 5’endnaidasing length 3’ ends
such that the final transcript (Xbal) encompasses the entirety of the 3'UTR.

As a source of DM2 protein for these experiments, we considesiag purified
material (synthesized off a molecular clone). Instead, weetuto a whole cell extract
known to possess large amounts of DM2 protein functional in the Zatial process
(CoC12 myoblast cells). This was done for several reasons; 1) thesenay appreciable
free pool of DM2 protein in our gradient analyses (Figure 5.1), 2)atige number of
zinc fingers in DM2 suggested that this protein is capable of mlaleinteractions and it
is possible that one or more factors facilitates or stabil@gsDMPK mRNA-DM2
interaction and 3) to date, mo vitro RNA localization assay is available to confirm that
DM2 protein synthesized off a clone is in the proper form (with riega folding,
modification, etc) to function in localization. It should be noted wiadle cell extracts
mixed with synthetic riboprobes have been employed extensivatfidaracterize RNA-
protein and RNA-RNA interactions at the heart of seminal passtriptional RNA
processes, including mRNA splicing, mMRNA polyadenylation, historen@’ processing,
and mRNA stability. Moreover, this type of extract along wighthetic riboclones have
been highly fruitful in identifyingtrans-acting factors and their associatei@-acting
RNA sequences in many of the aforementioned processes. Morkcafigcit has been
successful in linking RNA factors antds-acting signals instrumental in the mRNA
localization process in Drosophila (Linn, L and Gottlieb, E unpublished Ts#dkova, T

and Gottlieb, E unpublished data).



Experimentally, the transcripts described above were combindu @€,
myoblast cell extract, incubated under complex formation conditions, wjected to
immunoselection with anti-DM2 and non-immune antibodies as indicatedopstyi
Once again, nucleic acid in immunoprecipitates and supernatants exéracted,
purified, and fractionated via denaturing polyacrylamide gel elbtresis.
Autoradiographic analysis reveal®@MPK 3'UTR mRNA sequences essential for DM2
protein recognition are localized between the 5’ end of the 3’ UitRilae Pstl site (335
nucleotides) (Figure 5.4B). This conclusion arises from the ftiaat transcripts
independently ending at the Pstl (335 nt), BamHI (537 nt) and Xbal (745ted) are
each selectively precipitated with anti-DM2 antibodies while shertest transcript
ending at the Smal site (5" most 83 nt) failed to precipitatas indicates that sequences
essential for DM2 association exist in the 252 nucleotide regitweba the Smal and

Pst | sites.
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Figure 5.5 Only a subset of the DMPK mRNA 3'UTR is necessary for pDM2 binding

A) A collection of in vitro transcripts, radiolabelled run-off transcripts el@MPK

MRNA 3'UTR were created, each successively shorter. B) The run+o$tctipts were
complexed with whole cell ££;, extract and immunoprecipitated with anti-DM2 (lanes
6,8,10,12) or non-immune (lanes 7,9,11,13) sera. Nucleic acids in precipitates (lanes 6-
13) and supernatants (lanes 14-21) were extracted, electophoretactilyrfated on an

8M Urea 6% polyacrylamide gel and transcripts were visualized via autoragolgg
Supernatants (lanes 14-21) reveal equal amounts of mMRNA were present in both anti
DM2 and non-immune) immunoprecipitation reactions for each transcript and that the
binding in immunoprecipitation procedures do not lead to transcript degradation.
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PDM2 INTERACTION WITH THE DMPK MESSAGE ISSENSITIVE TO RNA STRUCTURE

Our initial analyses indicated that pDM2 interacts with BERdPK mRNA via
element(s) contained within the first 335nt of MPK 3'UTR, particularly the 252
nucleotides between the Smal and Pstl sites. Among other thingsegmnsent of the
3'UTR contains a region predicted to form a G-quartet and thevbigze the disease-
causing (CTG)n expansion would reside in the corresponding mDtdRK 3'UTR
found in DM1 patients. We wished to further define the DM2 prdbMiPK 3'UTR
interaction and determine whether any of the aforementioned featere influential in
binding. These analyses could lead to further insights into the maléagis underlying
DM as well.

We showed that the 3'UTR was necessary and sufficient fat typpe ER
localization of a reporter and the literature indicates thatifat@an signals often contain
structural components. Therefore, we wanted to take an RNA appm#uls problem,
rather than use a series of small 3'UTR fragments that widaly not tell the entire
story. Fortunately, the newly defined 3'UTR region fell withie range (<500nt) that is
applicable to a wide variety of RNA-protein interaction techniques.

To more precisely map the pDM2 binding site on this 335nt portion dtheK
3'UTR, we chose to employ a protection-immunoselection experiitiégtire 5.6A).
Protection-immunoselection has been successfully used to investazbr-mRNA
interactions for several regulated steps of RNA biogenesis, ingudiRNA splicing
(Black 1985, Black 1986), histone 3’end formation (Mowry 1987) and mRNA
localization (Lin, Tsalkova), in order to map the exact bindingddite specific protein or
RNP cofactor on a corresponding specific mMRNA target. This egtyepowerful tool

has two huge advantages: 1) a binding site can be determined whistldinear stretch
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of RNA, different parts of the RNA brought together in spaceRbDIA folding or a
binding site influenced by global RNA structure and 2) interactiies can be
determined whether the candidai@ns-acting factor cellular component binds the
MRNA directly (such as the polypyrimidine binding protein involved inNARSplicing),
indirectly through association with another protein or RNA cofa@wr Ul snRNP in 5’
splice site recognition) or in association with another factorchvistabilizes RNA
binding (ex: the exuperantia mMRNA localization factor).

For this experiment, we generated an internally radiolabelledtrairscript
encompassing nucleotides 1 to 335 of BMdPK 3'UTR. This was allowed to fold and
was then mixed with a while cell extract froraGg, myoblasts which possesses amounts
of the DM2 protein in a form competent for proper wild typdPK mRNA localization
(Chapter 4). Following incubation under complex formation conditions to adow
factors that normally associate to assemble, reactions tveated with T1 RNase, an
RNase that normally cuts after G residues. It will cleave the taftg@DRNA transcript
with the exception of G residues that are protected by RNAtste and/or binding of
associated factors (proteins and/or RNPs). T1 treated reactetisea immunoselected
with anti-DM2 antibodies and the radiolabelled transcript portions baumDM2 are
then isolated, purified and electrophoretically separated on a&utemg polyacrylamide
gel. Fragments which are selected due to DM2 association aresihed and their
subsequent composition is determined unambiguously by nuclease mappiigl Para
non-immune precipitates and nuclease treated transcript withotdactexéxposure
facilitate this analysis.

This experiment involved titration of a variety of components (T Xkeotration,
RNA competitor, extract concentration, salt concentration, etc).e/dse experiments

revealed that DM2 protein did indeed specifically and selectingdggnize a subset of
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the DMPK 335nt 3'UTR region, the pattern did not lead to a clean mapping which
contrasted with two Drosophila RNA localization factors (exupexaantd staufen) that
the Gottlieb lab previously mapped. For DM2, | consistently obseryedtacted linear
band with migration between roughly 35 and 45 nucleotides. Additionb#ye twas a
dominant set of apparently nested bands that moved around in sizéffeitant binding
conditions. Many were found independently of extract, suggesting thatrtahy be RNA
structures. Most telling was the change in nested selected $eenisipon M titration,

a divalent metal ion which often influences RNA structure (reetevm Draper 2004).
Taken together, we concluded the DM2 protein “binding site” likely ohetua core 35-
45 nucleotide RNA element which was highly influenced by RNAc#tre, as is the
case for a substantial subset of localization factors. | corttlinde | needed to visualize
DM2 protein binding oDMPK RNA by an alternative method that took into account, but

was not confounded by, RNA structure.
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Figure 5.6 A small portion of the DMPK 3'UTR is protected and immunoprecipitated by
anti-DM2

An in vitro transcribed, internally radiolabelled transcript of the first 335emtides of
theDMPK 3'UTR (lane 1) was treated with RNase T1 either as is (lane 2) or after
incubation with GC,, whole cell extract (lanes 3-5). The banding pattern in lane 2
represents the areas of the transcript that are naturally protectedrbglistructure.
Several new bands were visible after incubation with extract (lane 3), inditiaat
portions of the transcript were protected from RNase degradation bysfatthe

extract. Only a subset of these new bands (black arrows) was immunopretipytat
anti-DM2 antibodies; they represent the area of the transcript that wastguidig DM?2
protein containing complexes in the extract (lane 4). The immunoprecipitatiorsef the
bands by anti-DM2 was specific, as hon-immune sera did not precipitate RNA)lane
Despite consistently seeing a discrete set of bands in the DM2 immunopredifzited,
the background bands prevented secondary analysis to decipher their sequences.
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DISCRETE DMPK 3'UTR REGIONS ARE NECESSARY FOR FDM2 BINDING

The protection-immunoselection experiment indicated that a sewbmr of the
DMPK mRNA is consistently protected by DM2 or a DM2 containogiplex, but the
intensive natural structure within the message preventedaa wlapping of the DM2
protein interaction site. These data revealed the importance @npresthe structure
that mapping this RNA-protein interaction required an experimeletin which retains
structures within the transcript during the binding analysesecAnique was designed
exploiting the function of RNase H, which precisely destrofd)ARDNA duplexes, to
selectively degrade 20-25 nucleotide sections of DIMPK 3'UTR mRNA. In this
experiment, an oligonucleotide was bound in a sequence specific maromer $ge on
an in vitro synthesize® MPK 3'UTR transcript, boiled and allowed to slowly cool to
room temperature to open any RNA structure and create a DNR\-#uplex. These
potential duplexes were then treated with RNase H to degradeNAein the duplex
region, biochemically creating a mutant transcript lacking thgetad region of RNA.
The ‘mutant’ transcript was then complexed witfC& extract and immunoprecipitated
with anti-DM2 or non-immune antibody. This strategy was undertdkedetermine
which sequence of thBMPK 3'UTR was required for pDM2 binding. The analysis
focused on the region of tidVPK 3'UTR shown to accommodate pDM2 binding in the
run-off immunoprecipitation experiment (Figure 5.5).

Transcripts individually bound by one of the nine designed oligonucleotides
against the DMPK message or no oligonucleotide were treated RiNlse H and
separated by denaturing gel electrophoresis to confirm that onlgréakcted sizes of
fragments exist after treatment. Indeed, the products of tlikciae sizes were seen,

indicating that the nine oligonucleotides specifically targeted dingred site of the
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transcript and did not bind multiple places. The cleanliness of thke \RNfied that the

RNA was not non-specifically degraded by the procedure.
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Figure 5.7 Nine oligonucleotides specifically bound the DMPK 3'UTR and wergycut
RNase H

Nine oligonucleotides were designed to sequence specifically bind selapteehse of
theDMPK 3'UTR. This area corresponded to the region between the Smal and the Pstl
sites, the area we showed to be required for pDM2 binding. The preDigtel Pstl cut
3'UTR structure displayed was created with MFOLD software (Jacobson 19983eRN

H treatment of in vitro transcribed, internally radiolabelled PstDddPK 3'UTR

transcript individually complexed with each oligonucleotides resulted in Rabfrfents

of predicted size (oligos 1-9). Transcript that was not complexed with oligondekeot

was subjected to RNase H treatment (lane -) demonstrated that theupeabees result

in non-specific cutting or RNA degradation.
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These freshly cut transcripts were then incubated with wholeCg€l, extract,
immunoprecipitated with anti-DM2 or non-immune antisera and run on wemat
polyacrylimide gels. During the titration of the binding conditions, vayynagnesium
concentrations in the reaction were tested because magnesutivaent cation known
to be required for proper RNA structure formation and stabilityi€veed in Draper
2004). Interestingly, the efficiency of the immunoprecipitation drasnatically affected
by the amount of magnesium, reinforcing the importance of RNA steidh this
interaction. The condition with the optimum binding was 5mM magnesium which
corresponds to the physiological concentration of magnesium in asllgell as the
required magnesium conditions for splicing, another essential postiiational RNA
process. The magnesium sensitivity of the association indicateth¢hatructure of the
message at suboptimal magnesium conditions reduces the bindingneifiof the DM2
protein.

At optimized conditions, the deletion of one region of the transcript
corresponding to RNase H treatment with oligos 2, 3, 4 and 6, was fowgloninate
pDM2 binding (Figure 5.8). The predicted structure of this region oDM@K 3'UTR
contains two strong hairpins with oligos 2 and 3 targeting one hairginobgos 4
through 6 targeting the other (Figure 5.7). Therefore, the preseh both of these
hairpins influences the ability of the DM2 protein to associaté tie DMPK 3'UTR
MRNA. Intriguingly, this subset of the transcript is in very elpsoximity to the site of
repeat expansion in the diseased transcript, the second hairpin Exonlycleotides 5’
of the first CUG triplet, suggesting that the predicted doubdendad structure formed by
the (CUG)n repeat expansion may have potential structural conseguem the pDM2

binding site.
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Figure 5.8 The DM2 protein binding requires only a subset of the DMPK 3'UTR

A Pstl cutDMPK 3'UTR internally radiolabelled in vitro transcript was incubated with
one of the nine oligonucleotides designed to bind this region @hteK 3'UTR, or

none at all, and treated with RNase H which degrades RNA in RNA-DNA duplexes
(lanes 1-11). The RNA was then incubated wit{z extract in complex forming

conditions and immunoprecipitated with anti-DM2 antibody (lanes 12. 14-22) or non-
immune sera (lane 13) and fractionated by denaturing PAGE. Four regiongguéred

for DM2 binding (lanes 15-17, 19) as RNase H deletion of these regions prevented DM2
from binding the transcript. Non-immune sera did not precipitate the transanetl(3),
showing the specificity of the precipitation reaction.
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HNRNP C1, an abundant heterogeneous nuclear RNP protein is known teriaifgr
bind many mRNAs via a U rich sequence (Koloteva-Levine 2002, Irin20@8).
Tiscornia et al demonstrate that HNRNPC1 can bind td¥eK 3'UTR and mapped
this interaction to the sequence between the CUG repeat expansidheaRdtl site
(Tiscornia 2000). Therefore, the sequence required for HNRNPC1 pbatding should
reside within the subset of th¥MPK 3'UTR that | have targeted by RNase H analysis.
This procedure was performed and interpreted with the same oosditsed for pDM2
binding RNase H analysis except that the immunoprecipitationoaaatvere carried out
with anti-HNRNPC1 rather than anti-pDM2 antisera. This experiatientconfirmed that
the HNRNPCL1 protein interacts with tHegMPK 3'UTR and demonstrated that the
interaction strongly requires only one small region of the trgpts The necessary site is
within the confines of the region identified by Tiscornia et al andtains a large
proportion of U nucleotides, coinciding with the known characteristiceirdRNPC1
binding and its interaction with ti2MPK message. This data confirms and expands our
knowledge about the pHNRNP@IVIPK mRNA association site while simultaneously
demonstrating the specificity and selectivity of the RNasdiggb mapping method as a

technique for probing RNA-protein interaction.
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Figure 5.9 HNRNPC1 binding specifically maps to a different region of the DMPK
3'UTR than the DM2 protein

A Pstl cutDMPK 3'UTR internally radiolabelled in vitro transcript was incubated with
one of the nine oligonucleotides designed to bind this region @hteK 3'UTR, or

none at all, and treated with RNase H which degrades RNA in RNA-DNA duplexes
(lanes 1-11). The RNA was then incubated wit{z extract in complex forming
conditions and immunoprecipitated with anti-hnRNPC1 antibody (lanes 12. 14-22) or
non-immune sera (lane 13) and fractionated by denaturing PAGE. Only one gjoall re
(lane 21) was required for HnRNPC1 binding to this segment @MheK 3'UTR, as

the rest of the deleted transcripts were precipitated by anti-HnRNP®bantNon-
immune sera did not precipitate the transcript (lane 13), showing the spgoifittie
precipitation reaction. Therefore, HNRNPC1 binding specifically maps tdeaenhit

region of this transcript than the DM2 protein, demonstrating the selectivitysof thi
procedure.
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A 122NUCLEOTIDE SEGMENT OF THE DMPK 3’'UTR IS SUFFICIENT FOR PDM2
BINDING

RNase H oligonucleotide mapping analyses reveal that only a sufeét of the
DMPK 3'UTR is required to support pDM2 binding (Figure 5.8); however, these data
only determine which sequences are required to lose interactionhiobt sequences are
sufficient for DM2 protein binding. Therefore, a set of tramgsriwere constructed to
examine the sequences necessary for pDM2 binding, composed of th€ BMPR
region required for DM2 binding that was identified by the RNasem&pping
experiment.

The smallest transcript, referred to as Smal, represents'éhd of the DMPK
3'UTR, from the Narl cut site at the 5’ end to the Smal sites Transcript was shown
not to contain the sequences necessary for pDM2 binding in the runsg€tripdion
immunoprecipitation experiment (Figure 5.5) and serves as the negatitrelc The
second transcript, called Sacll, contains the region from thechsite to the Sacll site.
The Sacll site resides approximately halfway through the lgespDM2 binding site
(corresponding to RNase H mapping oligos 1-3). The third transcrigt; &I, contains
the region from the Sacll cut site to the Pstl site, therdia# of the possible pDM2
binding site (corresponding to RNase H mapping oligos 4-9. The finakttipins the
Pstl cutDMPK 3'UTR which was shown previously to support pDM2 interaction (Figure
5.5) and serves to confirm that the experimental conditions are condacpieM2-
DMPK mRNA association. The transcripts were in vitro transcribetiradiolabelled
and complexed with £;, whole cell extract. These complexes were then
immunoprecipitated against anti-pDM2 or non-immune sera, extraaied the beads

and analyzed by denaturing PAGE.
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The binding site suggested by the RNase H experiment was rdiyndte
discovery that the Sacll-Pstl transcript is sufficient to suppastist pDM2 binding,
while the region just upstream of this site (represented b$dlod transcript) does not
contain the required sequences. As expected, the Pstl transcriptpgidrts pDM2
binding and the Smal did not. The specificity of the binding wadiegérby parallel
immunoprecipitation with non-immune sera and the stability of thesdrgpts was
checked by loading total RNA as was described in the run-adhstript
immunoprecipitation experiment above. These data map the pDM2 bintging within
a small, 122 nucleotide area of tA¥PK 3'UTR transcript. They verify and extend the
data from the RNase H oligonucleotide mapping experiment bgukgnating that only a
subset of the potential pDM2 binding site contains the sequencesargces facilitate
the pDM2DMPK mRNA interaction. The larger pDM2 binding requirement in the
RNase H experiment may be due to structural stability. cibigeivable that the required
structure was constrained in the longer transcript and requiregrésence of the
upstream sequence to stabilize the local structure of the bingéngrsus, removal of
that region in the RNase H experiment compromised the structuhe @fctual binding
location which immediately abuts this area. However, the shortieaescripts did not
have the structural strain placed upon them by the rest of the DBBWPKR sequence, so
Sacll-Pstl could fold into and maintain the proper structure wittreutdditional aide of

the upstream sequence.
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Figure 5.10 pDM2 specifically binds to a 122nt subset of the DMPK 3'UTR

A) Constructs of the DMPK 3'UTR were designed to analyze the region required for
DM2 binding as defined by the RNase H mapping experiment (Figure 5.8). The area of
particular interest in halved by the Sacll restriction site, so constBactil and Sacll-Pstl
were made to split the region in order to determine which sequences aredéquir
pDM2 binding. Pstl and Smal transcripts have been shown previously to bind and not
bind the DM2 protein respectively (Figure 5.5) and served as controls. B) Tp#scr
were incubated with £C;, extract under complex forming conditions,
immunoprecipitated and resulting RNA separated by denaturing PAGES @ah2). This
study revealed that only two constructs, Pstl and Sacll-Pstl, contaimtienses
necessary to facilitate pDM2 binding (lanes 5,9); therefore, the 122nt regiosebetve
Sacll and Pstl sites is sufficient for pDM2 binding. Non-immune sera did not pageipit
the transcripts (lanes 6,8,10,12), showing the specificity of the precipitaaotian.

Total RNAs verify that the transcripts were not degraded during the proceahees (13-
20).
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THE DMPK 3'UTR REGION REQUIRED FOR PDM2 BINDING IS NECESSARY AND
SUFFICIENT TO LOCALIZE AN EGFP REPORTER.

In considering my data in the context of a localization model fgotbhic
Dystrophy, pDM2 represents a candidate RNA localization facidrerefore, the 122nt
region of theDMPK mRNA 3'UTR that is required for pDM2 association as defined by
my RNase H protection experimenmtsvitro, should be required for function (i.e. proper
wild type DMPK mRNA localization)in vivo. From the functional data presented in
Chapter 4, th®MPK 3'UTR is sufficient to properly localize an EGFP reporter construct
to the endoplasmic reticulum in cultured myoblagC cells (Figure 4.7). In contrast,
we discovered that an EGFP construct containindt®K 3'UTR devoid of this 122nt
region was unable to exhibit proper wild type subcellular locatimain this GCi»
system (EGFRHairpin, Figure 5.11), proving that the region of th&PK 3'UTR
required for pDM2 association is necessary for proper wild thPK mRNA
localization to the ER.

Given what we know about RNA localization in general, this 122 nucleotide
region of theDMPK 3'UTR may also be sufficient for localization. Alternativeityis
possible that additional portions of this 3'UTR are required to dmexger wild type ER
localization in a combinatorial manner. To test these possbilithe localization of an
EGFP reporter construct containing only the 122 nucleotide segmettie @MPK
3'UTR was assessed (EGFP-Hairpin, Figure 5.11). Significatitlg, 122nt 3'UTR
region which is required for pDM2 binding to tHeMPK mRNA, is definitively
sufficient to direct proper wild type localization. Thus, we codel that the DM2
protein represents an mMRNA localization factor, and that this Itfbgection of the

DMPK 3'UTR harbors a&is-acting mRNA localization signal.
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Figure 5.11 The 122nt pDM2 binding site is necessary and sufficient to localize a
reporter

The localization of an EGFP reporter construct containing the @K 3'UTR
except for the 122nt region between the Sacll and Pstl sites (the areseprezmintain

the pDM2 binding site), referred to as EGERairpin, was analyzed. Notably, the
contained ER localization pattern seen previously was markedly disrupted, shoating t
this section of th®MPK 3'UTR is necessary for propEIMPK mRNA localization. The
localization of an EGFP reporter construct containing just this 122nt region {EGFP
Hairpin) was analyzed and found to be sufficient to induce ER specific lotailizat

DM2 PROTEIN FAILS TO BIND THE DMPK 3'UTR HARBORING THE (CUG) N
DISEASE CAUSING REPEAT EXPANSION

A combination of myin vivo localization experiments and complementary
binding analyses provide insight into the wild type interaction betwlee DM2 protein
and the normal, wild typPMPK transcripts. For the first time, they molecularly link the
two cellular components which operate in the human disease Myotomsizoplyy.

Additionally, they provide a wild type function for the DM2 proteinDMPK mRNA
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expression. However, so far, they do not directly provide infeomain the diseased
state.

It is well established that the majority of Myotonic Dystroglages are caused by
a (CUG)n expansion in the 3'UTR of t®VMPK mRNA (DM1). Upon examination of
this data, we realized that the (CUG)n disease causing egpanscurs just 6nt
downstream of the 3’ end of tH@MPK 3'UTR region required for pDM2 recognition.
This situation provided a means to test the role of (CUG)n expamsiopDM2
interaction. Due to the proximity of these two elements, we hypiade: that the
presence of the repeat expansion could completely occlude pDM2 binding.
Alternatively, since the (CUG)n repeat expansion is known wistaifography and EM
analysis to form a large double stranded RNA stem (Napi¢€&ld, Michalowski 1999),
the formation of this (CUG)n repeat structural element couldecausarrangement in
theDMPK 3'UTR structure. (Note, the number of CUGs in the wild tiPK 3'UTR
is insufficient to induce a double stranded stem [5 versus 11 for alimaomber to
induce a double stranded stem]). Our data already revealstiheture is a dominant
feature of theDMPK 3'UTR and that structure is a key element underlying pDM2
binding to the wild typeDMPK 3'UTR (protection-immunoselection). Therefore,
formation of the (CUG)n repeat expansion double stranded stem could casgptbm
integrity of the pDM2 binding site, destroying specific pDRRIPK 3'UTR association.

To test this idea, we examined the ability of pDM2 binding to whld type
DMPK 3'UTR versus theDMPK 3'UTR harboring 90 CUG repeats (DMPK 3'UTR
(CUG)90). Internally radiolabellenh vitro transcripts of the tw®MPK 3'UTR species
were subjected to anti-DM2 immunoselection as before. While DM2 binendormal
DMPK 3'UTR as above, it failed to associate with the repeat-hadpodisease causing

DMPK 3'UTR (Figure 5.12). These data are consistent with and previdenderlying
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molecular means for why tHeMPK 3'UTR harboring the (CUG)n expansion exhibits
disrupted normal localization (Chapter 4).

In these experiments, we also simultaneously assessed thty albilithe
Muscleblind proteins to bind these RIMMPK transcript species. Mouse Muscleblind
proteins are known to selectively bind the (CUG)n repeat expansibimwie context of
the DMPK 3'UTR (Miller 2000), causing this family of proteins to be imopted in DM
pathology. Subsequent analyses demonstrated Muscleblind mutant rhibéedxa
subset of DM symptoms (Kanadia 2003, Hao 2008). Probing my complexastisia
Muscleblind immunoselection revealed that th&PK 3'UTR(CUG)” is bound by
Muscleblind as expected, while the wild typMPK 3'UTR is not. These findings
validate this experimental approach and underscore the specifiditythe
immunoprecipitation analyses.

Significantly, these data reveal that two molecular components, hptitated in
DM pathology, each bind tHeMPK 3'UTR; however, perhaps surprisingly, they do not
associate simultaneously. pDM2 exclusively binds the nofhPK message while
Muscleblind exclusively binds the (CUG)n expansion harboBiMfPK message. We
hypothesize that the occlusion of pDM2 binding and the alternative birafirtge
Muscleblind proteins, resulting from (CUG)n expansion, forms a sinmpblecular
switch to transition from proper wild type localization to the disdplocalization-
mislocalization of the@MPK mRNA that underlies disease development. Notably, these
data also define two discrete windows into the molecular eveneslyimg) DM etiology;
one fairly unexplored and defined by pDNI®APK mRNA interaction and the other
much more understood and defined by pMuscleblDidPK mRNA binding.
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Figure 5.12 (CTG)n expansion in the DMPK 3'UTR disrupts pDM2 binding and
facilitates Muscleblind protein binding

Immunoprecipitation was conducted on reactions containing both wild type and (CTG)90
expandedMPK 3’'UTRs that had been complexed withGg, extract. These reactions

were precipitated with anti-DM2 (lane 3), anti-MBNL (lane 4) and nomime sera

(lane 5). DM2 precipitates the wild typMPK 3'UTR, but this association is disrupted

by the (CUG)n repeat expansion. The exact reverse is true for the Musclebteidsr

The specificity of the precipitations was shown by the non-immune sera, which did not
precipitate eitheDMPK 3'UTR species. Total RNA lanes (6-8) show the relative levels

of the two transcripts in each reaction.



Conclusions

Myotonic Dystrophy is a debilitating neuromuscular diseasedtffiatts hundreds
of thousands of adults worldwide. Until now, the vast majority of reeezonducted has
been focused solely on the most prominent form of the disease, DM&, cshipletely
neglecting a secondary and nearly clinically identical form,2DWhe two forms share a
diverse set of symptoms despite being independently caused bemiffautations in
separate genes on different chromosomes. The similar clipieslentation due to
unrelated causative mutations implies a molecular overlap in tiee yeducts of these
two alleles; my previous data establishes that the overlappihggais the localization
mechanism of theDMPK message (See chapter 4). The intent of this series of
experimentation was to biochemically investigate the hypothesitedhction between
these two gene products, the DM2 protein andDiE’K message, an association which
has not been explored previously. My analyses address this potetdi&lyrexploring
pDM2 binding of the DMPK mRNA 3'UTR, a fundamental prediction of our
hypothesized RNA localization model of DM etiology. These data ghawthe DM2
protein is, in fact, an RNA binding protein and does interact wittDM®K transcript.
Moreover, these data map the binding site of the DM2 protein dowB2tmdcleotides
from the starting 745 nucleotides of the enidPK 3'UTR and define this region as the

localization element for thBMPK message.
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CHAPTER 6: CONCLUSIONS, DISCUSSION AND IMPLICATIONS

Overview

RNA localization is a key regulated step of gene expressi@mibryogenesis of
several model systems whose disruption results in severe birttsdéBg analogy, the
fact that this process is crucial in the function of nerves andlesus humans lead us to
consider that disruption of RNA localization could underlie certain neusoutar
diseases. Therefore, we initiated a hunt to find a human dissased by RNA
mislocalization. Here, using a multi-disciplinary approach, ourrtsffbave come to
fruition, identifying Myotonic Dystrophy (DM) as the first humarsehse where RNA
localization is shown to be the basis of disease etiology/pathology.

This experimental study was guided by parameters/properttas disease itself.
Consequently, our results provide insights into DM’s molecular genetichiaedy and
cytopathology, as well as providing several major conclusions thatar new
understanding of DM pathology. First, we demonstrate that RNAitati@n underlies
DM. The DMPK mRNA is shown to be localized via 3'UTR signals to the SRaBR
translated into DMPK protein at this locale. This is relevantesithe SR controls
calcium currents, a system that is altered in DM patiemts f(frther discussion see
below). Second, the causative triplet repeat imrhEK 3'UTR acts as a mislocalization
signal and causes the mutalellPK mRNA to be mislocalized to the site of ultimate
disease pathology, sarcoplasmic masses. The message stédnssulting in a fully
functional serine-threonine kinase in an inappropriate location. An#wslocale, this
kinase will be exposed to novel substrates, which it can phosphoilaieng signal

transduction cascades and leading to DM’s diverse symptoms. Welemata from
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patient tissue to support this novel model of DM etiology. Third, usingvo and in
vitro techniques we show for the first time that the gene prod@ckse two loci that can
independently cause Myotonic Dystrophy physically and functionallyeranot.
Specifically, we show that the gene product encoded by the secaml dapable of
causing DM, pDM2, acts as a localization factor fMPK mRNA. Fourth, we
demonstrate that the disease causing DM1 mutation specifitsiyptsDMPK mRNA'’s
association with pDM2, resulting in the disruptionDi¥1PK mRNA localization. Fifth,
we provide mechanistic data revealing a simple RNA-proteiaraction switch that
molecularly distinguishes the wild type situation from the diseased staseddfines two
separate windows underlying DM etiology; one involving the DM2 pnoted the
second involving the Muscleblind proteins (MBNL), factors that have puely been
indentified in DM pathology. While previous work in the myotonic field dentified
nuclear alternative splicing events that are effected bypMBK mRNA 3'UTR triplet
repeatin trans, our data open a new, complementary window into the disease due to the
action of theDMPK mRNA 3'UTR triplet repeain cis, effecting cytoplasmic events
stemming from altered mRNA localization. Our findings have isalmmportance in
understanding the molecular mechanism causing DM and open a varietgvel

research avenues, both basic and applied.

Conclusions and Discussion

THE DMPK MRNA IS A LOCALIZED MESSAGE

Our in situ hybridization data presented here reveal a SR/ER localizadittern
for theDMPK mRNA, which results in the SR/ER localization of the DMPK progad

corresponding to the location of DM2 protein. This agrees with apfewious reports
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that the DMPK protein is SR located and provides a mechanismh#br piosition
(Mussini 1999, Kaliman 2005).

The fact that this message and these proteins are ER Idc@izggnificant.
Growing evidence suggests that the ER plays a major roleeinottalization and
transport of many important messages (reviewed in Cohen 2005). Ovented@ample
is the Xenopud/gl mRNA. Vgl mRNA association with Vera, an ER localized protein,
is required for successfilgl mMRNA localization (Deshler 1997), indicating that the ER
plays a fundamental role in the localization pathway of this rgesda fact, several
muscle specific mMRNAs are ER localized, includibgsmin, Vimentin (Cripe 1993),
alpha-Actin, slow Troponin C andslow Troponin | (Reddy 2005), raising the possibility
that the ER plays a vital role in mRNA localization in mudatection. The ER plays an
important role in intracellular calcium regulation, crucial tasele contraction and
relaxation. One of the known DMPK protein phosphorylation targetstio is an ER
localized proteirin vivo, Phospholamban, and its underphosphorylation due to a lack of
pDMPK affects calcium uptake in cardiac muscle (Kaliman 200b¢ ER/SR plays a
critical role in muscle cell regulation and activity and #peecific localization of the
DMPK message/protein to this region corresponds to the known importanceRK iV

proper calcium regulation (Kaliman 2005).

THE DMPK MRNA LOCALIZATION IS DISRUPTED IN DISEASED TISSUE .

RNA localization is a highly regulated process which spedificaontrols
spatial/temporal expression of a subset of highly important prot®issuption of this
process has dire consequences in many model systems, includéng s®rphological

abnormalities (i.e. birth defects) and infertility (reviewed esBirullah 1998). Prior to
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our work, no human disease has been shown to have a mislocalized Ri¢Acate of
its etiology. Taken together, our vivo and in vitro data demonstrate this is the case for
Myotonic Dystrophy. In DM1 patient muscle tissue, the normal distabuwif theDMPK
message is disrupted andMPK mRNA is mislocalized to cytoplasmic bodies,
Sarcoplamic Masses (SM). These SMs are a diagnostic hlalloiaDM and were
employed by clinicians to diagnose DM before the molecular mappintpe DM
mutations and resulting molecular diagnostic test. Thus the altar@dzation ofDMPK
MRNA to SMs reflects a disruption of normal location to a sitekebwn DM
cytopathology, underscoring the role of this disruption in diseastogyi Moreover,
data presented here demonstrate that the DMPK protein is teahatathis new location
and correlates with the appearance of a small subset of novel phdatband at least
one underphosphorylated proteins common to several DM1 patient masalesti These
phosphorylation changes highlight a potential model of DM pathology whénein
change in DMPK protein location results in inappropriate regulatibrsignaling

cascades with numerous potential downstream consequences in the cell.

THE PROTEIN PRODUCT FROM THE SECOND DM GENE FUNCTIONS IN THE PROCESS
OF DMPK MRNA LOCALIZATION AND ASSOCIATES WITH THE DMPK MESSAGE
THROUGH A DISCRETE REGION OF THE DMPK 3'UTR

Causative mutations in two separate genes have been mapped for ®lyotoni
Dystrophy which can independently cause this disease. The fiG@)n expansion in
the DMPK 3'UTR, has been shown here to result in the mislocalization oDMBK
message in patient tissue. The second mutation, a large inské finst intron of the

Znf9 gene, has been virtually ignored by the DM community and fg@dearch has been
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conducted on the effects of this mutation. Our data demonstrate, forsthiéme, that
gene products encoded by the two affected DM genes molecatsbgiate. Moreover,
we demonstrate that this interaction is required for the ptopalization and subsequent
expression of thBMPK message in a disease relevant cell culture system.

Reduction of DM2 protein amounts substantially altered the localizaif the
DMPK mRNA. We demonstrate that the functional interaction observadeésult of a
physical interaction of the DM2 protein with tlIBBMPK message. These data map the
association to a small area of MPK 3'UTR. This region harbors the ER localization
element of theDMPK message; reporter constructs demonstrate that this region is
necessary and sufficient for reporter localization. The struciutieis region appears to
be crucial for the pDM2DMPK mRNA interaction as demonstrated by its sensitivity to
magnesium. Although no known consensus localization element has beeneidetid
key characteristics emerge from analysis of the zip codésdva been identified: they
reside in the 3'UTR of the localized message and they have botlhuadusal and
sequence requirement (Jambhekar 2007). Thus, the characteristics DM€
localization element defined here mirrors the two key featofdégcalization signals in

other messages.

A NEW, COMPLEMENTARY WINDOW INTO DM ETIOLOGY

Prior to this study ‘nuclear sequestration’ was the primanA Riised theory for
DM pathogenesis. This theory arose from the findings of Tane@ €1995) who
originally demonstratedMPK RNA harboring a (CUG)n expansion was retained in
nuclear foci in cultured DM fibroblasts. A substantial body of de¢a to the idea that

these (CUG)n nuclear foci act in trans to sequester RNA bindiatgip such as
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Muscleblind (Taneja 1995, Davis 1997, Liquori 2001). This then removes these RNA
binding proteins from their normal function in RNA splicing, indireatgsulting in
altered RNA splicing and DM symptoms (Timchenko 1996b, Philips 1998, Clarlet
2002). While this body of data is substantial, studies in transgeo&indicate that this
cannot account for the entirety of DM symptoms and that something$ing from the
puzzle. Therefore, using the DM2 gene product to provide several claegenerated
data that is complementary to this theory and open a new window orntibibgg. We
present an RNA mislocalization mechanism whereby nobiiPK mRNA is localized

to the SR and translated there. In the diseases state, the presehe 3'UTR triplet
repeat expansion in DML1 or loss of wild type DM2 protein in DM2 disrthmsexisting
localization.

The second window that we’ve opened into DM etiology/pathology diffem
the nuclear sequestration situation in two important ways. Fitstdeals with
consequences of the 3'UTR (CUG)n expansiods (rather tharin trans as the previous
model suggests) and explains why DM symptoms arise when th&)(CExpansion
occurs in the context of tHBMPK mRNA, but not when it occurs in other mRNAs. For
example, a (CUG)n repeat in the 3'UTRJoihctophilin-3 mRNA results in Huntington-
like symptoms rather than DM symptoms. Second, it shifts the fomusaltered nuclear
events to cytoplasmic post-transcriptional processing. It isvaetethat the original
isolation of the Muscleblind proteins as factors that bind DIMPK 3'UTR with a
(CUG)N repeat expansion, Miller et al (2000) found that the bulk ofaters were
cytoplasmic. Also, a second RNA binding protein hypothesized to be anucle
sequestered, CUG-BP1, has a role in altered DM splicing, botimtgry role is in RNA
stability and translation, two cytoplasmic processes (Philips 19®88¢chenko 1999,
Timchenko 2005).
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Whether these two windows operate in tandem or exist in daaatliecontribute
to different DM symptoms is presently open to debate. ThetliattDM2 mice (Chen
2007) and DM2 patients show no altered splicing (other than the insukptoe in
patients, Savkur 2004) while the Muscleblind 1 mouse (Kanadia 2003) and rnuclea
sequestration effects in vitro (recently reviewed in Orengo 200k 2006) both
generated alternate splicing events suggests that the twoansn exist side by side
and each contribute different elements to the DM phenotype. Howbeeunexpected
finding that DM2 knockdowns, via RNAi, not only results DMPK mMRNA
mislocalization, but also causes a large portion of the Muscleblindimprtat selectively
relocate to cell nuclei (Croft and Gottlieb unpublished datagsaike possibility that
DMPK mRNA mislocalization could exist upstream of the previously rilese splicing
defects.

Notably, this is not the first time a neurodegenerative sésbas been assigned a
nuclear mechanism of pathology and subsequently a cytoplasmickirajfigrocess has
been shown to play a complementary role in disease pathology. Hontsdisease is a
caused by a coding triplet repeat which results in a polyglutaexpansion within the
Huntingtin protein (Ross 2002). The brain-enriched wild type protein sngak for
embryogenesis and neurogenesis (Zeitlin 1995, White 1997). A largeobedtablished
data supported the idea that the mutant protein formed inclusionsnndleas that then
interfered with gene transcription of neuroprotective proteins intireteading to
disease pathology (Ross 2004) However, subsequent work that considére firatein
is predominantly cytoplasmic and several known molecular partmekgaled a
complementary mechanism. They discovered that altered vesaffieking of brain-
derived neurotrophic factor (BDNF) along microtubules in axonal pseseplayed a

seminal role in Huntington’s pathology (Gauthier 2004, reviewed by Ross 2004).
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A SIMPLE MOLECULAR SWITCH UNDERLYING DM

While we started with a complicated situation defined by treacteristics and
properties of DM, our multidisciplinary analyses resulted in tHmekion of a simple
molecular switch underlying Myotonic Dystrophy. One state dsfitie normal, non-
diseased situation where tBVIPK mRNA possesses the wild type 3'UTR. We show
that the normal DM2 protein complexes with a small (122nt) subséheoDMPK
3'UTR. This portion of the message is shown here to be necessasyféinent to direct
DMPK mRNA localization to the cellular SR/ER to be translated amdtion. In the
disease sate, tH2MPK mRNA 3'UTR harbors the (CUG)n triple repeat expansion. It is
documented by electron microscopy and crystallography thatrdgpeat forms a large
double stranded hairpin (Napierala 1997, Michalowski 1999). As such,nificigtly
alters the structure of tHeéMPK 3'UTR.

The ER localization signal within tH2MPK 3'UTR defined by the DM2 protein
binding site resides only six nucleotides upstream of the (CUG)as#s causing
expansion. This suggests that the structural alteration causéuk bgxpansion could
likely prevent DM2 protein recognition of tiEVIPK mRNA binding site by changing its
crucial secondary structure or by physically occluding DM2 pradecessibility to the
interaction site. Experimental evidence for this hypothesizedumdion is cleanly
revealed by the immunoprecipitation experiment in Chapter 5 (Fpa&). Indeed, the
wild type DMPK mRNA is complexed with the DM2 protein while tBMPK mRNA
harboring with disease expansion is not. Conversely, the (CUG)ms&&pacontaining
DMPK 3'UTR of the diseased state, consistent with the literaturepnsplexed with

Muscleblind proteins (Miller 2000, Yuan 2007), while the norDBPK mRNA is not.
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Therefore, this defines two mutually exclusive states, one whiotains a wild type
DMPK mRNA-pDM2 complex and a separate state containing a (CUspgatDMPK
MRNA-MBNL complex.

IMPLICATIONS FOR DM ETIOLOGY AND TREATMENT

Our investigation was guided by properties of DM, so our resultsttyi address
several aspects of the disease and its etiology/pathology. dfics foremost, our
mislocalization scenario provides a simple, elegant explanationafokyotonic
Dystrophy hallmark, autosomal dominance, wherein only one mulRitéeK gene is
required to exhibit the disease. Regardless of the presengeosaitidn of theDMPK
MRNA from the wild type allele, mutateBMPK mRNA would be mislocalized,
allowing functional DMPK protein to contact and phosphorylate inapprepsi#bstrates
which results in disease symptoms.

Second, as indicated above, the localization of the ndDk#K mRNA to the
ER and its disruption by either triplet repeat expansion of DMPK 3'UTR or
depression of normal levels of DM2 protein, may explain the DM symutf myotonia.
The ER controls cellular calcium signaling and several ERliked proteins that are
involved in this process are proposed DM kinase substrates (see abosgllisruption
of the ER localization of the DMPK protein may result in misregulated calsignaling.
The mislocalization oDMPK (CUG)n mRNA to sarcoplasmic masses (SM) explains the
appearance of this key cytological feature of DM tissue. Indaedully functional DM
kinase in the new locale can explain the appearance of novel phospirapoaimmon to

DM patient tissue. Additionally, since phosphorylation is involved in &gieson

157



assembly/disassembly, this may provide a clue to the geneddtisimort segments of
cytoskeleton that are a major component of SMs.

Third, for the first time our data delineate a physical andtiomal interaction
between the gene products encoded by the two genes that can indeperaiesgtlipM,
when mutated. While these two genes reside on separate chrompposeess distinct
mutations in divergent gene locations and encode diverse moleaulesage and an
RNA binding protein), their physical and functional interaction provalesnple means
whereby mutation of either disrupts this interaction and results in the sseaseli

Fourth, disruption o©DMPK mRNA localization due to RNAi knockdown of
pDM2 unexpectedly resulted in the migration of MBNL to cellularl@udVhile we do
not know the detailed mechanism for this movement, it is highlyifspaod mirrors the
altered localization of a subset of Muscleblind proteins observed ih i¥gue (Ornego
2008 and us). Similarly, it is well established that CUG-BRingerphosphorylated and
migrates from the cytoplasm to the nucleus in DM1 patients (Philips 1998). AsSBRIG-
is a substrate for DM kinase vivo and in vitro (Roberts 1997, reviewed in Kaliman
2008), the mislocalization ®@MPK (CUG)n mRNA that results in the mislocalization of
the DMPK protein and alters signal transduction cascadesaataynt for this property
of DM tissue. This suggests that both of these molecular attesaits DM tissue may be
downstream consequencedDdWIPK mislocalization.

Finally, and significantly, our experimental analyses dbsdrihere provide the
basis for the next steps toward rationale drug design/theraayors responsible for
mutant DMPK mRNA mislocalization may represent good drug targets. Additignal
3'UTR signals responsible for mistargeting diseased messaggsiltimately facilitate
the target of specific therapeutic agents (kinase inhibitottsletgsame cellular location to

function most effectively.
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DM2 PROTEIN HOMOLOGS IN DEVELOPMENT

The requirement of the wild type DM2 protein for propeMPK RNA
localization provides a function for this protein in mammalian mRN#gdmnesis. DM2
homologs exist throughout evolution and are required for critical develaainsteps in
several model systems. However, the exact function of thessinwdtave never been
elucidated. Our data offer a new perspective for evaluating lif@ogical functions in
developmental processes and the normal regulation of cellular RNAs.

In mice, chickens and zebrafish, the loss of the DM2 homolog during
embryogenesis prevents the complete formation of the forebrain esdtsr in
craniofacial disfigurement (Chen 2003, Abe 2006, Wiener 2007). Spdyifitad DM2
protein homologue is involved in the regulation of the cascade of neueat
development and proliferation (Wiener 2007). In one of these casesuoél crest
development, loss of the RGG box domain of the DM2 homolog resulted iniaadm
negative protein that could not function in its developmental role (Ar2@®8). This
finding suggests that RNA binding is crucial to its developmentalction. The
documented importance of pDM2 homologs in these processes, thendacdRNA
localization plays a key part in embryogenesis and neurogeimesievelopmental
systems and the documentation that several known localizationsfaetpiate groups of
transcripts with which they interact, raises the distinct pdggithat the DM2 homologs
may likewise function in the localization of other developmentsilipificant messages.
Thus, our findings may ultimately facilitate increased understandihgseveral

developmental pathways.
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A FAMILY OF RNA LOCALIZATION DISEASES ?

Myotonic Dystrophy belongs to a group of diseases classifiemigst repeat
diseases. This class represents a large group of afflictidhsdiierse etiologies and
clinical presentations. Some members of this group, such as Huntsgisease, have
been very closely studied for many years, while others, suSICAS, are new horizons
whose study has just been begun. The data presented here have édedoingmprimary
role of mMRNA mislocalization in the etiology of Myotonic Dystroplayrepeat expansion
disease and may lend insight into the etiology of other tripj@tat diseases. This is the
first time that RNA localization has been shown to underlie a huhsaase, although it
has been known to cause birth defects and infertility in model systems. pbetance of
this process in the normal function of nerves and muscles in humanatésda high
probability of finding aberrations in this system as a cause ladr adbeuromuscular
diseases. We believe that DM is a founding member of a afdssalization diseases
dictated by non-coding triplet repeat expansions. These could includealsetiger
neuromuscular disorders including Fragile X Syndrome, Huntingtons-2iand SCAS.
While little is known about SCA8 other than its causative mutatio®UaR triplet
repeat expansion, a considerable amount of study has gone into Kragildrome and ,

to a much lesser extent, Huntington’s Like 2.

Fragile X Syndrome

Fragile X Syndrome (FXS), one of the most common causes of Imetataation
and autism in humans, affects 1 in 4000 men (Crawford 2001). Theatlpresentation
is almost entirely neurological, resulting in mild to sever@niing disabilities, reduced

IQ, obsessive compulsive disorders and hyperactivity (reviewed ibeG2008). The
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causative CGG expansion in the 5’'untranslated region oFkMel gene results in the
loss of FMRP (Fragile Mental Retardation Protein) by gemsaihg due to CpG island
hypermethylation (Hagerman 2002). The symptoms of FXS and DM aregeig

however, close examination of Fragile X Syndrome revealsaewveeresting parallels
between the players in these two diseases and may likewdisate an RNA localization
process contributing to FXS etiology.

FMRP is an RNA binding protein containing three classic RNA bopdiomains
(two KH domains and an RGG box (Darnell 2005)) and binds to a G-ritlryer
structure called a G Quartet within target mMRNA via itsGRi@dx (Darnell 2001). FMRP,
which shuttles between the nucleus and cytoplasm (Tamanini 1999) eiscleto shuttle
in association with discrete transcripts from the nucleus untit trenslation in the
cytoplasm. It functions in the translational repression of itsciested mMRNA as the latter
is transported until its final destination and is translationalpiajed. Identified FMRP
regulated messages encode neuronal specific proteins which aedlyspastricted to
synapses (Bardoni 2006, Davidovic 2007). FMRP also functions to recruibuheamt,
small, non-coding RNA BC1, to the mRNP. The BC1 RNA specifichihds to the
message being localized, FMRP and elF4a giving specificitiFM&P’s repression
function facilitating the message translational repressiondZ2003, 2005, lacoangeli
2008).

Similarly, the DM2 protein is a small RNA binding protein conitag 7 predicted
CCHC type Zinc fingers and a predicted RGG box. Similar to FMR) data has
mapped DM2 protein target to an extremely G rich sequenténwite DMPK message
which, although not a G Quartet, abuts a region whose sequence pee@cQuartet.

While FMRP may function in the last step of mMRNA localizatisanslational control,
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my data suggest that DM2 acts at an earlier stage in thessrend does not directly
effect translational deployment (Croft, preliminary results).
The myriad of data on FXS etiology has not previously been examiowedain

RNA localization perspective. When we approached it with this pafintiew and
combined it with the similarities to the DM2 protein, it is appatbat FMRP may be a
localization factor for several synaptically localized neuromeessages. It likely
functions in the translational inhibition of the localizing messagi &avels from the
nucleus through the cytoplasm. Potential mislocalization of the FN@&julated
messages must be examined; however, the parallels with the @d@in strongly

suggest that the loss of FMRP will result in their mislocalization.

Huntington’s Disease Like-2

Huntington’s Disease Like-2 (HDL-2), a neuromuscular disease chyse€TG
repeat expansion in the 3'UTR of thenctophilin-3 mRNA (Holmes 2001). The
expression ofJPH-3 mRNA is highly restricted to specific cells in the brain,
somatodendrites of hippocampal pyramidal neurons. Although the subcellular
localization of theJPH-3 mRNA has not been examined, it has been suggested that the
message is transported into dendritic processes in the hippocamphs Z003). The
corresponding JPH-3 protein is specifically localized to the ERramembrane and
composes part of the junctional membrane complex (Nishi 2003). This eompl
functions to transduce signals from external cell stimuli tdefRan excitable cells, such
as neurons and muscle cells. This signaling is crucial fafucal control by enabling
cross-talk between the plasma membrane and intracellular catbianmels (Takeshima

2000).
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Neither theJPH-3 message nor protein have been fully characterized, but the little
data that is known suggests that #m¢-3 message could be an ER localized message.
This raises the possibility that the 3'UTR mutation expansion caaldse the
mislocalization of the message and result in HDL-2 pathology.

Further experimentation is required to determine if the prooédssnRNA
localization is the basis for other diseases, but Fragile X Syreland Huntington’s
Disease Like-2 suggest that the RNA mislocalization underljiygtonic Dystrophy

may be a paradigm for other non-coding triplet repeat diseases.
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Appendix 1- Mouse models of Myotonic Dystrophy

DM1 MODELS

DMPK knockout

Early attempts at a DM1 mouse model began Withpk knockout mouse models
(Jansen 1996, Reddy 1996). These models showed only subtle defects, inetudéeng
cardiac conduction abnormalities and muscle fiber degeneration, snggbst DMPK
may have a minor role in some DM pathology. Dmpk +/- mice shovmdsa no
pathology except a first step A-V heart block (Berul 1999). Moreoeeslirthat no DM
patient was discovered with a deletion or mutation of EMdPK coding region.
Therefore the relevance of this system to recapitulate disease situation is

guestionable.

DMPK with the CTG Triplet Repeat Expansion

Attention was then focused on the disease causing (CTG)n expansion IHatveve
was realized that mice do not naturally have non-coding triple¢at diseases; they
possess efficient molecular mechanisms to prevent their occurrenceforégeto express
the DMPK expansion in a mouse it must be within the context of isaquence, it
cannot simply be inserted into the molddPK gene. Several mouse models were then
designed to express the human genes with the CTG repeat mutatisro bf these
systems, DM300 (Seznec 2001) and EpA960/HSA-Cre-ERT2 (Ornego 20808urman
DMPK gene with a CTG expansion in its 3'UTR was inserted into the ngarseme. A
third system, HSK® (Mankodi 2000), inserted the humarmtikh gene with CTG repeats

in the last exon into the mouse genome. All three of these systeowed a variety of
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histological symptoms such as central nuclei and muscle fiber pathologyettgasiwilar
to the histology of DM patients. Their muscle physiology and gempeession changes
also corresponded to DM patients; however, all of them failed to peothe vast
majority of DM pathology and clinical presentation (reviewed in Wd#ns2003).
Therefore, the (CTG)n expansion does have some pathological functionVbist mt

due solely to the presence of this repeat.

RELATED MODELS

Six5 Knockout

To address the possibility that the full constellation of DM pathoisglpe to the
aberrant actions of other factors besides DMPK, knockout modelsvefaseother
proteins were created. The first of these models addresseadttérial role of theSx5
gene, which resides just downstream DBMPK on chromosome 19 and whose
Drosophila homologues are known to effect eye (Serikaku 1994) and muscle
development (Kirby 2001). Two groups independently made Six5 knockout adea(
2000, Klesert 2000) and reported the presence of cataracts in tleesasmproof of the
relevance of a role for Six5 in DM etiology. However, closangination revealed that
the type of cataracts in these mice was not the distinctrmwsseibcapsular iridescent
cataracts found in DM patients, therefore, despite initial comelasineither Six5

knockout mouse model showed any DM phenotype.

Muscleblind Protein Knockouts

The next potential disease-related factors examined wereMileleblind

proteins. Muscleblind was originally identified DBrosophila as a gene required for eye
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development and muscle formation (Begemann 1997). The DM disease rele¥dhis
group of proteins (3 in humans) comes from their identificationfaagors that
specifically bind the CUG repeat expansion in BiddPK message within the context of
the DMPK 3'UTR (Miller 2000). Molecular examination of these proteins reagtdhat
they are alternative splicing factors, shown to regulate exon iocludepending on the
other factors bound, in a variety of transcripts (reviewed in Pa2O@%). The first
Muscleblind mouse model (Kanadia 2003) created a deletion in exoiMBnbf, which
eliminates the production of any MBNL1 isoforms that could bindDhgk (CUG)n
repeat expansion; therefore reproducing a hypothesized dis@as¢idrs where MBNL1
binds to the repeat tract rather than associating with its alosplicing targets.
Interestingly, this mouse model recapitulated several did@atures of DM pathology,
including centralized nuclei and muscle fiber abnormalities, myaqgtaniaregulated
splicing and, most notably, unique posterior subcapsular iridescerdatataa symptom
not seen in the previous models. This mouse demonstrated that the MBi¢ih pias a
definite role in the pathology of DM; however, it did not address theroviBNL
proteins which have also been shown to associate witb¥MRK mMRNA CUG repeat
expansion (Fardaei 2002). Therefore, a MBNL2 knockout mouse was creaéddress
its potential role in DM disease development (Hao 2008). This mouse &yl oh the
same histological abnormalities shared by most of the DM maoogdels, but,
intriguingly, it did not share the distinct features of the MBNhbuse. In fact, this
mouse showed only very mindalcium chloride channel 1 (Clcl) mRNA splicing
abnormality, a hallmark of the MBNL1 mouse, and instead had an ovecaflade in
Clcl mRNA expression. Thus, these two proteins may share the dbilitiynd the DM
repeat expansion, but they do not share roles in the pathology of theediSemsgenic

knockout MBNL3 mice have not yet been created.
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DM2 Knockdown

Similar to DM1, the first mouse model for DM type 2 focusesagossible role
of the loss of DM2 protein in the etiology of DM (Chen 2007). In this seanodel, one
copy of theZnf9 gene has been disrupted by retroviral insertion, rendering the mouse
with only one wild typezZnf9 allele which simulates this dominant disease. The
phenotype of these mice dramatically combines many of thasgideatures seen in the
DMPK mice, both knockout and expansion containing models, with the ditatcres
of the MBNL knockout mice, suggesting a vital role for the loss of2Did DM
pathology. DM2 knockdown mice show several DM specific symptoms imgudi
unique posterior subcapsular iridescent cataracts and both distgk@nohal muscle
wasting. There is, however, a noticeable lack of the MBNL1 and Cp@&ssing mice
splicing abnormalities, suggesting 1) the DM2 protein does not funatiasplicing
regulation and 2) the interaction of MBNL1 with the CTG expansi@ngain of function
mechanism that specifically extends the pathology of DM to inclsgécing
misregulation. Interestingly, the totallcl mRNA levels are decreased in DM2
knockdown mice, just as they were in MBNL2 mice, indicating thatldee of either
protein results in the disruption of a common process.

Despite the many attempts to create a comprehensive mouse forod#d, the
field is left with a variety of different models that resate various subsets of the disease.
Even the models recapitulating specific DM symptoms, those ofptbein factors
MBNL1 and DM2, only represent certain aspects of DM pathology. Tdkedaspecific
symptoms from the CTG expansion models may represent the fanbtiraoding triplet
repeat expansions are only naturally seen in humans, so a moudetonca@pletely

recapitulate DM based solely on the expansion mutations may not be possible.
167



elwyikyue JelpIed

HESL UL 42010 A

B KG| Sl
yeay pafile|ua o0g
-hypedofwopies aydoadiy

[HEICICN] SJIRIEJED AInjew ] sainjead
ainjew oyl fuissaifiond saldaisfp senasnu o uissalbiond HEE UL R0 A A
18y Ul uowoa, auou auou auou EETEILPG [edIsALld
salyaeda Wadsap aifzhibo et salyaedo adsapu A,
Jensdea-gns Jauajsod ! LTS Je|nsdea-gns Jauajsod Hanp P MIFWa owo
o saewiouqy
suou [RleRUUL ERLE L LD Ty geden teydla ey D E Buronds
‘BNES LI
EECEIRIT
fane| waiod 143809
3583139 askaiaap unssaidis UoiSSeicke isidwaps o uojssaldxa wajond sebuet)
. _UE ) uE N aunu PUE 158} Y10q 0] wsahw| JHA 1810 uoissaidxa auou oA Ul B5ERIUl uolssaidx3
: HEEEIIS SN O[S WON YIHMS -uofjesauafial ajasnul Sl :
[ERE fajasm B LIOI0A
Jo afiesn snonunuoa | jo afiesn snonuiuoa
sah | sasE1I8p) PUEEEEETRE)) 53k sah 53k e
uouawouayd dn uguawauayd dn
U, i BIUOJO A | e, yim eluojoy
funsem fnedofp
o o /504780 Jagqy + 38k o 384 sall
Bjasnw (ewxoid pue [elsip
’ — safueyn
safueys 5853EU sabueya ABojoydiow
aunu Bunu Bunt AL Kgjoydious jeupuoyaoyu | ausejdodies + siaqy Bun |ELpUDYIOYIL 21001015 J8LAO
S1S0Aq) Peay eI ou sak S1A0 U ANz au sal S1s01q 1
: pasealaul + ak
Jajalle|
JBGUUINY Paseaiaul +5a4 sah 1aq) ajasnu Buipds o sak 53k sak ; J
o 18414 Bl0ELE A
JBOLINY PaseaIdu) +584 sah sah EE) g8l JBGUINY PASERIIL] 4584 saf 182N [BIUED
s}oay3 #|asny
pue ABojo)siH
anssi|
7 U0Ka ZTNG ol _._MMM_GWD:JV:E walshs a17-xo| sleadal N ADamng
: uoljeald asho
auafi gz Jo uondnisip auahi asepisolaeef | g0 o uonanpoad a|glanpul u passaidxa | yusm Y g Bueiuos u sieadal 9L (G i | aaced lolge Hesi3 W

UOIESU SMADlEY

-g pUE a}jassen
WakLoap papasy)

ayy unuasaid
‘e uoxa Je auahi

HLNE AdWT uewny ul
sjeadai pajdnualul 0ag

briin} Jlwoush ueLny jo
{510 Uojy5Ul LiopUEY

auall uae [elajads uewny
fiuuieiuo who awouaf
40 UOIPAsUl LopuEy

ual Y44 o suoxa
U8has Jsiy pade|day

1 vt
£ 44 a0z 36K 20z etpeey 00z obuaio 00z seuzag PR | o 0 SPuEIN
1+ &Z “F 2IUqi £31€3 Luau [AR-E| 00cna a1 YSH NG aur asnop

~31-¥SHI096Yd3

Table 1.4 Mouse models of DM.

Several mouse models have been created to try to recapitulate MyotonapBDystr

however, no one model exhibits more than just a subset of pathology. This table describes

the different models created, the strategies used to make them and the mdije DM

symptoms seen in the mice.
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