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Abstract

BowenConradi syndrome is a lethal autosomal recessive disorder affecting Hutterite
infants,with a phenotype including severe growatidpsychomotor retardation, and

leading to death a&n average age of thirteen mont@Gbkaracteristic physicdeatures
comprisemicrocephaly, micrognathia, prominent nose, limb contractures, and +ocker
bottom feet. Although biochemicailvestigationgid not provide any candidate genes,
linkage analysis and sequencidgntifiedan A>G mutation irEMG1las the probable

cause of the disease. This gene is implicated in ribosome biogenesis, and the mutation
results in an aspartate to glycine substitutiansing an unstable EMGL1 protein, leading

to severely reduced levels in patient fibroblasts and lymphoblasts. Although the aspartate
to glycine substitution does not affect EM@Dbteinsub-cellular localization, it causes

EMGL1 to aggregate or become detpd and may alter its abilitp associate witprotein
partners. The reduction in available EMG1 protein causes a transient delay in processing
of the ribosomal small subunit 18S rRNA, leading to cell cycle delay at G2/M and a
subsequent reduction in celoliferation rates iBBowenConradi syndromeatient
lymphoblasts. A mouse model of Bow&onradi syndrome also displayed severe
developmental delay, with prominent effects in the cranial central nervous system.
Embryos died prematurely during developitemobablydue to decreased proliferation

rates accompanied by apoptosis. Thesaltsshed light on the etiology of Bowen

Conradi syndrome, and open the door for development of treatments.
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Chapter 1 : Introduction



1.1 BowenConradi syndrome

1.1.1 Description and history of disease

BowenConradi syndrome (BCS) was first described in two infant Hutterite brothers by
Drs. Peter Bowen and Gerhard Conradi in 19¥8hen they were born, the babies had
diffi culty feeding, were small for gestational age, and had similar physical characteristics
including a prominent nose, microcephaly, mgathia, rockebottom feetflexion
contractures of the fingerand undescended test&sryotypes and blood testacluding
amino acid, bilirubin, calcium, and glucose leyalsre all normal. The first infantas
unable to feed on his own and required gavage feedindiddeat 16 weeks of age, while
the secondhfantdied at age 6.5 months affeiling to thrive andabout of pneumonia.
The parents of these twwotherswere second coussnand the authors noted skildren
within the paren@&familieswho haddied in infancy Accordingly, they speculated that

the anomalies in the two brothers could be the result of either an autosomal-or an X

linked recessively inherited syndrome.

The syndrome was further described in 1979 and much later, if208FHutterite
families of Alberta, Saskatchewan, Manitoba, Montana, and North and South Dakota,
confirming the major findings of Bowen and Conradowry et alestimated that the
frequency of BCS in this population was 1 in 3&% lbirths.Additional findings

included contractures of the Bipnd knes, minor ear anomaliehands clenched in a
Atrisomy k@ doligpaephalylthaugh most affected infants died within the

first thirteen months of life, several children survived much longer, the oldest to nine



years of age, albeit witbevergpsychomotor retardaticend growth impairment which
was evident in all cases even widieding via gastrostomy tubAffected infants who
survived beyond one year were generally-nesponsive and unable to sit independently,
although they seemed to recognize caregividre.authors highlighteevidencethat
neurologic defectanderlie the gndrome includingsymptoms such asicrocephaly,
breech delivery, poor feeding and cry, and developmental’d@lag cause of deathas

describedhs simple asphyxia rather than complications from pneumonia.

Autopsiesarerare,performed inonly seven of the thirtpine cases described by Lowry
et al Five of these patients showed a very small Braihile computerized axial

tomograms in two infants revealed palragenesis of the cerebellum consistent with a
DandyWalker malformation in one, and hypoplasia of the structures in the posterior

fossa in the othér

Although all of the affected infants had a normal karyotype, similagtegbetween

BCS and trisomy 18, which was often the origiiagnosisBCShasalsobeen
comparedvith the syndrome of camptodactyly, multiple ankyloses, facial abnormalities,
and pulmonary hypoplasia, as well as ceralmdofacioskeletal (COFS) syndrome. All

of these syndromes share growth retardation, microcephaly, mathognimb

contractures, and failure to thrive leading to early dé&thmakingclinical diagnosis

difficult. Several cases of BCS have been reported outside of the Hutterite population,



Russiaf, Germaf, Turkisit, and IndiafC infants. With the exceptiorf ¢the Indian infant

which resembled BCS, these cases were refuted based on morphological difterences

Pedigres of the affectedHutteritechildren showedthat they were all related throufur
individuals born in the late 1700s, prior to the Hutterite emigration to North Aridtica
is therefore likelythat the gene resnsible for BCS is widelgpread thraghout the
Hutterite populationandinherited in an aaisomal recessive manner sirm#h male and

female infants araffected, while the parents dot show any symptoms.

1.1.2 Hutterite population and history

The overall history of the Hutterite population can today be considered a success story,
despite several periods of persecution and population decline. The Hutterite faith was
foundedin Europein 1528 during the Protestant Reformation on the belief inntaty

adult baptism, absolute pacifism, common ownership of goods and property, and
communal, austere living separate from the world. Jacob Higtevhom the religious
order is namedopined the sedive years after its foundation abécame the leadéut

was publicly executed for his beliefs in 1536ratdbruckBecause of their disbelief in
militaristic or nationalistic causes, the Hutterites were forced to migrate multiple times,
through MoraviaSlovakia,Hungary, and Romania, finally settlingwhat is now

Ukraine in 1770 where they were granted immunity from military service byeath

the GreatDuring this time, their population swelled to a maximum of approximately 20

000 peoplebut laterdove to a low of only 19 people. The current dapan is likely



descended from a core group of 17 families numbdengr than 100 peoplén 1770,
when the Hutterites migrated to Ukraine, the population numlzergd. 16. After a

century in the same place, their immunity from military service waskesVin 1874, and
approximately 800 Hutterites made the journey to North Ametaoahat is now South
Dakota Roughly half of these became independent farmers, while 443 m=taldished
three colonies. Since thegroups formed from thdescendants of the three colonies have
come to be known as Dariusleut, Schmiedeleut, and Leherleut, all of which have
maintainedseparate identities and slightly different cust@mnse World War.IThe

Schmiedeleut, the group represented today in Manitwha founded by 215 settl&t&.

Although the move to North America afforded the Hutterites a degree of religious
freedom and an abundance of arable land, during World War kiffle@arence to

pacifism again necessitated a mavel918 15 colonies moved to Alberta and Manitoba

in Canaddo avoid American military servic&ince thencolonies have migrated back to

the United Stateand further into Canaddhe Hutterites still maintain their belief

systems and communal, agrarian living practices. Marriages are monogamous, divorce is
taba, and a high cultural significance is placed on the family. The high fertility rate, the
large family siz&', and the high standard of medical care in Hutteatenies has led to

an increase in population to over 40 000 today, residing in Alberta, Saskatchewan,
Manitoba, Montana, North and South Dakota, and Minnesota. The average colony size is
approximately 80 individuals, and wheaombergeach roughly 120 mple, more land is

purchased and a new colony is formed.



Because the Hutterites derive from a small founding population and are genetically
isolated, a number of autosomal recessive disorders areepresentedn the

population such as cystifibrosis,or are uniqugsuch asimb girdle muscular dystrophy
type H™3. At the same time, certain disorders occur at much lower rates or are
unknown such asnultiple sclerosis andeural tube defects Extensive written
genealogical records maintained by colony preachers have meant that thigeHutter
population represents a unique opportufotystudying Mendelian diseaséndeed, this
has enabledthappingof the genes responsible feeveral disorders including limb girdle

muscular dystrophy type 2

1.1.3 Genome scan and linkage analysis

Increasingly detailed descriptions of the BCS phendtyiid not reveal any possible
genetic or biochemical causes of the disease. In an effort to locate the gene responsible
for BCS, Lamonet al'® performed a genomevide scan and linkage analysisaffected
families. Due to the small number of founders and the closed, endogamous nature of the
Hutterite population, it was hypothesized that the mutation responsible for BCS arose
once in Hutterite histy, and thusthat all BCS patients would be homozygous for the

same mutation inherited from a common ancestor.

DNA was isolated fromlbod samples collected from BCS patients and their families in

Manitoba, Alberta, and Saskatchewan, including affeckédren, their parents,



unaffected siblingsaunts, unclesand grandparents. Control sampi@sestimating

marker allele frequenciasere obtained from Schmiedeleut Hutterites who were not a
seconddegree or closer relative of a BCS patidngenomewide scarwasinitially
performedusng 389 microsatellite markeralthoughadditional microsatellite markers

and informativesingle nucleotide polymorphistweresubsequentlincluded in the

analysis After creding pedigrees for the most recent commogestors, linkage analysis
was performed and haplotypes were generatadd@nticallyhomozygous region on
chromosome 12p13.3 was found in ten affected children, which spanned 1.9 megabases
andincluded 59 known or predicted genes. This region did rtade eithelERCC2or
ERCC6 genes associated with COFS syndrtitie genetic evidence th&OFS

syndrome and BCS are distinéis described in Chapter 3 of this thesis, this study
provided the basis for the discovery of the gene responsible for BCS, which encoded a

protein essential for ribosome biogenesis.

1.2 Ribosome biogenesis

1.2.1Ribosome composition and function in eukaryotes

Ribosomesthe centres of protein synthesis in all living organisans huge, highly
complexcatalyticmoleculesequiring a functional relationship between nucleic acid and
protein.A matureribosome is comosed of two subunits, the large or 60S, and the small
or 40S subunit. The 60S subunit contains approximately 49 proteins and the 28S, 5.8S
and 5S ribosomal RNAs, while the 40S subunit contains approximately 33 proteins and

the 18S rRNA>?. The proteins argenerallyfound on the surface and daegely



structural whilepeptide bond formation is catalyzed by the rRRfR a remnant of the

pri mitive TheAsSembled mhtube 80S ribosome, is a huge particle at
approximately 4 MDavisible by electron microscopipespite its complexity, an

assembled rib@sne must be very accurate when catalysing the formation of proteins; the
error rate for incorporation of amino acids into a nascent protein is estimated to be one in

10 00G%%,

Ribosome function has been studied most extensively in prokaryotes, netbesectof
ribosome structure hdmeen fuelled by the desire designantibiotics specifically

targeting the prokaryotic ribosoAleThemuch more complegukaryotic ribosomes

best knowrin yeast, where the ease of genetic manipulation and the development of cell
free systems haueft the study of human ribosom&s behind Indeed, the first example

of a eukaryotiagibosomal Xray crystal structuregoublished in 2010 dhe relatively low
resolutionof 4.15A, was fromSaccharomyces cerevistdewhile a human ribosome

crystal structure has yet to be elucidafBabughyeast and human ribosomes share many
similarities, thee may balifferences irfunction and reguladin of ribosomes in human
cells The recent realization that defects in ribosomal proteins or in ribosome assembly
components can lead to human dis&a%, coupled with the potential of the human
ribosome as a target for chemotherapeutic dfd§shave re-focussed interest ithe

human ribosomeNevertheless, the understanding of the human ribosomentlyrelies
heavilyon interpolations fronthe more tractablgeastmodel, and it is generally assumed

that the human ribosome functions in a similar manner.



1.2.2 Nucleolus formation and rDNA gene organization

The ribosomal RNA genes, which encode the 18S, 28S and 5.8S rRNA and are
collectively known as the rDNA, are the centres of ribosome asseRdflgcting the
importance in cell growth and proliferatiofyNA genesare emarkably abundajtvith
anestimaed 400 copies per genorimehumang®**, Copy number has been shown to
vary between individualsalthough the significance this is not understootf. These
copies are arranged @denrepeats of varying numherach copyseparated bgn
intergenic spaceRepeats arfound at five different loci in humans, at the secondary
constrictions oficrocentric chromosom®&4®. Studies of the exact structure and
composition ofthe rRNA genedci have been hamperbg their repetitive nature; rDNA
was not included in tnhuman genome project andlssent fronreference sequencds.
has only recently been discovered ttiat copies of rDNA are not identical, but may
instead be composed of at least seven different vatiabespite the large numbef
rDNA repeatsit has been shown that only a fraction undesfi@nscripton at a given

time, even under conditions of rapid cell proliferatf§i

Each of the rDNA locin the human genome has the potential to form a nucleolus during
transcription, and these sites were therefore originally termed nucleolar organiser regions
(NORsY°. The nucleolus forms in the nucleus duniNA transcription andonstitutes
amembranelessighly dense structuri@ which smaller compartmésmcan be observed

by electron microscopy. At the centre of the nucleolus is a compartment called the



fibrillar centre(FC), which is surrounded by the dense fibrillar comporBfC). These

are both surrounded by the granular compo(@) (Figure 1.1). The transcription of

rRNA genes isn ordered procestought to take place at the interface between the FC

and the DFCwith the nascent transcript moving through eC and the GC as it

matures™™2 rDNA transcription can be visualised in Miller chromatin spreads, which

revealsa remar kable AChristmas treedo structure
rRNAs of increasing length form the branches, joined to the trunk by iWnerase.l

Miller spreads can include a tree at each rDNA repeat, like beads on a necklace.sHow thi
ordered structure compacts into the FC, DFC, and GC remains unclear, although complex

models exist.

1.2.3 Ribosome synthesis in yeast and human cells

Ribosome biosynthesis seems to be similar in yeast and human cells, yet the timing and
even the order of some of the steps either differ or are simply unknown in human cells.
The general process mammalian cellss the sameheprecursor 45S rRNA is

transcribed by RNA polymerase | as a long polycistraraascriptwhich is then
extensivelyprocessedhrough cleavagand modifcation eventso yield the maturd8sS,

28S and 5.8S rRNA®rms, ensuringquimolar amounts of these rRNA specidse

order andiming of nucleolytic cleavages is walkfined in yeast and can follow several
alternative pathway$>°. The process is less understaotiuman cells, and likely

follows one of two pathways depending on the timing of the first two cleavage

event$>*®. A simplified diagram of 45S rRNA processing is found igufe 1.2. The
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Fibrillar centre
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Figurel.l Structure of the nucleolus and rDNA transcription.

The nucleolus is centred on tliirillar centre, the site of chromatin loops containing the rDNA repeats.
The FC is surrounded by the dense fibrillar component, where the nascent rRNA is modified and
processed. This is surrounded by the granular component, where the rRNA is asseiitilgdlosomal
LINPGSAYya YR 20KSNJ O2YLRySyidad ¢KS yIaoSyid Nwb!
structures, with the rDNA comprising the trunk of the tree, and rRNA transcripts connected to the trunk
by RNA Pol | forming the branches.
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Figue 1.2 Ribosomal RNA processing.

The ribosomal RNA is transcribed as a long precursor 45S rRNA at sites of ribosomal RNA gene repeats,
collectively known as the rDNA. The 45S rRNA contains the 18S, 5.38SarRINAs, flanked by two

external transcribed spacers (ETS) and separated by two internal transcribed spacers (ITS). There are
numerous pathways of maturation; this diagram depicts a simplified version. Cleavage in ITS 1 separates
the 30S and 32S precursgand the two pathways mature largely independently of one another

thereafter. Cleavages by endand exenucleases result in the mature 18S, 5.8S, and 28S rRNA species.
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initial endonucleolytic cleavagéake place in the transcribed spacer regions tla@

transcripts are then processed further in both directions by exonucleases.

The 5S rRNA is transcribed independently by RNA polymerasa tHe nucleoplasm. It
undergoes its own maturation pathveagd is reimported into the nucleolus as a complex
with large ribosomal protein RPL® beincorporated into the assembling ribosdme
Theribosomal protein genes are transciitly RNA polymerase 11, and muse

transcribed in the nucleusidr mMRNA exported to the cytoplasm where they are
translated, and the proteinsingported into the nucleus to be assembled with the nascent
rRNA. How the cell coordinates ribosomal protein transcription and translation with

rRNA synthesiss not well understoad

All of these elements come together in the nucleolus to form th@g3eibosome,

which is further processed to yield the @S and prel0S ribosomes. These
intermediates are exported into the cytoplasm via nuclear pore caspleiere they
undergo final mat ur ation or Aunpackingbo

subunits whichjoin to form the 80S ribosom@-igure 1.3.

1.2.4 rRNA modification
Ribosomal RNA maturation is a complget well-described process which requires the
participation of hundreds of nathosomal factors. These factors, which include proteins

and small nucleolar RNAs (snoRNAs)eave, unwingdfold, andcovalentlymodify the
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Figurel.3 Ribosome biosynthesis.

Ribosome biosynthesis takes place in the nucleolus, starting with the transcription of RNA genes by RNA
Polymerase |. The nascent transcript is joined by-ribosomal factors including proteins andasRNAs

which modify the rRNA etranscriptionally. The 45S rRNA precursor is joined by ribosomal proteins
translated in the cytoplasm and-ienported into the nucleus, as well as by the 5S rRNA which is
transcribed in the nucleoplasm. The g6S ribosome ndergoes many modification and folding events,

and is cleaved into the pr&0S ribosome containing the 32S and 5S rRNAs, and theibosome
containing the 21S rRNA. These are exported into the cytoplasm before undergoing final modifications
and cleaages which result in the mature 60S and 40S ribosome subunits, no longer associated with non
ribosomal factors.
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nascent rRNA cdranscriptionally*®®, and may also aid in its assembly with ribosomal
proteins Modifications to the rRNA are akin to pesanslational modifications in
proteins and include pseudouridylatioaCH ribose methylation, basdterations, or
combinationf thesetermed hypermodificatioi§ The most commogsequencapecific
RNA modifications are isomerisation of uridine to pseudouri@@epproximately 95
sites)and2 -@H ribose methylatioat approximately 115 sitédf3. Pseudorudylation

is catalysed by box H/ACA small nucleolar ribonuclear particles (snoRNPs), widld 2
ribose methylation is catalysed by box C/D snoRNPs. These snoRNPs gain their
sequencapecificity from a guide snoRNA which is complementary to the rRNA
sequene to be modifiedandis complexed with aatalyticprotein By employinga
universal enzymebut specific guide snoRNAs, the cell avoids the necessity of having
hundreds of different enzymes faite-specificpseudouridylation and methylatio@n

the othethand, here area minority of rRNA modifications that requitique site
specific enzymesgncluding base modification$he exact function of the rRNA
modifications is somewhat unclear, but it has been shown that, in the context of the
assembled ribosoentertiary structure, they cluster at important sites such as the A and P
sites and the polypeptide exit tunttéf. It is therefore thought that rRNA modifications
aid in its proper folding and function, by altering and optimizing interactiotins w

neighbouring rRNA and ribosomal proteins, or even with tRNA and mRRNA.

Thehypermodified nucleatie N1-methytN3-(3-amino-3-carboxypropyl) pseudouridine
(m1l a c)psdigquein the mature rRNAWhile loss of modification at most single sites

in the rRNA does not appear to have a significant impact on ribosome function, the
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hyper modi f i e dxcepiod*t 5. inpairirest ofahe pseudouridylation
reaction results in a delay of 18S rRNA processing and a decrease in ribosomé&*idelity
The formation of this base is initiated in the nutsdy isomerization of uridine to
pseudouridine by an H/AGAlass snoRNP containing the snoRNA snR35. A second
reaction methylates N1 of the pseudouridine, and the modification is completed in the
cytoplasm by the addition of the aminarboxypropyl grougFigure 1.4)°*™. In the
absence of the pseudouridylation reaction aiménc-carboxypropyimodification can

still take place, but methylation is abrogafed

1.2.5Regulation and importance in cell proliferation and survival

The centrality of ribosomes to cell proliferation and survival is underscored by the fact
that the majority of ribosome biogenesis genes are essamtialonredundantn

yeast>® 73 |t should come as no surprigt ribosome biogenesis is highly regulated at
several different levels. Initiation of rDNA transcription, elongation rate, and rd@Sof

rRNA transcript processingiust be coordinated with ribosomal protein transcription,
translation, postranslatioml modification, and transport back into the nucleus. Synthesis
of the approximately 80 ribosomal proteins somehow occurs at equimolar quantities, and
in fact, a reduction in the levels of a single ribosomal protein leads to the concomitant
reduction of dlthe other proteins in the same sub(fhithese processes must also be

modulated according to environmental stimuli.
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Figurel.4 Modification of uridine.

The uridine at position 1248 in human 18S rRNA is extensively modified. First, the base undergoes
isomerisation by pseudouridine synthase. The N1 atom is then available for the addition of a methyl group

by a methyltransferase (EMG1). Finally, after theauriag small ribosomal subunit is transported into the
cytoplasm, an amingarboxypropylacp)moiety is added to the N3 atom. The final hypermodified

pseudouridine, knownasmlacpE Yl & LX F& |y AYLRNIFYyd NRtS Ay GKS
Reprined with permission from Liang X, Liu Q, and Fournier MJ. Loss of rRNA modification in the decoding
center of the ribosome impairs translation and strongly delaysrpeA processing. RNA (2009), 15:

17161728.
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In a proliferating cell, an increased re@uirent forprotein synthesis means an increased
requirement for ribosomeRibosome biogenesend cellular environmeratre linked by

the mammalian target of rapamycin (MTOR) pathwalyich senses nutrieavailability,
hormones, energy levedsd cellular stressn situations where increased ribosome
biogenesis is requirechTOR complex Jpromotes rDNA transcription by positively
regulating RNApolymerase.lIin addition, itphosphorylatesbosomal protein S6 kinase

1 (S6K1), which in turn plesphorylatesmallribosomalsubunitprotein RPS6. The
phosphorylated RPS6 appears to alter the specificity of the ribosome, conferring it with a
preference for translatingdéerminal oligopyrimidine (§TOP) mRNAs, a group of

mRNAs which includesibosomal protein genés®.

Another mastecoordinator of cell growth and divisiothe transcription factavlYC,

has been shown to directly bind and stimulate the transcription of the rRNA genes
MYC recruitstranscription facto6L1 and influencgtranscription by RNApolymerase.|

It appears that ribasne biogenesis andYC are interdependent, as cells
haploinsufficient for ribosomal protein gerae able to suppress the oncogenic activity

of MYC'®

Thetumor protein 53TP53 tumor suppress@athway stands as a strong checkpoint to
verify that ribosome biogenesis is intact before allowing cell proliferation. In a healthy
cell, the E3 ubiquitin ligase MDMB®inds and ubiquitinateBP53 thereby targeting it for

degradation by the proteasome amaintainingit at low levels. In a cell where ribosome
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biogenesis has been perturbed, the balance between rRNA and ribosomal protein
synthesis becomes uncoupled, leading to free ribosomal proteins that cannot be
incorporated into a functional ribosome. @aar free ribosomal proteirmich aRPL5,
RPL11 or RPL23bind and segregate MDM2, which leads to the stabilizatiarP&i3
Cell cycle arrest and/or apoptosis ensue, ensuring that celldefitienciesn ribosome

biogenesis do not survi(&.

Cell cycle and ribosome biogenesis are directly linked, as it has been shown in yeast not
only that decreases in ribosome levels delay progression through the Start ch&ckpoint
but also that the small subtiprocessome proteins are necessargfkirfrom Gland

entry irto GZ°. In mammalian cellsdeletion ofBop1, ageneinvolved in large ribosomal
subunit biosynthesis, results in cell cycle arrest, also at the G1 cheékpoint

Significantly, perturbation of th€EP53pathway reversethis effect, allowing progression

through the cell cycle.

1.2.6Ribosome biogenesis in brain development

BowenConradi syndrome is predamantly a neurological disordessaffected infants
areseverelyneurologically impairedeven lackinghe ability to suckThedefect causing
BCSclearlyhas a profound deleterious effect on bidewelopmentGiven the essential
role of ribosome biogenesis in cell proliferation, it seems logical that a defect in a
ribosome assembly protein could alte ffrocess of rapid cell growth and division

crucial for the early stages of central nervous system developimendg embryogenesis
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Examples from the literature are, however, rareebrafish, mutations inbosomal
biogenesis proteinsap28andpescadio result in p53mediated apoptosis in the central
nervous systeff, and a disruption of oligodendrocyte formatiture to cell cycle daly,
respectivel§’. Thebap28mutation 5 accompanied by a delay in rRNA synthesis
however this was not examinedtire case of thg@escadillomutation.In a mouse model

of DiamondBlackfan anemia, mutations in ribosomal protein gepe7lead toenlarged
ventricles in the brain and cortical thinning caused by increased apdptosis
Modifications to the rRNA can also affect brain development, as removal of sequence
specific snoRNAs associated with rRNA modification can lead to brain malformation in

zebrafisfie

1.3 Ribosomopathies

1.3.1Description of diseases

As the molecular causes of previously described diseases become kiseasesf
ribosome biogenesis havecently begun to be groupddiseases arising from defects in
ribosomal protein genes or in genes associated with ribosomal esiggnecalled

Ari bos omdhese tiseasessare highly heterogeneous in both their physical
manifestations and mode&inheritance, yet share several characteristics, including
microcephaly, hematological defects, and predisposition to cancer, most commonly
leukemid™®*%. It has also been proposed that immune defects are a hallmark of
ribosomopathies. Table 1.1 summarizes the featureshef currently know

ribosomopathieResearch into the etiology tbosome biogenesis disorddras aided
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the examination of the causes of BCS, as these diseases tend to share certain defects at a

molecular levelProcessing delays or defects in rRNA maturation are oftemof

resulting inan imbalance afatureribosome subunit levelsvhich frequently causes a

reduction in rates of protein synthesis and cell proliferation.

Disease Inheritance | Clinical manifestations Gene Function in
ribosome
(OMIM) biogenesis
Diamond Blackfan autosomal anemia, bone marrow | RPSRPS10, Ribosomal
anemia dominant, failure, cramofacial RPS17, protein
sporadic abnormalities, cardiac RPS19,
(#105650) defects, cancer RPS2RPS2¢
predisposition RPL5, RPL1!
RPL35A,

Shwachman autosomal growth retardation, SBDS Binding of 40S
Diamond recessive exocrine pancreas and 60S
syndrome insufficiency, subunits

hematologic defects,
(#260400) skeletal abnormalities,
cancer predisposition

Dyskeratosis X-linked mucocutaneous DKC1, TERT Pseudouridine
congenita recessive, abnormalities, bone TERC, synthase

_ autosomal marrow failure, cancer NOP10
(linked: dominant, predisposition, growth
#305000) autosomal retardation,
recessive immunodeficiency
Treacher Collins| autosomal craniofacial TCOF1, Trangription
syndrome dominant, abnormalities POLR1D, | of rRNA genes
autosomal POLR1C

(AD: #154500) recessive

Cartilage hair autosomal short stature, RMRP Cleavagef
hypoplasia recessive | hypoplastic hair, anemia rRNA
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(#250250) cancer predisposition
Anauxetic autosomal extreme short stature RMRP Cleavage of
dysplasia recessive rRNA
(#607095)
5¢- syndrome sporadic severe macrocytic RPS14 Ribosomal
somatic anemia, cancer protein
(#153550) deletion predisposition
Alopecia, autosomal hair loss, short stature, RBM28 Nucleolar
neurological recessive microcephaly, mental component of
defects, and retardation, progressive snRNP comple
endocrinopathy motor retardation,
syndrome delayed puberty, centra
adrenal insufficiency
(#612079)
North American autosomal Transient neonatal CIRHA PrerRNA
Indian childhood recessive jaundice progressing to processing
cirrhosis cirrhosis
(#604901)
Isolated autosomal Asplenia leading to RPSA Ribosomal
congerital dominant severe bacterial protein
asplenia infections
(#271400)

Table 1.1 The ribosomopathies

One of the most intriguing, yet confounding, discoveries of ribosomopathy research has
beenthat they display a degree of tissue specifidRjposome bigenesis is a universal

(with the refe

process rRNA genes commonly
ribosome biogenesis defectenmanifest themselves only in particular tissues. For

example, Treacher Collins syndrome is caused by mutatiofS@F1 a gene associated
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with rDNA transcription, or irPOLRLC andPOLRILD, subunits of RNA polymerase |
which transcribethe rDNA’?®%, Facial defects seen in Treacher Collins syndrome are a
result of a reduced prdédirating neural crest cell populatioother cells are unaffected
during developmefit. Similarly, Diamond Blackin anemia is caused hutations in
ribosomal protein genes, yet the disease is most commonly characterized by
hematological defect&ven more confusingly, mutations in mougmsomal protein
geneRpsl%ndRps20cause a reduction melanocytenumbersduring development,
but results in their accumulation in the aduBowen Conradi syndrome seems to
strongly affect the central nervous system during development, as evidenced by the
severe developmental delay see@affected children, Wile avoidingclearhematological
defects often seen other rbosomopathies. There asbvious spatial and neporal

aspect to ribosome biogenesis disordeasea of avid research intereat this time.

Recently it has become increasingly cleéhat the ribosome itself plays an active
regulatoryrole, rather than beingsimpleprotein synthesis machin8everal studies
have shown that under certain conditions the ribosome displays a preference for
translating specifitypes ofmRNAs.While this concept has been around for at laast
decadeastte fAr i bosome fiithas enly retegtly lmeguh ® gains o
compelling evidenceOne example previously mentioned is thaT OP mRNAs are
preferentially translated via mTOR complexnkdiated signalling when nutrieletvels
are high, mcreaing ribosome protein productidn’®. Unexpectedly, atudyby

197

Kondrashowt alin 2011 found byscreening patterning defects in mibat a mutation

in the large subunit protein RPL3&ks to a leduction in he translation of a subset of
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homeoboxmRNAs, although global protein synthesis rates were unchanged.38
expression varieom tissue to 8sue, anthe authorspeculated that alterations of
ribosomal protein expression might result in specialised ribosomtésh could in turn
exerttranscriptspecific translational contrdin the same veinmutations causing X
linked dyskeratosis corenita result in a reduction ofternal ribosome entnyite (IRES)-
mediatednRNA translatiof”. In otherribosomopathies where no evidence of altered
global proteirsynthesis rates has been foudemains to be seen whether the
specificity of the ribosome is affected, resultingpneferentiakranslation ofa subset of

MRNA transcripts.

1.3.2 Animal models

The first indications that defects in ribosomes could lead to morphological abnormalities
in amulticellularorganismwere found irDrosophila.Mutations at 560 lociknown as
theMinutegenes caused a similalnenotype, consisting of short bristles, slow
development, reduced viability, rough eyes, small body, and etched tefggesommon
characteristics for all of the mutations suggested that a single pathway was inkrolved.
1985, Kongsuwaet af’® showed for the first time th@ne of theMinuteloci encoded a
ribosomal proteipand speculated that the rate of ribosome assembly wasdid,

affecting cell proliferation rateSubsequentlynost ofthe approximately 5SMinute

genes werd@entified as ribosomal protein ged®s
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In the mouse, the majority of research into ribosome defects has come from recent
knockout and targeted knockin models designed specifically to mimic human
ribosomopathieknockouts of the genes responsible for Diam&tackfan anemi&™,
ShwachmasDiamond syndrom@&? dyskeratosis congentf, and Treacher Collins
syndromé®* all result in embryonitethalty. Mouse models of ribosomopathies have
nonetheless uncovered essential information about the importance of ribosome biogenesis
in development. For example, mouse modekhefautosomal dominant form ®feacher
Collins syndrome have shown that a defechalicoflgene, encoding the rDNA
transcriptionassociated protein Treacle, causes decreased production of ribosomes in
neural crest cells. Subsequent reductions in neural crest cell number and proliferation rate
lead to hypoplasia of the cranial and fatiahe$”. Significantly, loss of onallele of the
transformation related protein 53 geiiep53) in these mice completely rescues the

phenotype by decreasing apoptosis in neuroepithelial and neural créét.cells

Several more serendipitous discoveries have also contributed to thé fleddnozygous
lethalmutation causingigmentation and retinal defedtsown as the Belly spot and tail
mouse Bstl), was termed a mouddinutewhen it was determined to loaused by a
mutation in agene encoding a large ribosomal subunit prof@ivore recently, am-

ethykN nitrosureanutagenesis screen for pigmentation defects led to the discovery that
two different mutants known as Dark skin 3 and4k3andDsk4) were caused by
mutations in ribosomal protein gerRps19%ndRps28°. Ablation of theTRP53

checkpointrescued the pigmentation defect, as well as hematopoietic and growth
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abnormalities. SincBRPS19s mutated in approximately 25% of cases of Diamond

Blackfan anemi®’, these results could influence treatment of human disease.

Zebrafish models of ribosome biogenesis disorders, usually employing morpholino
knockdown of gaes of interest, have proven extremely usefuintangling the
developmental basis of tissgpecific phenotypesf ribosomopathiedn a Shwachman
Diamond syndrome study it was shown thladisexpressionn the developingebrafish
pancreas persists oviame, while it diminishes in other tissues including the adjacent gut
and liver®, Knockdown ofsbdsresulted in reducepiroliferationspecifially in exocrine
pancreatic celf§31%, which could explain the exocrine pancreatic deficiency in
ShwachmasDiamond syndrome patients. Similaryzebrafish study adrythropoietic
defects in DiamondBlackfan anemia found that ablation of TP53 rescued morphological
abnormalities, but did not improve erythropoié$is suggesting tissudependent roles

for TP53

1.3.3 Comparison with BCS

Of the characteristic defects seen in multiple ribosomopathies, microcephaly is the only
one that has been observed in BCS pati&@gher hematopoietic defects mancer
predisposition have been repithowever this may be a reflection of the eaelhhlity

of the diseasdt is intriguing that immue system deficiencies haldeen seen in a

number of ribosomopathi&sas BCS patients in the literature are often reported to have

reoccurring cases of pneumahia
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1.4 EMG1

1.4.1 EMGL1 function in yeast

EMG1 was first described in 1996 by Hakwtaal? who isolatedMiral, the
Schizosaccharomyces pondéhologue oEMG1,as a novel higltopy-number
suppressor of Rasldeficiency. This paper showed for the first time tMaalwas
essential for cell growthasS. pombepores lackindg/ral cangerminate and divide-3
cell cycles, but subsequenthil to grow.The function ofMral was however not

elucidated.

In 2001, Liuet af"*isolatedEMG1in Saccharomyces cerevisiaea screen for novel
genes repressed during heat shoakning it Essential for Mitotic Growth An effort to
identi fy suppr emgidefectsonlyorétrievediMG], sugdestiaglthat s
function is both essential and roedundantThe gem is highly conserved, amdouse
human andCandida albicanEMG1areable to compensate for the deletiortlod S.
cerevisiaggené™** An examination of Emg1 sutellular localizatiorby immunoblot
showed that itocalizes both to the nucleaand the cytoplasmic fractioHg while GFR
tagged EMGL1 revealed a rattaped localization in yeast, indicating a possible spindle

and microtubule associatibf
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The pattern oEMG1expression following heat shock similar to that of many ribosome
proteingenedn yeastand t was found to bessential for the processing of presur

35S rRNA to mature 18S rRNA. feduction oEMG1levels leadsto a corresponding
reduction in levels of thmaturesmall ribosome subunit, and deletion of Emg1

specifically abolishes 18S rRNA maturation without affecting 28S rRNxdditionally,
expression of &denosyl methionine (SAM) synthase or medium supplementation with
SAM rescues a temperatusensitive EMG1 defett. Taken together, these studies of
EMGL1 provide a picture of an essential, highly conserved protein required for processing

of the 18S rRNA, possibly via mediation of a methylation reaction.

EMGL1 is not associated with the mature ribosome, but is a component of the small
subunit processome Thesmall subuniprocessome is a large complex rivalling the
smallribosomalsubunit itself in size, composed of the U3 snoRNA and multiple
ribosomal and nonibosomal proteins, which aids in the processing of thedalyth
precursor rRNA into the matel 18S rRNA®. A yeast twehybrid screen identified only
one binding partnefucleolar Protein 14Nop14)*3 anothesmall subuniprocessome
componentCo-immunoprecipitations showed that, while the inteoacbetween the two
proteins § specific, only a fraction of Emgl and Nop14 seem to éaulh other
Furthermore, depletion of Nop14 eliminsitbe nuclear fraction of Emg1l without
affecting total levels, suggesting that Nopg4esponsible for the stdellular

localization of Emg1.
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Genetic interactions betwe&MG1landsnR57 RPS19and fungispecificTma23and
Nop6have also beeshowrt*>'*®. These studies indicate thmgrowth defect ifEmg1
mutants cae compensated by a loss of shnR57, the sSnoRNA responsikkegioence
specific2 -@H methylation of G1570 on the 18S rRNA,wrthe overexpressioof
smallsubunit proteirRPS19Thisledto aproposed model whereby Emgl birk@S
rRNA on helix 47, allaving the release of snR57 and promotsgociatiorof RPS19 to
the nascent ribosom8ignificantly, RPS19 is mutated in 25% of DiameBldckfan

anemia casé¥, suggesting a possible link between BCS and DianrRiadkfan anemia.

1.4.2 EMGL1 crystal structure

Although analysis of EMGL1 protein sequence showed sitongervation in eukaryotes

and archada®** none of the homologues had defined functidte resaltion of the

EMG1 X-ray crystal structure, however, allowed its inclusion in a wstidied

superfamily of proteinsThe S. cerevisiaEmglmonomercrystal structure at 2A’
reveal ed an U/ b cestamlB-strandetphralléleshedt anela dedp krmt

in the amino acid backbora the Cterminuswhich bindsSAM. The presence of this
characteritc fold assigis EMG1 to the superfamilpftheU/ b fédch o t
methyltransferases, also knowng®oU and TrmD$POUT) methyltransferases.

Members of this superfamily do not necessarily share primary sequence similarities, but
their secondary structures contain distinctfold$. | U/ b knot met hyl tr an
characterized to date dapd on SAM as a methyl dondunction as dimers in solutig

and are involved in posttranscriptional methylation of either tRNA or rRf&he

crystal structure also revealed Enggecific insertions nc|l udi ng a surface
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Ub e | enmanimg thatitrepreseritshe fir st member of a new

fold methyltransferases.

The crystal structurat 2.2A0f thearchaebacteriaethanocaldococcus jannaschii

EMG1 homologue was plibhed shortly after, this time showing the structure of the
dimer'*®. Dimerization & achieved by hydrophobic interactions at the interface of the two
monomer s, bet we e-helicas frpnagach subunit, foraningaal fehebx| U
bundle with each pair of helicg®sitionedperpendicular to thetber. Several hydrogen
bonds also contribute to the dimer stabilization. As is common with SPOUT
methyltrarsferases, dimerization fosa continuous positively charged groowa the

interface between the subunisoposed to be thainding site fornucleic acids.

In 2009, Wurmet af*° used a combination of fluescenceandnuclear magnetic
resonancespectometryand a yeasthreehybrid assay, to determine the specif8S

rRNA sequence which constituted the EM&bstraten M. jannaschii RNA

methylation assays showed that the consensus sequence was methylated at position 914
only in the presence ofseudouridindy ) nucleotide, and reversgahasehigh

performance liquid chromatographyfRLC) combined with*H-nuclear magnetic
resonancepectroscopydentified N1 as th methylated atom. Thus, EMGdl the first

known NZXspecific pseudouridine methyltrsferase. This specific reaction was
confirmed for human EMG1l using a human 18S

the target nucleotiddén a paper which constituted the first published structure of a
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SPOUT methyltransferase bound to RNA, Thomiaaf** determined the Xay crystal
structuref the S. cerevisiaEMG1 dimerin complex wih one molecule of RNA at

1.9A, and with two molecules of RNA at 3.0A, using RI€A substrate analog sequence
5aGGGCUUCAACGCCG3q The bound RNA formsa steraloop structure, witlEMG1
specifically recognizing and contactitige central UUCAAC in the RNA sequente.

vivo, the second uridine is replaced by pseudouridivieen bound to EMGhe uridine

at this positions flipped out from the RNA loop and bound in a pocket formed between
the two monomers, near the methyl doS&M. Meyeret al’? later confirmed the EMG1
substatein vivo usingreverseephaseHPLC and electrospray ionisation mass

spectroscopy.

Based on the crystal structure of EMGL1 in complex with RNA, it was proposed that

EMG1 may play a role in rRNA folding in addition to itsition as a

methyltransferasé®. This model proposes that EMG1 contacts the 18S rRNA at two

sites, the first of whicls a loop containing he met hyl ated pnseudour i d
humans). Contact with thes®nd proposed site, the stem of helix 42, could break apart

the helix upon EMGL1 binding, changing interactions with helix 41 and promoting

binding of ribosomal protein RPS1Bhis is in agreement with a previous model

proposing that EMG1 binding to 18S rRNbromotes the association of small subunit

ribosomal protein RPS1¥.
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1.4.3 Importance of aspartate 86 in EMGL1

Upon EMG1dimerization an extended basic surface is formieidh wasproposed to be
the rRNA binding siteThis positively chargedrea is centered angroup of arginines
from both monomers, one of which belongs mofaginine-Prdine-Aspartatelsdeucine
(RPDI) sequencevhich is completely conserved among EMG1 homolodéasterisks
in Figure 3.1 C)In bothS. cerevisia@andM. janaschij the RNA bindingsiteis disrupted
by mutation of the arginine residu@84 in human EMG)*"*°. Crystal structures
showed that theubstrate uridiner the RNA analog sequence is held and stabilized by
hydrogen bonds formed withis arginine residug", which in turnis oriented and held
by strong hydrogen bondgith the side chain of the asparta86 in human EMG1}°,
similar to the conformation found at the catalgrgininein TrmD, another SPOU
class methyltransferasBubstitution of the aspartate could alter RNA specificity or

affinity, thereby affecting the methylation activity of the protéin

Meyeret al’? studied the effects of mutating the aspartate in the conserved catalytic loop
RPDIsequence in yeast, showing by analytical gel filtration that a D90G substitution
(D86G in human EMG1) increases dimerization and affinityHer8S rRNA substrate.
Intriguingly, matrix-assisted laser desorption/ionization mass spectromesujts

suggest that the mutated EMG1 methylates RNA as efficiently as the wild type protein,
pointing to a structural, rather than a catalytic role of3B6G substitution in causing

BCS. Additionally, the mutated protein mislocalizes to the nucleoplasm and partially to

the cytoplasm in this system.
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1.5 Animal models of BCS

1.5.1Emg1 null mouse

An Emgl null mouse wagenerated in collaboration with Dr. Hao Ding, which replaced
exons 26 of the mous&mgl gene witha cassette containingsalice acceptor, an
internal r i b o s ogalactosidas@eoynycis registance fasion germe (A
IRESb g e &nockout micearenotviable and in fact, embryos arrest growth at the
morula stagdetween E2.5 and E3.5, indicating that EMG1 is necessary for
preimplantation development in miéé Although no differences in rRNA levels
between wild type or heterozygous embryos Bmdjl null embryos could be founthis

does not excludthe possibility of delayed rRNA processing, which was not examined.

Although the embryos did not survive long enough to allow both genotyping and detailed
biochemial analyses, the presence di-galactoglasereporte under the control of the
EMG1 pranotermeant that examinatiosf Emgl expression patterngas possible in
heterozygotesUsing both xgal staining and wholenount RNAIn situ hybridization, it

was shown thaEmgLl is expressed in the inner cell mass of blastocysts, but not in the
trophectoderm. In later embrydangl is ubiquitously expressed with no clear tissue
specific pattans; however strong expressiafound in theventricular zone of the
neuroepithelium, thaeural layer of the retina, the follicles of vibrissae, the thymus,
submandibular glands, brown adipose tissue, lung, nephric tubules, renal mesenchyme,

and seminiferous tubules of the testes. Interestingly, expression in the adult, although
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found in mostissues upon Northern blot, exhibell-specific localizatiorby RNAin

situ hybridization In the brain, expressios restricted to the granular cells of the
cerebellum and to thegpocampus, and in intestinefound inthecrypts. In the tess,
expressions high in spermatogonia but notlate stagespermatocyté$? This pattern
indicates specific expressiah Emdl in highly proliferative cell populations in the adult,

while expression in embryos is more widespread.

1.5.2Trp53 knockoutattempted rescue of Emg1l null mouse

Previous mouse models of ribosome biogenesis defects could be rescued by ablating
Trp53 removing a crucial celtycle checkpoint and allowing embryos to continue
developing>19'2312* Emgl heteraygous mice were therefore crossed With53
knockout mice in an effort to rescue the early lethality. HoweveEmgl null mice

were bormand embryos did not develop beyond E®&8icating that th&mgl defectis

not completelymediated by th@RP53 pathwaynder these conditionShwachman
Diamond syndrome also seems toltRs3-independertt®, though i remains to be

determined hovgrowth arrest and cell death anediated in these models.

1.6 Rationale, hypotheses and objectives

BowenConradi syndrome is a significant den on the Hutterite population, with an
estimated carrier frequency of 1 in, Hhd prevention or treatment require a detailed
understanding of the molecular causes of the disofdstudy by Lamonet alt®'%

determined that the mutation responsibleB@SIay in a 1.9 megabase interval the

short arm othromosome 12. This candidatéeirval was the basis of the search for the
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mutation causing BC&sdescribed in Chapter. Evidence showed that BCS belongs to
adiversegroup of disorders with a similar molecular basis, known as the
ribosomopathies. While it is well established that these diseases all stem from mutations
affecting ribosome assembly and function, many aspéetsosome biogenesis

disorders remain obscure. Research to uncover the specific contributgeresf

associated with ribosomopathies is shedding light on the mandfi@lsl of ribosomem

the cell cycle, cell proliferation, and developmehtlifferert tissuestightly regulated in

a temporal and spatial mannkrsights intoribosome biogenesis in the contextloé

etiology of BCS will aid not only the Hutterite population, but the wider spectrum of

ribosomopathies as well.

Thehypotheses explored herein are:

1 That a single nucleotide mutation in the g&MGLlis responsible for Bowen
Conradi syndrome.

1 That the mutation iIEMG1results in EMG1 protein instability, leading to
severely reduced levels of the protein in BCS patient cells.

1 That EMGL1 proteinnstability alters itsturnover rate and localizatipand
negatively impactsell proliferation due to impairedbosome biogessis in BCS
patient cells.

1 Thatthe mutation irEMG1leads to reduced cell proliferation during

developmentresulting ingrowth retardation
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To examine these hypotheses, dbhgectives of the research discussed in this thesis are as

follows:

() To deteminethe mutation responsible for causing Bowe@onradi syndromeo
confirm its impact in BCS patient celland to infer how it might cause disease based on

the known properties of the affected gene

(i) To establishthe impact of the BC8ausingA>G mutation inEMGlon EMG1

proteinstability, localizationandassociatiorwith other proteins.

(i) To determine the effect of reduced levels of EMGL1 protein on cell proliferation and
cell cycle progression, protein synthesis rates, and ribosome bsigyenBCS patient

cells.

(iv) To generate and characterize a mouse model of BCS, and to examine the evolution of

the disease throughout development and in multiple tissues.
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Chapter 2 : Materials and Methods
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2.1 Study subjects

Lymphoblast ofibroblast cell lines from patients were generated as part of a previous
study to map the BCS gefieSgned informed consent was obtained for all participants.
This study was approved by the Health Research Ethics Board at the University of
Manitoba. Anonymous control DNA samples were from-klutterite Manitobans and
individuals from the Eastern Unitedas, and control lymphoblasts and fibroblasts were

from children of a similar age as BCS patients.

2.2 Bioinformatics

Protein orthologs of EMG1 from various species were identified using the yeast Emgl
protein sequence (NP_013287.1) as a query baséclocal alignment search tool

(BLAST) searcth?® (NCBI). Sequences from a broad range of species were selected from
the resulting homologues and a multiple sequence alignment was performed using Clustal

127
W=

2.3Cell culture

Baby hamster kidney (BHK), HeLa human cervical cancer, and fibroblast cells were

maintained in minimal essential mediumml( pha modi fi cati on) or Dul
Eagl e 0 s (DMEM (Inuvitrogen, Sigma, or Lonza). Lymphoblasts were maintained

in Roswell Park Memorial Institut@&RPMI) medium 1640 (Invitrogen, Sigma). All media

was supplemented with 10% fetal bovine ser
streptomycin per ml (InvitrogenMouse embryonic sterell cultures were grown in

high-glucose DMEM supplemented with 2 mM gloiize, 0.1 mM nonessential amino

aci ds, -fercaptosiidnohl mM sodium pyruvate, 50 U/ml penicillin, 50 ug/ml

streptomycin, 15% fetal bovine serum, and 1000 units/ml leukemia inhibitory factor, on
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mitotically inactive mouse embryonic fibroblast feedells‘?. Cells were maintained in

a humidified chamber at 37°C in 5% @0 passage adherent cells, tissue culture plates
were first rinsed with 1 x phosphateftaned saline (PBS, 1.9 mM NaRQ,, 8.1 mM
NaHPO;, 150 mM NaCl, pH 7.4), then incubated with 0.25% trypsin (Invitrogen) at
37°C for several minutes until the cells were visibly detached from the plate. Cells were

resuspended in the appropriate culture iomadat the required dilution before-pdating.

2.4 Cell proliferation assay

Cell proliferation rates were determined usin@aiTiter 96 NonRadioactive

Cell Proliferation Assay MTT) kit (Promega) and foll owin
instructions. Brieflyequal numbers of celisere seeded intithe wells of a 24well plate

and allowed to grow at 37°C for 0, 24, 48 or 72 hours. At each time point, the cells were
incubatedat37°Cfo f our hours in 150 ¢l MTT reagent
solution for one hour. The absorbance of each well was read by spectrophotometer at 570

nm.

The doubling time of a cell population was calculated using GraphPad Prism software,

from the fdlowing equation:

_ log(2)
Td - (fg _fl)*@

whereTy = doubling timef = time, andg = quantity.
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2.5 DNA isolation

2.5.1Plasmid DNA isolation from bacterial cultures
Plasmid DNA was isolated from bacterial cultures using either a Qiagen plasmid

preparationkit, or a quick pregrationmethod.

Using the Qiagen Midi or Maxi kit, bacteria from 2280 ml overnight cultures were
harvested by centrifugation at 600@ for 15 minutes at 4°C. The pellet was
resuspended in 10 ml of buffer P1 (50 mM TrisCl pH 80ptM EDTA, 100 pg/ml

RNase A), and then lysed by inverting with ten ml of buffer P2 (200 mM NaOH, 1%
SDS). After a five minute incubation at room temperature, ten ml afdlcebuffer P3 (3

M potassium acetate, pH 5.0) was added, mixed by inversion aneld@n a QIAGEN

tip preequilibrated with 10 ml buffer QBT (750 mM NaCl; 50 mM MOPS, pH 7.0; 15%
isopropanol; 0.15% Triton 4 00). The column was allowed to empty by gravity flow.
The QIAGENtip was washed twice with 30 ml of buffer QC (1 M NaCl; 50 mM R&)
pH 7.0; 15% isopropanol), and the DNA was eluted with 15 ml of buffer QN (1.6 M
NaCl; 50 mM MOPS, pH7.0; 15% isopropanol). DNA was precipitated by adding 0.7
volumes of isopropanol, and pelleted by centrifugation at 15 @@x30 min at 4°C.
After decanting the isopropanol, the DNA pellet was washed with 5 ml of 70% ethanol,
followed by centrifugation at 15 000g<for 10 minutes at 4°C. The DNA was-g@iried

for 10 minutes and dissolved in TE (10 mM TrisCl, pH 8.0; 1 mM EDTA) or water.

For the quik preparation, 1 ml of an overnight bacterial culture was transferred into a 1.5
ml microfuge tube, and the cells were pelleted by centrifugation. The supernatant was

discarded and the pellet resuspended in 200 pl P1 buffer. An equal volume of P2 buffer
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was added and mixed by inversion. After a two minute incubation at room temperature,
200 pl of P3 buffer was added, the tubes were mixed, and placed on ice for 15 minutes.
The cell debris was pelleted for 15 minutes in a microcentrifuge at maximum speed, and
the supernatant was decanted into a new microfuge tube and the DNA was precipitated
with 0.8 volumes of isopropanol. The DNA was then collected by centrifugation for 15
minutes in a microcentrifuge at maximum speed. The isopropanol was decanted, and the
pellet was washed with ieeold 70% ethanol. After a final twminute centrifugation, the

DNA pellet was air dried and dissolved in 50 pl water.

2.5.2Genomic DNA isolation from mouse tails

Tail clips collected from 21 dagld mice were incubated overnigiit55°C in 0.5 ml
digestion buffer (100 mM Tris pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NacCl, 100 pg/
ml proteinase K). The following morning, 0.5 ml buffered phenol/chloroform/isoamyl
alcohol (25:24:1) was added, and the tubes were rotated for 1 hour aeraperature.
The tubes were spun at 13 006 for 10 minutes, and the upper aqueous phase
transferred to a second tube. After adding 0.5 ml isopropanol, the tubes were inverted
several times. The DNA was pelleted with a 5 minute centrifugation, andgbenatant
was discarded. The pellet was washed with 0.75 ml of 70% ethanol, followed by a
second Eminute centrifugation. The ethamalpernatant was removed and the DNA
pellet was air dried for 30 minutes. The DNA was resuspended #5@50l of

RNase/Nasefree water.

Alternatively, the phenol/chloroform/isoamyl alcohol extraction step was onfigited
faster DNA isolationDNA wasinsteadprecipitated using isopropanol directly following

digestion and washed in 70% ethanol as above
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2.5.3DNA isolationfrom agarose gels

DNA was isolated from fragments separated by agarose gel electrophoresis using a
QIAquick gel extraction kit (Qiagen). The band was visualised untawvioletlight and
excised using a clean scalpel. The gel fragment was weighedjrBe®bf buffer QG

was added per volume of gel, and the gel fragment was dissolved by heating to 50°C in a
water bath for ten minutes with occasional mixing. An equal volume of isopropanol was
added, the sample was applied to a QIAquick column, and thd W@s eluted from the
column by centrifugation at 13000 rpm for one minute; the eluate was discarded. After
applying 0.5 ml buffer QG to the column and centrifugation for one minute, the eluate
was again discarded. The column was washed with 0.75 mi REfethe liquid was

eluted by centrifugation for one minute, and the eluate was discarded. The DNA was
eluted by adding 50 pl of water to the centre of the column, lettingubate at room
temperaturdor one minute, and then collecting the DNA by centrifugation for one

minute in a DNasdéree microcentrifuge tube.

2.6 RNA isolation

RNA was isolated from cells using TRIzol reagent (Invitrogen) and following the
manufacturer 6s i nissuspansian warepslleted@ral the supegatantw n
removed before lysis. Adherent cells were lysed directly in the culture vessel by addition
of 1 ml TRIzol, followed by repeated up and down pipetting. The lysates were stered at
80°C until the RNA was neededfter thawing, 0.2 ml of chloroform was added to

lysates, these were mixed by hand for 15 seconds, and incubated at room temiperature

3 minutes. The phases were separated by centrifugation at 129306035 minutes at

4°C, and the upper aqueous ghavas then transferred to a new tube. The RNA was
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precipitated by the addition of 0.5 ml isopropanol per tube, followed by mixing by
rotation for ten minutes at room temperature. The RNA was then collected by
centrifugation at 12 000 g for 10 min at 4°Cand the supernatant decanted. The RNA
pellet was then washed with 1 ml 75% ethanol, mixed with a vortex, and collected by
centrifugation at 7 500 g for 5 minutes at 4°C. The ethanol was removed and the pellet
was allowed to air dry for 10 minutes)ltaved by resuspension thethylpyrocarbonate
(DEPQ-treated water by pipetting up and down several times. The RNA solution was

then incubated for 10 minutes in a 60°C dry bath, and then sto/&@rax

2.7 Agarose gel electrophoresis

2.7.1 DNAseparation

Agarose gels were prepared at concentrations of 0.7% to 2.5% agarose (Invitrogen)
depending on the size of the DNA fragments to be separated. Agarose was added to an
appropriate volume of 1x Tris Borate EDTA (TB@D mM Trisborate 2 mM EDTA

pH 8.3) or Tris Acetate EDTA (TAEY0 mM Trisacetatel mM EDTA pH 8.3) and

heated to dissolve the agarose. The solution was cooled to approximée|etodium
bromi de was added to a final concentration
agel tray containing the appropriate combs. After the gel solidified, it was placed in a
horizontal electrophoresis apparatus and covered to a depth of roughly 1 mm above the

gel surface with 1x TBE or TAE.

DNA was mixed 1 in 6 with 6x loading dye (0.25%brophenol blue, 0.25% xylene
cyanol, 30% glycerol) and was pipetted into the wells of the agarose gel. A DNA ladder

covering a similar range in size as the DNA fragments to be separated was loaded into the
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outside lanes of the gel (Invitrogen, New Engl&nalabs, Frogga Biosystems). A
voltage of 5V per cm was applied, and the migration of the dye markers was monitored to

estimate the distance that the DNA fragments had migrated.

2.7.2 RNA separation

To prepare RNA for separation by gel electrophoresjaal volumes of RNA and
NorthernMaxGly Sample Loading Dye (Ambion) were mixed in a small tube and
incubated at 50°C for 30 minutes to denature secondary structures. RNA samples were
then separated at 5V per cm in a0180% agarose BPTE gdl@0 mM PIES, 300 mM

Bis-Tris, 10 mM EDTA pH 8.0pel in 1 x BPTE buffer.

2.8 Capillary electrophoresis of RNA

Relative evels of 18S and 28S rRN#&ere quantifiedising theRNA 6000 Nano

LabChip Kit in the Agilent 2100 Bioanalyzend follow ng t he manuf actur er
instructions. One pbf total RNAwas added to duplicawvells of the Nano Chiglong

with 1 pl of RNA ladder, and RNA species were separated by capillary electrophoresis.

The quality of the RNA separation was assessed by resolution of the individualrpeaks

the ladderThe area of each peak was determined by the Agilent Bioanalyer software,

and the ratios of 285/18S rRNA were calculated.

2.9 Quantification of nucleic acid concentrations

DNA concentration was estimated by comparison with a High or Low DN&sMLadder
(Invitrogen). Each band in these ladders contains a specified amount of DNA, and by
comparing the intensity of the band of interest with a ladder band of a similar size, the

amount of DNA in the band of interest can be estimated. Alternatiddé&lp, or RNA
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concentrations were determined by reading the absorbance of a sample at 260 nm using a
NanoDrop 2000 spectrophotometer (Thermo Scientific). The absorbance at 280 nm was

also read, and the 260/280 ratio was used as an estimate of nucleic iagid pur

2.10 Polymerase chain reaction (PCR)

PCR amplification of DNA was performed in either a#lad MyCycler or an

Eppendorf thermal cycler. A negative control without DNA was included in each
experimentas well as a positive and a negative controlffeekperimentwhenever
possible. Cycling conditions, including annealing temperatures and elongation times,
were optimized for eacimplicon For each PCR reaction, 49 pul of reaction mixture (100
ng forward primer, 100 ng reverse primer, 0.2 mM dNTPsygits Tag DNA

polymerase [New England Biolabs], 1 x ThermoPol buffer [New England Biolabs]) was
added to 1 pl of DNA template. Where necessary,-figlity polymerase (Phusion Taq,
New England Biolabs) was employed to minimize errors in the PCR prddtygtical
reaction consisted of an initial 5 minute denaturation step at 95°C, followed3fy 30
cycles of 1 minute at 95°C, 1 minute at the optimized annealing temperature, and 2
minutes at 72°C. The final cycle was followed by a 5 minute extension @t Z2d the

products were held at 4°Gee Table 2.1 for PCR primers used throughout this thesis.

ID Sequence (5 to 3) Purpose
WPG
5'CGG GAT CCA TGG CGA AGG CGA AGA A( Human NOP14 w/5'BamH]I site F
662
WPG
5' CGG GAT ATC TAT AGC ATT ATT ACTTAA Human NOP14 w/3'EcoRYV site R
663
WPG
5TCA CCA CAG CTT TTG AAG AAG TAT GG Mouse EMG1 3' arm amplification F
707
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WPG

5'GGC GCG CCG GTC TGC ACC AGC AGG CCT A

Mouse EMG1 3' arm amplification R

708 3
WPG
5'CTG GCA GCT TGT TCT GTAT3T ACC Mouse EMGL1 5' arm amplification F
709
WPG
5'GGC TAT CAC TCA AGG TCA CCT AAG 3] Mouse EMG1 5' arm amplification R

710
WPG

5'GTG GGC TCT ATG GCT TCT GA 3' EMG1 exon-B_DTG: seq Notl site F
717
WPG

5GTTTTC CCAGTCACGACGTT 3 EMG1 exon-B_DTGseq Notl site R
718
WPG

5'CAAACT CTTCGC GGT CTTTC 3 Mouse EMG1 sequencing
719
WPG

5" TAC GCT TGA GGA GAG CCATT 3' Mouse EMG1 sequencing
720
WPG

5'ACCCCATTG TAT GGG ATC TG 3 Mouse EMG1 sequencing
721
WPG

5'GTT GCA CCA CAG ATG AAACG 3 MouseEMG1 sequencing
722
WPG

5 GTTTCATCT GTG GTG CAACG 3 Mouse EMG1 sequencing
723
WPG

5'CAG CAG CAGACCATTTTCAAZ Mouse EMG1 sequencing
724
WPG

5'GTG CAG ATT GAA AAT GGT CT 3 Mouse EMG1 sequencing
725
WPG

5" TCT CTC CAG GTAGCG AAAGC 3 MouseEMG1 sequencing
726
WPG

5'CCGATATTATTIT GCCCGATG 3 Mouse EMG1 sequencing
727
WPG

5" TAC GCG TAC TGT GAG CCAGA 3 Mouse EMG1 sequencing
728
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WPG

5" TTG AAC TGC CTG AAC TACCG 3

Mouse EMG1 sequencing

729
WPG
5'CTC GCC ACT TCAACATCAAC 3 MouseEMG1 sequencing
730
WPG
5'ATG GCG ATT ACC GTT GAT GT 3 Mouse EMG1 sequencing
731
WPG
5 TGTCTGTTG TGC CCAGTC AT 3' Mouse EMG1 sequencing
732
WPG
5'AGA CAATCG GCT GCT CTG AT 3 Mouse EMG1 sequencing
733
WPG
5'AGC CAACGC TAT GTC CTG AT 3 MouseEMG1 sequencing
734
WPG
5 CGT TGG CTACCC GTG ATATT 3 Mouse EMG1 sequencing
735
WPG
5'AAG GCC TAT GGC TAT CACTCAA T Mouse EMG1 sequencing
736
WPG
5" TGT GGC ATG ACT TGT CTCCT 3 Mouse EMG1 sequencing
737
WPG
5'GTC ACT CCC CAC TGAAGG AA 3 Mouse EMG1 sequencing
738
WPG
5'CTT CAG TGG GGA GTG ACT GG 3' Mouse EMG1 sequencing
739
WPG
5" CAG CTACCGCCTGTCTTACC 3 Mouse EMG1 sequencing
740
WPG
5" CAG GAG CAG TTGGCATTTTAZ Mouse EMG1 sequencing
741
WPG
5" TCA GGA ACG CCT ACT GTCAA 3 Mouse EMG1 sequencing
742
WPG
5" CCCCTTAGATTC TGG TGT TCC 3' Mouse EMG1 sequencing
743
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WPG

5' GGG GAC ACT GTA GGT TCT GG 3'

Mouse EMG1 sequencing

744
WPG
5TCCCCTTTTCTCAGCTTGTC 3 Mouse EMG1 sequencing
745
WPG
5'AAG GAGA CCAAGC TGC TAT TG Mouse EMG1 sequencing
746
WPG
5 CAATAGCAGCTTGGCTCCTT 3 Mouse EMG1 sequencing
747
WPG
5 CATCCCCGAACCTTTTGATASZ Mouse EMG1 sequencing
748
WPG
5' GGA GCA AGT CGG AAC AGA AG 3' Mouse EMG1 sequencing
749
WPG
5'CCC CCA GAA TAG AAT GAB ACC Mouse EMG1 sequencing
750
WPG
5' GGG AGG ATT GGG AAG ACAAT 3 Mouse EMG1 sequencing
751
WPG
5 TTG AGT GTT GTT CCAGTT TGG 3 Mouse EMG1 sequencing
752
WPG
5 TCT TGT CTG ATT CTA GAA CT AGG TG § Mouse EMG1 sequencing
753
WPG
5'GCT CTG CCC 8% ATAGCT 3 Mouse EMG1 sequencing
754
WPG
5'GCT AGC TTG GCT GGA CGT AA 3 Mouse EMG1 sequencing
755
WPG
5" CGATTG TAT ATGTGC CGATACC 3 Mouse EMG1 sequencing
756
WPG
5'ACT GGC ATG TTC CTC AGC AT 3 Mouse EMG1 sequencing
757
WPG
5" GAG CTT GGAA CCC TTAAT 3 Mouse EMG1 sequencing
758
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WPG

5' GAA GGA AGT TGG CCG TGA G 3

Mouse EMG1 sequencing/ 5' external probe

759
WPG
5'CCAGTC AAG CCCCATTTAAC 3 Mouse EMG1 sequencing/ 5' external probe
760
WPG
5 GTTTGG CATCTTCCCTGG TAZ MouseEMG1 sequencing/ 3' external probe F
761
WPG
5'CCC CAC AGA GCC AAAATAAA T Mouse EMG1 sequencing/ 3' external probe
762
WPG
5'GAG AAT CCG ACG GGTTGT TA 3 Mouse EMG1 sequencing/ &gprobe F
763
WPG
5'CAG CAG CAG ACCATTTTCAA 3 Mouse EMGXkequencing/ Bgeo probe R
764
WPG
5'TGA CCT TTA GCA AGC ATG GAG 3' BCS Mouse 2nd lox p site detection F alternat
765
WPG
5'CGATTG TAT ATG TGC CGATAC C 3' | BCS Mouse 2nd lox p site detection R alternat
766
WPG
5'TGA CCT TTA GCA AGC ATG GAG 3' BCS Mouse 2nd lox p site detection F #2
767
WPG
5'CTATCT TGG AAC TAT ACC AG 3' BCS Mouse 2nd lox p site detection R #2
768
WPG
5'CAC TGATAT TGT AAGTAG TTT GC 3' Flp allele at ROSA26 in B6.12954 mice F
769
WPG
5-CTA GTG CGA AGT AGT GAT CAG G3' Flpallele at ROSA26 in B6.12954 mice R
770
WPG
5" TGT TTT GGA GGC AGG AAG CAC TTG WT ROSAZ26 allele F
771
WPG
5' AAA TAC TCC GAG GCG GAT CAC AAG 3 WT ROSA26 allele R
772
WPG
5'ACT GGC ATG TTC CTC AGC AT 3' BCS mouse single Frt site after Bgeo removg
773
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WPG

5"AAG CTT GCG GAACCC TTAAT 3

BCS mouse single Frt site after Bgeo remova

774
WPG
5 CATTTCCTGGCCCACTTTC3 Human EMG1 sequencing exon 1 F
800
WPG
5CCTCTCTGCTTT CTACATCC 3 Human EMG1 sequencing exon 1 R
801
WPG
5'GGA CCA CATG AGA AGAACCAC 3 Human EMG1 sequencing exo &
802
WPG
5TTCTCCCTTTTCCTCTTCCTC 3 Human EMG1 sequencing exo3 R
803
WPG
5'CCT TGT TCG ATG ACT GGA CAG 3' Human EMG1 sequencing exoid 4
804
WPG
5'GCATTG TTAAAATGC CTACTGC 3 Human EMG1 sequencing exoib R
805
WPG
5'ACT GGC ATG TTC CTC AGC AT 3 BCS mouse bgeo cassette detection F
806
WPG
5'GGA CAG GGATAAGTATGACATC 3 BCS mouse bgeo cassette detection R
807
WPG
5'CAT GTT CTG TTC TGC AGG TAG 3' BCS mouse Ax@utation detection F
808
WPG
5'GCT CTG CCC ACA CAG ATAGCT 3 BCS mouse A>G mutation detection R
809
WPG Human EMG1 257 A>G mutation exon 2/intrg
5' GAA GAC ATA TGA GCT ACT CAACTG 3' o F
838
WPG Human EMG1 257 Ax@utation exon 2/intron
5'GAG TTA CCT GGT GG&TER'
2R
839
W:G b /¢D D/1 ¢D¢ ¢/ /¢ Mouse EMG1 mutatlan introduction segment
WBPG D D¢D DD¢ D! ¢ DG/ ¢ Mouse EMG1 mutatloRr: introduction segment
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WPG 0 D¢/ 1 DI/ /1 DI J ;| Mouse EMG1 mutatiomtroduction segment 2
C F

WPG b /I DI ¢ 111 Lo/ 1 Mouse EMG1 mutation introduction segment
D R

WPGE 5 GTTTTC CTG CCC TAAAGAAGG 3 Human EMG1 sequencing exon 6 F

WPGF 5" CTC TCC CCATCT AGC CAG G 3 Human EMG1 sequencing exon 6 R

Table 2.1 Oligonucleotides used as PCR primers

2.11 Sequencing

To screen for the BG8ausing mutation, the coding region of candidate genes was
amplified by PCR with primer pairs placed at least 30 base pairs away from each intron
exon junction. Exons were amplified together if they were separated by only a small
intron. PCR products to be sequenced were extracted from agarose gels as above, and
submitted to The Centre for Applied Genomics in Toronto for sequencing. Sequencing
was performedvith the same primers used for the amplificatising the Sanger method

and raction products were analyzed on an ABI 3730XL instrument.
2.12 Vector construction

2.12.1 Restriction enzyme digestion

DNA digests were performed according to th
Biolabs or Fermentas Life Sciences). General¥0Dlunits of restriction enzyme were

mixed with 1 pg DNA in 1x enzyme reaction buffer and incubated from one hour to

overnght under the supplielecommended conditions. The enzyme buffer varied

according to the enzyme being used, and double digests were performed in a single buffer
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that was compatible with both enzyn{eee Table 2). When required, DNA was

purified from the reaction components by gel extraction.

Enzyme Site (5'to 3) Source T® BSA Buffer
Acc65I G"GTACC NEB 37 y 3
Ascl GG"CGCGCC | NEB or Fermenta] 37 n 4 or Fast Diges
BamHI G"GATCC NEB 37 y 3
Blpl GCATNAGC NEB 37 n 4
BspHI TACATGA NEB or Fermenta] 37 n 4 or Fast Diges
BsrG1 TA"GTACA NEB 37 y 2
Eagl CM"GGCCG NEB 37 n 3
Hindlll AMAGCTT NEB 37 n 2
Kpnl GGTAC™C NEB or Fermenta] 37 y 1 or Fast Diges
Ncol CrCATGG NEB 37 n 3
Nhel G"CTAGC NEB 37 y 2
Notl GCrGGCCGC NEB 37 y 3
Nspl RCATG™Y NEB 37 y 2
Pacl TTAATATAA NEB 37 y 1
Pmll CACNGTG NEB 37 y 1
Sacll CCGCNGG NEB 37 n 4
Sall G"TCGAC NEB or Fermenta] 37 y 3 or Fast Diges
Shbfl CCTGCANGG NEB 37 n 4
Scal AGTMACT NEB or Fermenta] 37 n 3 or Fast Diges
ScrFl CCANGG NEB 37 n 4
Xhol Cr"TCGAG NEB 37 y 4
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Zral GACMGTC NEB 37 n 4

Table 2.2 Restriction enzymes

2.12.2 Creation of blunt ends

To prepare DNA for blunénd ligation, the &verhang was filled in or theoBverhang

was removed using the Klenow fragment of DNA polymerase | (New England Biolabs).
One unit of enzyme per pug of DNA and 33 uM of each dNTP in 1x buffer 2 (New

England Biolabs) was incubated at room temperature for 15 minutes. EDTA was added to
a final concentration of 10M and the enzyme was heat inactivated at 75°C for 20

minutes.

2.12.3 Dephosphorylation of vector ends

To prevent restriction enzyndigested vector from seligating, the Bterminal

phosphatevas removed using calf intestinal alikne phosphatase (New England Biolabs)
or Antarctic phosphatase (New England Biolabs). One unit of enzyme was added per pg
of restriction enzymeligested DNA and incubated at 37°C for 30 minutes. Antarctic

phosphatase was heat inactivated at 65°C fombii@s.

2.12.4 Ligation

Using a molar ratio between 3:1 and 6:1 (insert:vector), DNA was ligated using T4 DNA
ligase (New England Biolabs). One unit of enzyme was added per ug of the insert and
vector mixture in 1x T4 ligase buffer and incubated at raemperature overnight.
Alternatively, ligations were performed using a DNA ligation kit (Takara) at 16°C for 30

minutes.
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2.12.5 HAtagged human EMGL1

Mammalian expression vectors containing the wild typeAss@-mutatedEMG1cDNA
sequences were constructed using a ®@sed strategy. Briefly, total RNA isolated from
normal or patient fibroblasts was reverse transcribed with Superscript (Invitrogen). The
coding sequence was amplified using oligonucleotide primers that adddd| Bad

Xhol sites onto thed@nd xends, respectively. The PCR products were isolated from
agarose gels, and digested with BamHI and Xhol to generate the 755 bp insert. The
fragments were ligated with BamHI/Xhol digested pcDNAS3.1 (Invitrogen) to generat
pcDNAEmg1l and pcDNAEmMg1/D86G constructs. To generate constructs that had an HA
tag added to the-@&rminus of EMG1, these vectors were used as the templates fer PCR
amplification using Phusion polymerase. The products were digested with Kpnl and Notl
andcloned into Kpnl/No# digested pMH plasmid (Roche Applied Science) to generate
pMH-EMG1 and pMHEMG1/D86G plasmids. The full EMG1 coding region was
sequenced to confirm the presence of only the desired A to G substitution in the pMH
EMG1/D86G vectorTheHA-tagged EMG1 was expected to proda@S8 kDa protein.

A -@mlactosidase expression plasruda transfection contrpl p R Gddlvias

purchased from Invitrogen.

2.12.6 Flagtagged human NOP14

The human NOP14 coding sequencBNA clone MGC: 39284 IMAG: 4878317 was
purchasedrbm Open Biosystems. Because an antibody toward NOP14 was not
commercially available, BLAG-tag was added to the-tdrminus of NOP14 to allow its
detection. BrieflyNOP14 cDNA was PCR amplified using primers WPG662 and

WPG663to add a BBamHI site and adEcoRYV site, respectively. The PCR product was
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gel purified and digested with BamHI and EcoRV, generating a 2427 bp NOP14 insert.
ThepCMVTag2B (Stratagene) plasmid containing the FL-#&G coding sequence was
digestedusing BamHI and EcoRV gel purified and ligated with the NOP14 inseftffter
transformation intde. coli, colonies were selected &0 pg/ml kanamycin. Plasmids

were prepared from overnight cultures of individual colonies, and separated by gel
electrophoresis.|Bsmids of the expected size were digested with Baamid|IEcCORV to
verify the presence of the NOP14 insert, #malfinal construct was sequendectonfirm
that there were no coding sequence changes FLAGtagged NOP14 was expected to

produce a proteinf 97 kDa.
2.13 Transfection and transformation

2.13.1 Transformation of bacterial cells

ElectrocompeteriEscherichia col{ D H 1 Refiv England Biolahsvere used for
transformations. One pl of ligation mixture was added to 40 pul of bacteria in a chilled
electroporation cuvette with a 1 mm gap. Electroporation was performed by subjecting
the mixture to 1.3 kV, 129 qlatos600. OF usi ng
Following electroporation, the bacteria were immediately mixed with 960 pl of

prewarmed SOC broth (Sigma) and incubated at 37°C for one hour. The transformed

mi xtur e was p lLgogeny BrothiLB)agaldontaihirey thé appropriate

artibiotic and incubated at 37°C. The following day, individual colonies were

subcultured into 30 ml LB broth containing the appropriate antibiotic and incubated

with shaking at 37°C for 8 hours. The cultures served asustere for larger cultures.
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Alternatively, chemically competent cells (One Shot, Invitrogen) were employed. One pl
ligation mixture was added to a vial of One Shot cells, mixed gently, and incubated on ice
for 30 minutes. The cells were heat shocked by incubation at 42°C for 30 sebhends,
placed on ice for two minutes. After adding 250 pl ofywaamed SOC broth to the vial,

cells were incubated with shaking at 37°C for one hour. The bacteria were spread onto

agar plates as above.

2.13.2 Transfection of mammalian cells

BHK cells werecultured overnight in DMEM without antibiotics, and were
approximately 90% confluent on the day of the transfection. Cells were washed, and then
incubated in 1.5 ml of serufinee OpttMEM (Invitrogen) for 45 minutes. During the
incubation, samples for mafectionwere prepared as follows for each well: 4.5 pg of
DNA (4 ug pMH vector, pMHEMGL1, or pMHEMG1/D86G, plus 0.5 g £ M \Adml
plasmid) was diluted in 250 ul of OBMEM and mixed gentlyTenpl of Lipofectamine
2000 (Invitrogen) was incubated in 250Qpti-MEM for 5 minutes at room temperature
in a separate tubd@he diluted DNA was mixed gently with the diluted Lipofectamine
2000 by pipetting up and down three times, and incubated at room temperature for 20
minutes. The DNA Lipofectamine 2000 comekes were then added to each well and
mixed by rocking the plate. Aftersmhour incubation at 37°C, the media was replaced
with complete DMEM. The transfections were allowed to proceed for 24 héeis.

cells stably overexpressing thad type or mutagéd EMG1 were obtained by transfection

as above, an@418resistant clones were selected.
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2.14 Southern blot analysis

2.14.1 Gel electrophoresis of restriction enzyahigested DNA

Sounthern blotting was performed using a modified prot6t@NA that had been
restrictionenzyme digested (see sectt2.]) was mixed 1:6 with 6 x loading dye, and

35 yl was loaded in a 0.7% agarose gel in 1 x Tiexftoa Hi ndIl 1 1 & | adder
England Bidabs). DNA was separated by gel electrophoresis at 100V for 1 hour to run

the DNA into the gel, followed by 60V overnight.

2.14.2 DNA transfer

Following DNA separation by gel electrophoresis, the gel was photographed under
ultravioletlight with a ruler in the photograph to mark the position of the ladder in

relation to the wells. Unnecessary portions of the gel were removed using a clean
scalpel, and the top right corner was removed to mark the orientation. The gel was rinsed
for five minutes with shaking idoubledistilled H,O. The gel was depurinated in 0.25 M

HCI for 10 minutes, rinsed twice gioubledistilled HO, and soaked in each of

denaturation buffer (1.5 M NacCl, 0.5 M NaOHllowed by neutralization buffer (1 M

NacCl, 0.5M Tris, pH 7.4), for 30 minutes.

The gel was placed on a wick of filter paper that was soaked in 10 x SSC (3 M NacCl, 0.3
M sodium citrate, pH 7.0). A Hybond Mylon membrane, cut to the same size as the gel
and previously soaked in 10 x SSC, was placetbp. A glass pipette was used to

remove all air bubbles between the gel and the membrane. Two sheets of filter paper

were placed on top, followed by a layer of paper towels to act as a wick. Pieces of plastic
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wrap surrounding the gel prevented the paperel layer from contacting the filter paper

wick. The DNA was allowed to transfer overnight at room temperature.

2.14.3 Labelling

The membrane was removed and rinsed in 5 x SSC for five minutes, then blotted on filter
paper to dry. The DNA was crossligtkto the membrane in a Spectrolinker-X000
ultravioletcrosslinker(Spectronics Corporatiogeton aut omati ¢ A Opti mal
Cr o s s120md &nd),(and the membrane was placed in a glass tube with 10 ml of

PerfectHyb (Sigma). The tube was rotated in a hybridization oven at 65°C for four hours.

The DNA to be used as a probe was labelled using a Rediprime DNA labelling vial (GE
Healthcare) and 5 |df Easy Tides Deoxycytidineg®riphosphate (Perkin Elmer) and

foll owing the manufacturerods instructions.
using aSephadex spin column (lllustra Probe Quarb@Micro Column, GE

Healthcare). The purified probe wasnédtured by boiling for 5 min followed by cooling

on ice, added to the PerfectH@nd incubated overnight at 65°C with rotation. The next

day, the membrane was washed in 0.2 x SSC; 0.1% SDS three times for 15 minutes each.
The hybridized membrane was hsatled in a polyethylene bag and exposed to Kodak

Biomax MS film at-80°Cwith two intensifying screens

2.15 Protein isolation

Soluble and insoluble proteins were isolated from cultured cells by lysimoddied
radioimmunoprecipitatiorassayRIPA) buffer(1% tertOctylphenoxy
(poly)oxyethyleneethanol [IGEPAL]; 0.5% sodium deoxycholate; 0.1% SDS; 1.9 mM

NaH,PO;; 8.1 mM NaHPO,; 150 mM NacCl). RIPAInsoluble protein was separated by
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centrifugation for 10 minutes in a microcentrifuge at 100@0Iraving the RIPAsoluble
proteins in the supernatant. The pellet (insoluble fraction) was resuspended in RIPA
buffer by sonication for 5 seconds. For isolation of cytoplasmic and nuclear fractions,
cultured cells were lysed in Triton buffer (50 mM Tris pH 7.4; 1 mM EDTA; 150 mM
NacCl; 1% Triton) and the fractions were separated by centrifugation at 220 £0
minutes in a microcentrifuge. The supernatant was removed and the pellet was
resuspended by sonication for 5 seconds in nuclear lysis buffer (50 mM Tris pH 7.4; 10
mM EDTA,; 1% SDS). All lysis buffers were supplemented 1 in 500 with a protease

inhibitor cockail (Sigm3.

2.16 Determination of protein concentration

Protein concentration was determined using either the Bradford assay or the
bicinchoninic acid (BCAassay. In both cases, known quantities of bovine gamma

globulin (Sigma) were used to create a standard curve, and each sample was read in
duplicate or triplicate. One sample containing water and an appropriate volume of lysis
buffer was used as a contrBbr the Bradford assay, 2 ul of the sample was added to 200
ul of Bradford reagent (BidRad) and 798 pl water, mixed, incubated at room

temperature for five minutes, and the absorbance was read at 595 nm using an Ultrospec

1000 spectrophotometer (PharnzaBiotech).

The BCA assay kit (Thermo Scientific) was employed when protein lysates contained
high concentrations of detergent. The working reagent was prepared by mixing
appropriate volumes of reagent A and reagent B at a 50:1 ratio. After addingf10 ul o
each sample to the wells of a-@@!ll flat-bottom microplate, 200 pl of the working

reagent was added to each well. The covered plate was incubated at 37°C for 30 minutes,
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cooled at 4°C for five minutes, and the absorbance was read at 562 nm usieg a plat

reader (SpectraMax M2e, Molecular Devices)

2.17 Immunoblot analysis

2.17.1 SDSpolyacrylamide gel electrophoresis (SBRAGE)

Polyacrylamide gels were prepared by casting a resolving gel at a concentration of
acrylamide appropriate to resolve the sizéhefprotein of interest (40 mM Tris pH 8.8,
0.1% SDS, 7.5% to 10% polyacrylamide [29:1 acrylamide:bisacrylamide], 0.075%
ammonium persulfate, 0.1% TEMED). After allowing the gel to polymerize, a 4%
stacking gel (60 mM Tris pH 6.8, 0.1% SDS, 4% polyacrydi#n0.1% ammonium
persulfate, 0.01% TEMED) was overlaid and a comb was inserted. Equal volumes of the
celllysates(225 e€g of protein) were mixed with
Tris pH 6.8, 40% glycerol, 0.01 % bromophenol blue, 400 mM dittiio, boiled for

five minutes and cooled on ice. Samples and a protein ladder (Fisher Scientific) were
pipetted into each well and thenk was filled with running buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS). The gel was run at 160V for approximatedytmur, or until the

bromophenol blue marker in the loading buffer reached the bottom of the gel.

2.17.2 Transfer of proteins to a nitrocellulose membrane

Following separation of proteins by SIPAGE, the gel was equilibrated in iceld N-
cyclohexyt3-aminopropanesulfonic acicCAPS) buffer (0.01 M CAPS pH 11, 10%
methanol) or icecold Trisglycine transfer buffer (80% running buffer, 20% methanol)

for 15 minutes. The proteins were transferred to a nitrocellulose membrarAeg@iat
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100 V for 1 hour at 4°C using the modified method of Toveiid**°. Total protein was

visualised by rinsing the membrane with Ponceau S (0.1% Ponceau S in 5% acetic acid).

2.17.3 Immunodetection of specific proteins

Membranes were béked in 5% skim milk in Tris buffered saline Tween (TBST) (20
mM Tris pH 7.4; 0.15 M NacCl; 0.1% Tween) for one hour. Proteins of interest were
detected using a primary antibodyjutedin 5% skim milk powder in TBST overnight at
4°C. The following day, loits were washed three times with TBST, incubated with
horseradish peroxidase (HR&)njugated secondary donkey arabbit or donkey anti
mouse antibody at a dilution of 1:20000 for one hour, washed, and visualized using
Immobilon western chemiluminescedRP substrate (Millipore). The blot was exposed
to Clear Blue Xray film (Thermo Scientific) for 5 seconds to 10 minutes and then

developed to reveal the bands of inter8seTable 2.3for a list of antibodies used.

PRIMARY ANTIBODIES
Identity Source Company Application
_ _ mouse : .
anti- -actin Sigma 1in 2000
monoclonal
- . chicken _
anti- -galactosidase Aves 1in 500
polyclonal
mouse
anti-BrdU Roche 1in3
monoclonal
anti-cleaved caspase 3 | rabbit polyclonal| Cell Signaling Technolog 1in 500
mouse
anti-coilin Novus 1in 50
monoclonal
ant-EMG1 rabbit polyclonal| Aviva Systems Biology 1in 2000
anti-EMG1 rabbit polyclonal Proteintech Group 1in 5001 in 1000
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anti-fibrillarin rabbit polyclonal| Aviva Systems Biology 1in 2000
anti-FLAG Tag rabbit polyclonal Genscript 1in 1000
mouse Applied Biological
Anti-HA Tag (HA.C5) pp1ed BI010g 1in 2000
monoclonal Materials
anti-HA Tag rabbit polyclonal Beckton Dickinson 1in 3000
anti-NOP14 mouse Novus 1in 100
polyclonal
i mouse .
anti-p53 (2B2.68) SantaCruz 1in 2000
monoclonal
anti-RPL7 rabbit polyclonal Bethyl Labs 1in 5000
anti-RPL26 rabbit polyclonal Bethyl Labs 1in 3000
anti-RPS6 rabbit polyclonal Bethyl Labs 1in 1000
anti-RPS19 rabbit polyclonal Proteintech Group 1in 3000
anti-SMN goat polyclonal Santa Cruz 1in 250
o . 11in 100061 in
anti-ubiquitin rabbit polyclonal StressMarq
1500
SECONDARY ANTIBODIES
Donkey antmouse HRP donkey Jackson Immunoresearg 1:10 000
Donkey antirabbit HRP donkey Jackson Immunoresearg 1: 10 000
Goat anti rabbit .
. goat Dako or Vector 1in 1000
biotinylated
Rabbit anti mouse . 1in 1000 or 1
- rabbit Dako or Vector .
biotinylated in250
Goat anti chicken .
. goat Aves 1in 1000
biotinylated
Donkey antimouse Alexa .
Fluor 488 donkey Molecular Probes 1in 500
donkey Molecular Probes 1in 500

Donkey antmouse Alexa
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Fluor 555

Donkey antigoat Alexa

Fluor 488 donkey Molecular Probes 1in 500

Table 2.3 Antibodies

2.17.4 EMG1 antibody competition

To confirm thespecificity of the antEMG1 antibody from Aviva, an aliquot of the
antibody was préncubated with purified maltose binding prot@onjugated EMG1
(courtesy oDr. Steven Pind) before being usedan immunoblot. The same blot was

then reprobed with norcompeted arHEMG1 antibody to reveal specific EMG1 bands.

2.18 Immunoprecipitation

Protein G beads (GE Healthcare) were prepared by washing three times in PBS to remove
ethanol, then resuspended in PBS to form a slurry. To prevent bacterial growth, 0.02%
sodium azide was added. On the day of the experiment, protein G beads were incubated
with rotation inPBS contaimg 0.1% bovine seruralbuminfor one hour. Cells were

lysed in either RIPA or Triton lysis buffer (1 mM EDTA, 150 mM NacCl, 1% Triten X

100, potease inhibitor cocktail 1:500) supplemented with 0.1% bovine saltwmin,

scraped, and collected in 1.5 ml microfuge tubes. The lysates were incubated on ice for
20 minutes and therell debris was removed by centrifugatatrfull speed for 10

minutes at 4°C. Theupernatanta/ere precleared by rotation with 25qflprotein G

beads for 30 minutefllowed by centrifugation at full speed for 10 minutes at 4@l
thesupernatante/ere changed to new tubes containing 26fijgrotein G beads and a

mixture of 2 pg monoclonal and 1 pg polyclonal affh antibody. In general, 1 pg of
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antibody was added to 0.5 md. mg of protein from a wholeell extract.The slurry was
incubated overnight with rotation. The following day, protein G beads were pdileted
centrifugation, and the supernatant was removed and replaced with 0.5 ml wash buffer
(0.5 x RIPA or Triton buffer). The wash step wapeatedour times in wash buffer and
once in PBSThe resultingprotein G beads were boiled in 30 pl of 2x Laemminpke

prep buffer (4x: 8% SDS, 250 mM Tris 6.8, 40% glycerol, bromophenol blue, 400 mM
dithiothreitol) to solubilizeboundprotein. The supernatant was removed and separated by

SDSPAGE in a 7.5 or 10% polyacrylamide el

2.19 Pulsechase metabolic labeling of protein

Transiently transfected BHK cells were starved in cystdi@gs) and methioningMet)

free DMEM (Invitrogen) supplaented 1 in 100 with Glutamax (Invitrogen). Following
starvation, nascent protein was labelled by the addition of 200 u&gnays/Met

EasyTag Expr&S (Perkin Elmer) for a pulse period of 10 minutes. The label was then
removed, the cells were wash®dce in prewarmed unlabeled chase media (DMEM
supplemented with 5 mM each of Cys and Met), then incubated in chase media for the
indicated time¥? At the end of each chase period, cells were washezlwitic PBS,
andlysed in RIPA buffer (see secti@l5. EMG1 was immunoprecipitated from the
supernatant using an atiA antibody aglescribed in section 2.18ample volumefor
SDSPAGE werenormalized to protein concentratian n dgalfictosidase aeity was

used to correct for transfection efficiency. Following gel electrophoresis to separate the
proteins, the gel wascubatedor 15 minutes in 10% acetic acid/ 30% methgfial
solution), then incubated with shaking overnight in the same solutataming dilute

Coomassie Blue taisualizeprotein. The following morning, the gel was washed in
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several changes @ik solution to remove excess Coomassie Blue and rinsed three times
with distilled water. The gel was incubated for 30 minutes indoMum salicylate/ 1%
glycerol, and dried for two hours at 70°C under vacuum on a gel dryer. The dried gel was
exposed to Kodak Biomax XAR or MS film overnight80°Cbetween two intensifying

screens (Kodak Biomax MSand the film was developed to vi$iza bands.

2. 20 Col ogalactogEdase activitytassay

b-galactosidase activitwas determined by incubating the cell lysate with the substrate o
nitrophenytb-D-galactopyranoside (ONPG), producingitrophenyl, a yellow product.

Protein extractsvere diluted with water to 150 pl total in 1.5 ml microcentrifuge tubes,

150 pl of assay 2x buffer (120 mM pHPO,, 50 mM NaHPOy, 2 mM MgCh, 100 mM
b-mercaptoethanol, 1.33 mg/ml ONPG) was added, and the tubes were mixed by

vortexing. The samples were uizated at 37°C for 30 minutes, during which time a
visible yellow col our wglactofidase.dlbeceadionivas t h e
stopped by adding 500 ul of 1 M sodium carbonate, and the absorbance wats42@ad

nmusing a spectrophotometer.

2.21 Proteasome inhibition

The activity of the proteasome was inhibited by treating cells either with 10 uMlef Z
Glu (OtBu)-Ala-Leucinal(Proteasome Inhibitor RI1), or 15 uMCbzLeu-Lew-

Leucinal (MG132)dissolved in dimethylsulfoxide (DMSO) (all Calbiochem) overnight.

As a negative control, cells were treated with DMSO alone.
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2.22 Assessment of protein synthesis rates

Cells were incubated for four Hh®Cys/Metat 37A
(Perkin Elmer), washed with igsld PBS, and lysed in 5@0 | RI'PA buffer
supplemented with protease inhibitors (Sigma). The lysate was separated into supernatant
and pellet by centrifugation at 13 200 rpm
eachs ampl e was mi xed with 1GGumnanddblof&c®d mg/ ml
cold 10% trichloroacetic acid (TCA), then incubated on ice for 45 minutes to precipitate

the protein. Each sample was then passed thratgh 2 glassmicrdfibre filter (GF/C,
Whatman)using a vacuum manifold, the filters were washed twice with 10% TCA and

once with 100% iceold ethanol, and radioactivity of filtdround protein was quantified

in counts per minutéCPM) with a liquid scintillation counter (Beckman Coultéf) The

protein concentration was determined for each sample using the bicinchoninic acid assay
(Pierce). Protein synthesis rate was then determined by the amount of incorporated
radioactivity in CPM per g of protein.Samples treated withycloheximide (Sigmado

inhibit protein synthesigereused as a negative control.

2.23 Microscopy
Light and fluorescence microscopy were performed using a Zeiss AxioCam Al equipped
with a colour AxioCam MRc camera@ix to 100x objectives. Photomicrographs were

processed using AxioVision software.

2.24 Tissue processing and embedding
Mouse tissues and embryos were dehydrated and infiltrated with paraffin wax according
to the following schedule: 70% ethanol for 1 hour, 2 changes of 95% ethanol for 1.5

hours each, 4 changes of 100% ethanol for 1.5 hours each, xylene for 30 minutes, two
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changes of xylene for 1 hour each, paraffin for 2 hours, and paraffin for 4 hours
(modified from the method of Prophettaf®%). Very small tissues and embryos were first
immobilized in Histogel (Thermo Scientific Richaddlan Scientific) to prevent damage

or loss. Proessed tissues were embedded in paraffin blocks and cut into 5 pm sections
using a Leica RM2245 microtome. Sections were floated on a warm water bath, placed

on positivelycharged glass slides (Leica), and left to dry at room temperature overnight.

2.25 Hamatoxylin and eosin staining

Slides of formaldehydéxed, paraffirembedded tissue were deparaffinized and

rehydrated in several changes of xylene and ethanol as follows: two changes of xylene for
five minutes each, two changes of 100% ethanol for fiveutes each, two changes of

95% ethanol for three minutes each, and incubations of three minutes each in 70%
ethanol, 50% ethanol, and distilled water.
(Sigma)for three minutes, followed by washing in running tap water for 15 minutes. The
slides were transferred to 80% ethanol for one minute, and stained in g&améa)for

30 seconds. The slides were then dehydrated using one, three minute incubation in 70%
ethanol, two changes of 95% ethanol for three minutes each, and five minute incubations
in two changes of 100% ethanol and two changes of xylene. Glass coverslips were
affixed with Permount (Fisher Scientific). The mounting medium was allowed to cure

overnght, and the slides were visualized using light microscopy.
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2.26 Immunohistochemistry

2.26.1 Antigen retrieval

Formaldehyde fixed, paraffiambedded tissues mounted on slides were deparaffinized
and rehydrated as in section 2.25. Antigen retrieval wdsrpsed for 20 minutes in

preheated 10 mM sodium citrate buffer (pH 6.0) heated to 95°C above a boiling water
bath. The slides were removed from the steam and allowed to cool in the citrate buffer for

20 minutes at room temperature.

2.26.2 Blocking

To querch endogenous peroxidases, slides were washed twice in distilled water for five
minutes each, and treated with 3%CHfor 10 minutes. The slides were washed in TBST
for five minutes, a circle was drawn around the section using a hydrophobic slide marker
(Research Products International), and sections were blocked in 3% BSA in TBST for 60
minutes at room temperature. Endogenous biotin was blocked using the-Biodm

bl ocking kit (Vector Labs) following the

2.26.3 Antigen dection

Slides were washed in TBST for two minutes, and the sections were incubated with
primary antibody (se&able 2.3for a list)in blocking solution overnight at 4°C in a
humidified chamber. The following day, slides were washed in three changes of TBST
for five minutes each, and incubated with biotinylated secondary antibody for one hour at
room temperature. Meanwhile, the ABOwmalex containing horseradish peroxidase was
prepared according to the manufacturerds

washed three times in TBST, and incubated in a drop of the prepared ABC complex for
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one hour, followed by three washes of twmates each in TBST. One drop of DAB

substrate (Vector Labs) was added to each section, and incubated for ten minutes at room
temperature to allow a brown precipitate to form. To counterstain nuclei, the slides were
washed in distilled water for five mireg, and incubated in methyl green solution (0.5%
methyl green, 0.1M sodium acetate pH 4.2) for 30 seconds to five minutes at room

temperature. Slides were rinsed in water, then dehydrated and mounted as in section 2.25.

2.27 Immunocytochemistry

Adherent ells were grown to subonfluency on sterilized glass coverslips, rinsed with
PBS, and fixed in 4% paraformaldehyde for 15 minutes at room temperature. The cover
slips were washed in PBS 3 times for 5 minutes each, then quenched using 50 mM
ammonium chlode in PBS for 10 minutes, followed by three washes in PBS. The cell
membrane was permeabilised with 0.1% Trited00 in PBS for 10 minutes, the

coverslips were washed three times in PBS, and the cells were incubated in a blocking
solution (3% bovine serumlbumen, 0.05% Tween in PBS) for 60 minutes by placing

100 pl drops on parafilm and inverting coverslips on top. To prevent evaporation,

coverslips were covered with culture plate lids and moist paper towels.

Primary antibodies were diluted in blockingion and 100 pl was placed on parafilm

with the coverslip inverted on top for one hour. Flaonjugated secondary antibodies
(Alexa Fluor, Molecular Probes) were incubated on the coverslip for 30 minutes. The
coverslips were rinsed twice with waterdancubated for 30 seconds in Hoechst 33342
diluted 1 pl in 200 ml of water to stain nuclei. The coverslips were washed twice in water
and the excess liquid was removed by holding a tissue to a corner of the coverslip.

Prolong Gold Antifade Reagent (MoldauProbes) was applied to a glass slide, and the

69



coverslip inverted on top. The Prolong Gold was allowed to cure overnight, and the slides
were sealed the following morning by painting the edges of the coverslip with clear nail

polish. The slides were irgad using fluorescence microscopy.

2.28 Detection of small and large subunit of the ribosome

To detect ribosomal subunits, a modified method was follb6e@ells were cultured in

150 mM plates and harvested at subconfluency. Adherent cells were washed with sterile
PBS, scraped, and harvested into 15 ml centrifuge tubes. Suspension cells were washed
by centrifugation and resuspended in PBS. Equal number#ioiveze pelleted by
centrifugation, and ribosome extraction buffer (10 mM Tris pH 7.4, 1% IGEPAL, 0.5%
sodium deoxycholate, 2 mM [low] or 15 mM [high] Mg¢0.1M KCI, 0.5 mg/ml

heparin, 80 U/ml RNAseOut [Invitrogen], 1 mM DTT, 1/250 protease inhibitmkst

[Sigma]) was added to the pellets to lyse the cells. Lysates were incubated on ice for 15
min and then nuclei and cell debris were pelleted by centrifugationGQLR g for 2

min. A portion of the lysate was saved as an input fraction. Sucross @uegt a
concentration of 1@5% in sucrose gradient buffer (Tris pH 7.4, 0.1 M KCI, Mg&jual

to ribosome extraction buffer, 2 mM EDTA [low Mg gradients only]) were prepared in
polyallomer ultracentrifuge tubes using a gradient maker. Approximatelpl3tfGhe
ribosome lysate was applied to the top of the gradient tubes and separated by
centrifugation at 3®00 rpm for 3h at 4°C with the brake off. Gradient tubes were then
pierced from the bottom with an ISCO gradient collector and heavier sucrésgyes
pumped in to move the gradient solutions up and out of the tube. The solution was
continuously monitored for absorbance at 254 nM and 0.5 ml fractions were collected.

The tracing produced was then scanned, and the area under the curve was determined
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using the Measure function in Axiovision software.Average 60S/40S ratios for wild type

and BCS cells were tdaestmpared using Studentd

2.29 Pulsechase metabolic labeling of rRNA

Ribosomal RNA pulsehase experiments were performed following the method of
Pestowet af'*%. For rRNA analyses, water and solutions were treated with DEPCat
room temperature overnight, followed by autoclaving. Equigrttgat would come into
contact with the RNA was treated with 3% for 10 minutes and rinsed in DEPC
water, and benchtops were treated idtiminase (Decon Labs, Inc) or RNase Killer (5
Prime) Glass and metalwareanebaked at 300°C for four hours,cadRNase/DNaséee

plasticware was used wherever possible.

For labelling, equal numbers of lymphoblasts were counted using a hemacytometer and
aliguoted in RPMI media on the same day as the experiment, whereas fibroblasts were
counted the day before tle&periment and allowed to grow overnight in DMEM to
subconfluence. Depending on the labelling method, cells were washed twice and starved
in either phosphatéree or methionindree media (Invitrogen) for 30 minutes to one

hour. After removing the startran media, media containing the label (either 10 pCi/ml

3P, (Perkin Elmer) or 5/5 uCi/ml L-[methyl*H] methionine (Perkin Elmer)) was

added for a 2@0 minute pulse. Following the pulse, cells were washed twice in

complete DMEM or DMEM supplemented with 5 mM methioniaegdchased in the

same media for the time periods indicatRMA wasisolaedas deskgbedin section2.6.

RNA samples were separated by agarose gel electrophoresis as described i@.3e2tion

To load equal amounts of label, incorporated radioactivity in 2 pl of RNA was quantified
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in CPM using a liquid scintillation countandsampls were diluted in DEPC water to

ensure an equal number of counts in each sample.

For %P labelling, the gel was photographed under UV light in order to visualise the total
RNA, then dried on a piece of filter paper. The dried gel was exposed to a phosphor
storage screen (screen K, Kodak) or to MS film (Kodak) using intengifgreens (MS

saeen, Kodak) at80°C.

For L-[methyt®H] methionine labelling, RNA was transferred from the gel to a
positively-charged nylon membrane (N+, GE Healthcare) at 12V for 60 minutes in 1x
BPTE using the Genie transfer apparatus (Idea Scientific). The tofalWrRN stained

using methylene blue (0.02% methylene blue in 0.3 M sodium acetate pH 5.5) for
approximately 3 minutes and photographed under white light. The membrane was
destained in 0.2% SSC/ 1% SDS 3X 5 minutes and the membrane \desdion filter
paper,andexposed to a phosphor storage screen (screen K/Tritium, Kodak) or to MS film

using an intensifying screen (LE screen, KodakgatC.

To visualise the labelled RNA, the film was developed and imaged using the ChemiDoc
system (BieRad), or theohosphor storage screen was scanned using a phosphorimager
(Personal Imager FX, BiRad). The intensities of individual bands were analysed using

either Quantity One or Image Lab software (Biad).

2.30 Cell cycle analysis
Cells were harvested and washed twice with wash buffer (0.1% fetal bovine serum in
PBS) to derive a single cell suspension. Equal numbers of cells were suspended in 1 mi

of buffer, and 3 ml 0f20°C absolute ethanol were added dropwise with light vortexing
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to fix cells while minimizing clumping. Cells were fixed a minimum of 3 hours at 4°C

and stored at room temperature until the day of analysis. Fixed suspensions were washed
twice with PBS, suspended in 1 ml of propidium iodide staining solution (40 pg/ml
propidium iodide, 0.2 ml RNase A, 0.1% TritorX0 in PBS), and incubated at room
temperature for 30 minutes. Samples were placed on ice until analysis by flow cytometry
using a MoFlo XDP cell sorter (Beckman Coulter) and Modfit LT software for cell cycle

analysis (Verity Software House).

2.31 Detection of LacZ reporter gene expression

To evaluate expression of the wilgpe EMG1 gene in mice, a mouse expressing the
LacZ gene under the control of the endogenous EMG1 promoter was enifloyed
galactosidase &wity was detected following the method of Naghyal®®, Tissues
isolated from heterozygous mice were-fired in 0.4% formaldehyde (titrated from
paraformaldehyde) and rinsed in detergent rinse (0.1 M phosphatepiffe8, 2 mM
MgCl,, 0.01% sodium deoxycholate, 0.02% Nonidet®. Tissues were stained ingal
staining solution (0.1 M phosphate buffer, 2 mM Mg®L01% sodium deoxycholate,
0.02% Nonidet P10, 5 mM potassium ferricyanide, 5 mM potassium ferrocygriid
mg/ml X-gal [5-broma4-chloro-3-indolyl-b-D-galactopyranoside], 20 mM Tris pH 7.3)
at room temperature overnight. Tissues were washed extensively in PBS and fixed
overnight at 4°C in 4% formaldehytigrated from paraformaldehydé&o prevent
dissoluton of the product during processing, tissues were processed tsutgnbl

instead of xylene.
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2.32 Assembly of EMGL1 targeting construct

The strategy for cloning tHemgltargeting construct used three qadsting vectorsg
generous gift of DrHaoDing): pSA| RESbgeopA containing a spl
internal r i b o s o-gatattosidaseteamycinphospleotransdenade fusionb

gene; pKS&2loxPTie2, containing twdoxP sites in the same orientation; and

pGKDTAPpA, which contained the negati\selection cassetteaading diphtheria toxin

A.

Figure 2.1 summarizes the cloning strategy to generate the final targeting construct. As a

first step, a region of mouganglcontaining within it exons-B, was PCRamplified

from mouseC129genomicDNA. The BCS A>G mutation was introduced by

amplifying the region as two fragments using complementary forward and reverse

primers harbouring the mutation. TB86 bp5 a f r agment (ampl i fied b
WPGB) andl629bp3 g f r agment ( a mpNPGD) weredusedgs WP GC a n ¢
templates to produce a 1994 bp PCR product using just the outermost WRE A

and WPGD) In order to facilitate the subsequent cloning step, the PCR product was

cloned using a Perfectly Blunt cloning kit (Novagen) into a4B8iel \ector, creating
pSTBluelEMGlexons-8, which was amplified i. coli. To verify that only the

desired mutation was introduced during the PCR amplification, the coding sequence of

the cloned fragment was verified by sequencing. To introduce exéms Engl

between twdoxP sites, the entire region as well as some adjacent noncoding sequence,

was excised from pSTBluel with BspHI (filled in) and Nhel. pl&«P-Tie2 was cut

with Hindlll (filled in) and then with Nhel. The vector and insert were ligategetterate

pKS-2loxP-EMG1lexons 2.
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To generate the 3g homol ogous aWNP@&706dndt he t
WPG708wer e used to amplify a 4794 bp region
During cloning, the Asdsitewaslosythereforeramalterrate e d a
Pmll restriction site was uset@ihe fragment was cloned into pSTBIlleas above, and

one clone, pSTBlue3 a EMG1, was i dentThef246@Mp ingerivlas s e q u e n
released with Sall (filled in) and Pndigeston, and inserted into Xhol (filled in) /Ascl
digested pGKDTApA to generate pGKDTApA3gqEM
homology and the negative selection marker diphtheria toxin A (DTA). To join exéns 2

with the 3g arm and rRed-EMdlexens? wabopenadi on mar
with Sall (filled in) and Notl restriction digestion, anddigd withNhel (filled in) /Nott

di gest ed p GKDifagnedgertensit&HRIoxPEMGlexons2 JEMGI-

DTA.

To generate the 5qg hocoostructgP€R wimeP@709dnd t he t
WPG708were used to amplify a 5505 bp region upstream of exon 2 of Emg1l. This

fragment was inserted into the pSTBlu@ector to form pSTBlu® 6 EMG1, and t he
sequence was verified. The insert was released from clonesSalrand BspHI (filled

in) restriction digestion, and ligated with Xhol/Sbfl (filled hiigested SA RESbgeop A

to gener at-leRBJAEMGA SMA.

To assemble the final construct, thex E MG-1 RE S b gcenstpuéc ont ai ni ng t h

arm of homology and SA RE S b g epenedya3all (filled in) and Notl
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pSTBlue1-5’EMG1

BspHl (filled in)
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Sbfl

Xhol
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Xho
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5'EMG1
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~

Final construct
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* BspHI

3"arm
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pSTBlue1-3'EMG1
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Nhel
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Hindll Nhel Xhol

Ascl
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Figure2.1 Cloning and restriction enzyme strategy for the EMGL1 targeting construct.

N

¢tKS pQ YR 0Q IN¥a 27F K2 Y@d RVERincudirfg thOA>G mlitalidnod | y R (1 K
(purple bar) were amplified and inserted into separate pSTBIluel vectors, forming pSpBu8la D m X
pSTBluelEMG1lexons2and pSTBlued Q9 a DM@ ¢ K S aniplified iMEA ddithe inSeNBvere

NBf SFaSR 6& NBaAaGNROGA2Yy RAISAaAGA2Yy | a AYRAOFGSR Ay 3
exons2c YR GKS 0Q | N¥Y ¢ SdgBsted deslinatio$ \RctoksyéaniningBhéa-BRESA OG A 2 v
casette (blue arrow) flanked biFRTsites (black arrowheads), the twoxPsites (yellow arrowheads), or

GKS BALIKSNAI G2EAYy ! OF&a&aSdidS ONBR INNRsOP® ¢KS FNI
released by restriction enzyme digestion andtiigbdownstream of floxed exons& Finally, the

fragment containing floxed exons@> G KS o0oQ I NXZ FyR GKS 5¢! Ol &aasias
RAISadGAz2zy FyR f A3l GSR RiankeddyFrmEhests fonthe finkl Sonstr@iS 2 O aa S
Thefinal construct was sequenced prior to linearization by Sacll digestion and electroporation into mouse
embryonic stem cells. Diagram is not to scale.

77



restriction digestion, then ligated witiie Acc65I (filled in)/ Eagidigested KS
2l0xPEMG1lexons26 _ 3 o EM® fragment The correct orientation of the insert was
verified by digestion with Zral and Sall, arftetfinal targeting construct was sequenced

to verify that there were no coding sequence errors.

2.33 Integration of the vector into mouse ES cells

Electroporation of the final vector into mouse embryonic stem (ES) cells was performed

by Dr. Hao Dingds | abor a'tdheargdtimlvdctorwwasn g st a
purified, linearized by digestion with Sacll,and20¢ ¢ was el ectroporat e
cells derived fronC129mice'®using asingledus e at 250V and 500 ¢ F
hours following electroporation, selection for neomycin resistance was performed by

incubation in media containing 250 pg/ ml G418. Surviving colonies were picked in

singlecell suspensions into 98ell plates with selgtive medium, and grown to 7&0%

confluency. The cells were passaged into replicav®b plates for DNA isolation and

screening, while maintaining frozen stocks for later recovery of corvntjgted

colonies.

DNA was isolated and restrictietigestel directly in the 96wvell plate. Cells were

washed in PB3ysed in ES cell lysis buffer (10 mM T#4Cl, pH 7.5; 10 mM EDTA,;

10 mM NacCl; 0.5% sarcosyl; 1 mg/ml proteinase K), and incubated @tibsa

humidified chamber overnight. To precipitate DNA, 00 of NaCl / et hanol
5M NaCl per 10 ml of cold 100% ethanol) was added to each well, and the plate was

incubated at room temperature until the DNA was visible, approximately one hour. The
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plate was inverted on a paper towel, and the wells wesedithree times with0%

ethanol, allowing the ethanol to evaporate completely following the final wash. For

restriction digestion,3@ 0 ¢l of the restriction digest 1
plate was sealed and incubated overnight &€ 3@ ahumidified chamber-rom 192

colonies, two independent correctly targeted clones were selected to generate chimeras,
following screening for the presence of tlwarn, the8ar m, and t he bgeo c.
Southern blot, and for thed®xP site and the Ao G mutation by PCRseeTable6.1).

The selected ES cell lines, denoted 2B10 and 2C5, were thawed from replivatt 96

plates, expanded in selection medium up to 100 mm culture plates, and froZen in 3
cryovials.The cell lines were thawed, expanded, anslareened to verify correct

targeting prior to aggregation.

2.34 Aggregation of correctly targeted ES cells

Aggregations were performed by Dr. Hao Ding | a Hotlowiag stamdsrd

protocol$?® One to two days before aggregation, subconfluent ES cells from the 2B10
and 2C5 clones were passaged onto getatated plates at a high dilution in order to
produce colonies @-15 cells. On the day of the aggregation, the small colonies of ES
cells were detached by gintrypsinization. Wildtype morulae (embryonic day 2.5)

from CD1 mice were prepared for aggregation by removing the zona pellusiiig
acidified Tyrodeds sol uti onundeEfine@l®inl s and
drops of KSOM supplemented with amino aci@sdculturedfor 24h to produce eady
stageblastocystsPseudopregna@D1females were prepared by breeding with
vasectomized males, and blastocystsetransferrednto the uterusChimeric pups were

identified bytheir reticulatedcoat with the white coat colour originating from t#1
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morulae, and brown coat colour from the targ&l@@9ES cells. Chimeric males

exhibiting a predominantly brown coatre crossed with wild typ€D1 females to test

for transmission of the mutat&inglgene to the germ linéleterozygous males were

crossed witlC57BI/6females expressing a thermostable Elgombinase (Flpe) from the

ROSA 26 locus (Gt(ROSA)26SBH™-PUYm 3 ackson Labs) to remove
cassettE”. Pups were screened by PCR and Southern blot for the removal of the
selection cassette, and heterozygoiws mut an

generate homozygous mutants.

2.35 Phenotypic analysis of homozygous mutants

To determine the stage at which death was occurring in homozygous mutants,
heterozygous female mice were crossed with heterozygous males and monitored for
vaginal plugs. The orning a plug was discovered was considered embryonic day (E)
0.5. Timed pregnant females were sacrificed by cervical dislocation ale&5and the
uterus was removed and placed inéodd PBS. The uterus was examined under a
dissecting microscope famplantation sites, and embryos were removed and fixed in 4%
formaldehyde (titrated from paraformaldehyde) in PBS for one hour to overnight
depending on their size. To genotype embryos, DNA was isolated from the yolk sac or a
portion of the tail Alternatvely, embryosvere genotyped using DNéxtracted from
formaldehyd€dfixed, paraffin embedded sections scraped off the slide using a scalpel

blade.BCS embryos were compared with heterozygous littermates except where stated.

2.35 Bromodeoxyuridine labelling
To label cells in S phase of the cell cycle, timed pregnant females at E®.5were

injected intraperitoneally with 50 mg/kg bromodeoxyuridine (Roche) in PBS following
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theman u f a c t uctions, angd sadrificetio haurs posinjection. Formaldeyde
fixed, paraffirembedded sections from labelled embryos were treated with 2N HCI for
30 minutes at 37°C to denature DNA, and neutralized in 0.1 M borate buffer pH 8.5.
Incorporated bromodeoxyuridine was detected using arBadaiti antibody (Roche) with

the ABC/DAB system as in secti@?26

2.37 Statistical analyses
Statistical signifi cantestor@hsguarded analysised usi n
calculated by GraphPad Prism softwarep Yalue of less than 0.05 was considered

statisticallysignificant.
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Chapter 3 : Identification of the mutation causing BCS
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3.1 Introduction

The autosomal recessive disor@awenConradi syndrome is a significant problem in

the Hutterite population, but studies of the affected patients were limited and afforded no
clues as to the etiology of the disease. Where they were performed, karyotypic,
hematological, and biochemical tests such as urinary and plasma amino acids were
normal in affected infants. Of the seven autopsies reported by Loatrglin 2003, no
consistent abnormalities were found although five showed very small brains. Of the two
reported cases which included computerized axial tomogram results, one patient had a
DandyWalker malformation and another had hypoplasia of the struabfithe posterior
fossa, suggesting cerebellum involvenieNevertheless, the progression of the disease
was similar: affected infants had extreme growth failure, difficulty feeding requiring

gavage, frequent bouts of pneumonia, and most died within the first two yearédf age

The current Hutterite population in North America is likely descended from fewer than
100 ancestors who emigrated in the 1878sThe endogamous nature of the population
pointed towards the likelihood that BCS is due to a single mutation iethéritm a

common ancestar Thus, homozygositlgy descent was used as the basis for finding the
responsiblagyene This approach posits that the mutation arose once early on in the
population, andhat becausthe population is derived from a small group of founders, the
mutation will be the same in alffected individualsfurther,the flanking haplotype will

also be homozygot®*’. This technique has been used previously to identify the genes

responsible for a number of other diseases in the Hutteritegimpu{Reviewed 7).
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DNA was collected from 42 Hutterite individuals, including 18 parents of BCS patients,

8 BCS patients from 6 sibships, 15 unaffected siblings and one grandparent. Following a
genomewide scan using 389 microsatellite markers and linkage analydiagk was

detected for regions in chromosomes 12 and 16. Subsequently, 7 additional DNA samples
from two families with one BCS patient each were incorporated into the study, as well as
additional microsatellite markers and informative single nucleotidgmpmihisms

(SNPs). The diseasmusing locus was thus narrowed down to a region spanning 1.9
Megabases (Mbp) on chromosome 12p13.3 between m&&e&/FandD12S397°.

This region contained 59 known or predicted genes at the time of assessment. Due to the
neurological features of BCS such as microcephaly and severe developmental delay, we
hypothesized that the diseasusing gene would have a fundamental function in the

brain. All of the genes in the candidate interval were therefore assessed for their potential

to cause a developmental disease of the central nervous system.

3.2 Ranking and sequencing of candidate genes

3.2.1 Strategy

The search for the mutati@ausing BCS was based on a previous sfualgich mapped
the diseaseausing locus to a 1.9 Mbp region on 12p13.3. At the time of analysis, the
candidate interval bound B38VWFandD12S397contained 59 known and predicted
genegTable 3.1)As a preliminary step tdeterminng the gene responsible, mRNA
levels of 48 of these genes were assessed using cDNA renaarseribed from total

RNA from patient and control lymphoblasts (data not shown). Sizes and levels of mMRNA
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were similar between patient and control cells, and consflgueRNA assessment was
uninformative for evaluating candidate genes. The 59 genes were therefore ranked to
determine which would be the best candidates for sequencing, based on available
information regarding the gene function, expression profile, ared ¢¢ sequence
conservation. An ideal candidate was not already associated with a disease, had an
essential function, and was expressed in the brain, considering the neurological features
of BCS. A gene without a known function was automatically rankedgaed candidate

so that it would be included in sequencing.

3.2.2 Identification of BCScausing mutation in EMG1

Following ranking, each of the 20 good candidates, 13 medium candidates, and two of
the poor candidates were sequenced. The exons andrgs@mjunctions from the DNA

of a single patient were sequenced, using NCBI reference sequences NT_009759.15 or
NT_009714.16 (www.ncbi.nlm.nih.gov) for comparison. From the sequenced genes, 59

known and six novel SNPs were identified (Sable 3.).

RT/ SNPs Detected
GENE MIM Rank PCR Sequence
Known N8vel
CD9 *143030 Poor Yes No
rs7408472;
. . rs1468603
PLEKHG6 611743 Medium Yes Yes —rs4764497
rs3217075
TNFRSF14 *191190 Poor Yes No
SCNN1A *600228 Poor Yes No
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http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=143030
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=611743
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=740842
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1468603
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4764497
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3217075
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=191190
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=600228

LTBR *600979 Poor Yes No
CD27 *186711 Poor Yes No
TAPBPL *607081 Poor Yes No

rs2532489

1s2534720
VAMP1 *185880 Good Yes Yes 1s2534718

rs207237%

rs1017101

1s7390
MRPL51 *611855 Medium Yes Yes ND

>
NCAPD2 Good | Yes | Yes gg?g’ggig& T
GAPDH *138400 Medium Yes Yes ND
>

IFFO1 | *610495 | Medium | NT Yes g;i?ﬁg(l’ﬁ?gg A
NOP2 *164031 Good Yes Yes ND
CHD4 *603277 Good Yes Yes rs34863790
LPAR5S *606926 Medium Yes Yes rs3741924
ACRBP *608352 Poor Yes No
ING4 *608524 Good Yes Yes rs4764506
ZNF384 *609951 Good Yes Yes ND
C120rf53 Good Yes Yes ND
o | ves | ves | S aSzioT
MLF2 *601401 Poor Yes No
PTMS Good Yes Yes ND
LAG3 *153337 Poor Yes No
CD4 *186940 Poor Yes No
GPR162 Good NT Yes %&Z
LEPREL2| *610342 Good NT Yes % 3'2%2%389282?%?;

MS C>Trs73055793
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http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=600979
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=186711
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607081
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=185880
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2532489
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2534720
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2534718
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2072375
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1017101
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=7390
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=611855
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=78834955
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=138400
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=610495
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=76915198
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=164031
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=603277
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=34863790
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=606926
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3741924
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=608352
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=608524
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4764506
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=609951
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2286731
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3168600
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=77365023
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=601401
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=153337
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=186940
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1051409
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2071082
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=610342
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=11064423
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4963512
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4963518
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=75267272
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=73055793

rs4963510

rs1047776
rs57050687
GNB3 *139130 Medium Yes Yes ND
CDCA3 *607749 Medium Yes Yes
USP5 *601447 Good Yes Yes ND
TPI1 +190450 Poor Yes No
SPSB2 *611658 Good Yes Yes ND
LRRC23 Good Yes Yes ND
ENO2 *131360 Medium Yes Yes ND
* rs2071075%
ATN1 607462 Poor Yes Yes 133940553
rs915997
C12orf57 Good Yes Yes r—32019743
rs2301262
rs10744724
rs7963446
PTPNG6 *176883 Medium Yes Yes rs2110071
rs2110072
rs759052
rs759053
PHB2 *610704 Medium Yes Yes rs2159887
. rs17857448 g.7023589A>G
EMG1 611531 Good Yes Yes | . is11428482 rs74435397
LPCAT3 *611950 Good Yes Yes ND
C1s *120580 Poor Yes No
CiR %216950 Poor Yes No ND
LOCS72772 Poor NA No
C1RL *608974 Poor Yes No
LOC428331 Poor NA No
RBP5 *611866 Poor Yes No
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http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4963510
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1047776
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=57050687
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=139130
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607749
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=601447
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=190450
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=611658
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=131360
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607462
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2071075
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=33940553
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=915997
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2019743
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=176883
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2301262
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=10744724
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=7963446
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2110071
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2110072
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=759052
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=759053
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=610704
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2159887
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=611531
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=17857448
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=11428482
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=611950
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=120580
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=216950
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=608974
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=611866

rs2278822

. .

CLSTN3 *611324 Medium Yes Yes [s3816423

PEX5 *600414 Poor Yes No

ACSM4 Poor NA No rs7962994

CD163L1 Poor Yes No

LOC572781 Poor NA No

CD163 *605545 Poor Yes No

LOC§4373 Poor NA No

APOBEC1] *600130 Poor NT Yes rs34275479

GDF3 *606522 Good NT Yes ND
rs2024320

DPPA3 *608408 Medium Yes Yes 1534619457

CLEC4C *606677 Poor Yes No
rs288955%
rs4354764
rs4242903
rs4294629

NANOG *607937 Good Yes Yes rs1860931
rs4012939
rs4012937
rs11831829
rs58791167
rs3919534

SLC2A14| *611039 Good NT Yes | 152215713
rs4402376
1s2541281
rs2541279

SLC2A3 *138170 Good Yes Yes
rs1043712
rs3931701

®Numbering is based on NT_009759.16

®NM_018173.2:403G>A, p.A35T



http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=611324
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2278822
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3816423
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=600414
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=7962994
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=605545
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=600130
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=34275479
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=606522
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=608408
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2024320
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=34619457
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=606677
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607937
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2889552
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4354764
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4242903
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4294629
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1860931
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4012939
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4012937
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=11831829
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=58791167
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=611039
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3919534
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2215713
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=4402376
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=138170
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2541281
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2541279
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1043712
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3931701

‘NM_014262.3:c.419_421insG
INM_006331.6:d.26G>T, p.R42S
°NM_001644.3:62G>A, p.W21X
'NM_199286.2:d51G>C, p.E51Q
INM_024865.2:47C>A, p.A16E

Table 3.1 List of genes in the minimal interval, in telomeric to centromeric order

(NCBI build 36.2). The prefix of a MIM number (Mendelian Inheritance in Man, www.omim.org)
indicates the type of entry: * describes a gene with known sequence, + describesvagkmawn
sequencand its associated phenotype, and % descrildésralelian phenotype or locémr which the
molecular basis is unknown. NT, no transcript detected; NA, not analyzed; ND, none d&eptedcripts
b-g represent the six known SNPs causing nonsynonymous changes.

Each SNP was evaluated for its likelihood to cause disease, baggdbeation in the

gene and information available from the SNP databassv(ncbi.nim.nih.gov/SNR Of

the 59 known SNPs, 53 were located within introns or caused synonymous changes, and
were not evaluated further. The remaining 6 known SNPs caused nogsyous

changes, however they were already present in the SNP database, were frequently found
outside the Hutterite populati¢gRLEKHG6c.103G>A, DPPA3c.151G>C), were located

in nonconserved regions of the corresponding proEeihG1c.126G>T NANOG

c.47C>A), were likely errors in the reference sequendeRREL2

0.6878024_6878025insG), or were considered unlikely to cause BCS based on
established mouse modE&fAPOBEC1c.62G>A) The six known SNPs causing
nonsynonymous @nges are indicated rable 3.1 Of the six novel SNPs that were
identified, five were located within introns. The remaining SNP was/&>G, p.D86G

in EMGL1 (Essential for Mitotic Growth 1)Figure 3.1 A) To screen for the mutation in
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COLOS®

(C)  Yeast MGRDISEARPDITHQCLLTLLD
Arabidopsis NNRNPADYRPDITHQALLMILD
Human NGRDPGEARPDITHQSLLMLMD
Mouse NGRDPGEVRPDITHQSLLMLMD

Drosophila NQRDPGSCRPDITHQCLLMLFD
C.elegans QKKDPADYRPDILHQCLLNLLD
Plasmodium NEDNIKNYRPDILHQCLIHLLE

Sulfolobus LENANKRGRPDIVHFALLLFLT
*hkkk kK

Figure3.1 The ¢.257 A>G, p.D86G mutationEMG1

(A) Sequence chromatograms of a B&ifected patient (top) and a normal control (bottonT)he position

of the affected nucleotide is indicated by a box, and thet¢bpomatogram shows the A>G mutatiorhe
coding sequence &MG1lwas PCRmplified as four fragments using primers specific for exon 1 (WPG
800-801) exons 2 and 3 (WPG 8823), exons % (WPG 804805) and exon WPGEand WPG-) (see

Table 2.). Sequening was performed using the same primgiB) Detection of the @57A>G mutation in

a Hutterite family. The region &MG1containing the @57A>G mutation was amplified by PCR from the
DNA samples of a familyith BC&affected children using primers WPG8and WPG 839 (Table 2.1). The
reverse primercreated a Kpnl site only in the presence of the mutatiesllowing Kpnl digestion at 3¢

for two hours, the 82 and 22 bp products generated in the presence of the mutation were separated from
the the undigeted 104 bp product by gel electrophoresis in an 8% polyacrylamidd belaffected

children (black diamonds) have only the 82 base pair fragment, whereas the parents and two of the
siblings are heterozygous for the mutation, as indicated by the preseinpetio 104 bp and 82 bp

fragments, and one child is homozygous for normal EMG1, as indicated by the ggedamly the 104

bp fragment. The 22 bp product is not visible on this ¢8)Protein sequence alignment via Clustal W of

the region of the EMG1 protein containing the D86G substitution. The residues that are completely
conserved in all orthologs are indicated with an asterisk, and the Asp (D) that is mutated in BCS is shown
in red.
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EMG], aPCRbased assay was established in which a Kpnl site was coedyad the
presence of the mutatioKpnl digestion of the PCR produssuledin an 82and a 22
bp bandn the presence of the mutati(fiigure 3.1B). The c257A>G mutation

sgyregated completely with disease and was not found in any of 41Huttarite alleles.

3.3 EMGL1 protein structure

3.3.1 Conservation of EMG1 sequence

To assess the potential of h@57A>G p.D86G mutation ilEMG1to cause disease,
orthologs were found in the NCBI database using BLA%(Blast.ncbi.nlm.nih.goy A

multiple protein sequence alignment created using Clustdl W
(www.ebi.ac.uk/Tools/msa/clustalw&howed not only thahe region of EMG1

surrounding the mutated residue was highly conserved (asteriskgie 3.1 C), but

also that the agptateresidue mutated in BCS was completely conserved (highlighted in
red inFigure3.1 C). Conservation even in Archaea (representeguifolobu$ was a

good indication that the D86 residue was essential for EMGL1 protein function and that an

amino acid substitution at this location could be detrimental to its function.

3.3.2 Model of EMG1 homodimer structure

To understand the potential impact of the B&&ubstitution on protein structure and
function, a model of the normal human EMG1 protein was created. The crystal structures
of EMG1 homologues isaccharomyces cerevisiard theMethanocaldococcus

é?,llg

jannaschiiwere already availabl and served as templates for modeling the human
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protein. The human EMGAmino acid sequence is 52% identical and 65% similar to
yeast Emgl according to BLAST, and 29% identical and 49% simiMr fannaschii
Emgl. Moreover, the structural folds of the protein are very highly conserved and
allowed for the construction of a human model. The model showed that EMG1, as a
SPOUT class methyltransferase, was a homodiftétwith an extended positively
charged surface which mitively bound nucleic acid§igure 3.2). A pocket in each

subunit of the homodimer bound SAM, the methyl donor. The model showed that D86,
which is substituted by glycine in BCS, formed two hydrogen bonds with R84 and
stabilized it. R84 was found at thetNe r mi nhelix 2 in the pdsitivehcharged

RNA-bi ndi ng groove of EMG-helicesRtamd 7bfeacd | es f or n
monomer were positioned perpendicular to each other at the interface of the two subunits

of the homodimer.

3.3.3 Prediction of ippact of D86G on EMGL1 structure

The model of human EMG1 presented multiwkeys by whichD86G couldcause a

disruption of EMG1 function. First, the yeast equivalent of R84 has been implicated in

the RNAbinding capacity of Emd1’, and the D86G substitution could disrupt the

rigidly held conformation of R84, reducing RNA binding. Second, the introduction of a
glycine residue -halik 2 couidegesult in todamisfoidingunstheo f U
protein. Since U2 and U7 participate in th
U2 could deform the dimerization interface

residues, leading to aggregation. All SPQOtlass methyltransfases studied to date are

found in dimer form, and dimerization is crucial for protein funcfidfi®. In this family
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Figure3.2 EMGL1 protein model.

(A) Ribbon diagram of the modeled homodimer, with the individual monomers colored green and blue.

Methyl donors are drawn as stick§B) Closeup view, showing the hydrogen bonding interactions of D86

gAGK wyn 200dNNAyYy3 i GKS b GSNXAydzA 2F h KSfAE HO
H FYR 10 GKFG F2NY (KS O2NB 2F G(GKS Rie@BNJ AyGSNFI OS
Electrostatic potential map of the solveatcessible surface of the human EMG1 homodimer model. The

map shows that the model predicts a positively charged region (blue) that is homologous to the RNA

binding groove othe yeast EMG1 homologudepl, and R84 is located in the centre of this groove. Red

indicates a negative charge.
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of enzymes, the active site is formed by residues from both monomers, and in fact the
catalytic residue is provided by the opposite subunit. Additionally, the loopititd the
methyl donor SAM is stabilized by interactions with the opposing monandrthe
positively-charged RNAbinding groove is also formed upon dimerization. Thus, the
D86G substitution could reduce both RNA and SAM binding, abrogate catalytidygctivi

and could likely reduce protein solubility and stability.

3.4EMG1 expression in humans

3.4.1 Expression of EMG1 message in multiple adult and fetal tissues

To better understand the role of EMGL1 in human tissues, we compared the expression of
EMGL1in a range of fetal and adult tissues by semiquantitative PCR an&igsise3.3).

Using the Human Multiple Tissue cDNA pari€lontech Laboratories), cDNf&om

various tissues was PCR amplified usiElgG1-specific primers. Each panislpre
normalized to thexpression levels of four housekeeping gegbséraldehyde 3

phosphate dehydrogenasPDH], -afc t itubuylin add phospholipase A2).

Generally EMG1expression was higher in adult tissues than in the fetus. However, the
highestlevel of expression was in fetal spleen which could suggest a role in
hematopoiesis. Several other ribosome biogenesis genes associated with disease have
been implicated in hematopoiesis, as evidenced in DiasBtackfan anemia, 5q

syndrome, Shwachmabiamond syndrome, cartilag®air hypoplasia, and dyskeratosis

congenita (Reviewed {h*%**Y . Interestingly, considering BCS primarily affects the
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Figure3.3 EMGlexpression in human fetal and adult tissues.

Five nanograms of cDNA from various tissues was amplified by PCR with the use efteM&el) or
GAPDHspecific primers (bottom panel). Samples were taken at different cycle numbers, separated on a
2% agarose gel, and stained with ethidium bromidee fesults for the samples taken at 26 cycles are
shown for both EMG1 and GAPDH. Control cDNA was provided with each panel, and the PCR was
performed in the absence of cDNA for the blank. Each panepveasormalizedby the manufactureto

the expressionevels of four housekeeping genes: GAPDH,-betm, alphatubulin, and phospholipase

A2.
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central nervous system during development, expression was higher in fetal brain than in

the adult. This may indicate an increased need for EMG1 during brain pienezit

3.4.2 Expression of EMG1 in normal brain

To examine the possible role of EMGL in brain development, immunohistochemistry was
employed to visualize EMG1 in normal human brain sections of 15 weeks gestation,
newborn, and adult (55 years old) (Figure 3.4). All brain tissue was taken upon autopsy
from patients who died from causes unrelated to brain disease or trauma, and were
presumed to have healthy brain tissue. Expressiorstn@sg and broadt the earliest
developmental time point examined, although EMG1 was detected most strongly in the
ventriaular zoneandthe cortical plateln the newborn brain, expression was still strong,
although it was somewhat more restrict€de highest levelsf expression were found
adjacent to the ventricles, where EMG1 appeared to be cytoplasmic as well as nuclear,
and in thePurkinje celllayer of the cerebellunin the 55 yeanld adult brain, expression
was strongest inuclei inthe dentate gyrus of the hippocampausd in the granular layer

of the cerebellum. Strong staining was observesbmepyramidalneuras, indicating

that EMGL1 is also found in pestitotic cells.Taken together with the cDNA panel data,
this pattern of expression strongly suggests an essential function for EMG1 during brain

development, and a more restricted role postnatally and irhaddilt
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Negative control

(A) 15 weeks
gestation

(B) newborn

(C) newborn

(D) 55 years

(E) 55 years

Figure3.4 EMG1 expression in the human brain.

EMG1 was detected in archival, formalired, paraffirembedded brain sections using an aBvG1

antibody (brown precipitate), and counterstained with methyl green. At 15 weeks gest@jpEMG1
expression was very strong in the nuclei of cells invébrgtricular zone (arrowhead) and the cortical plate
(arrow), with reduced expression in the intermediate layer. In the newborn, EMG1 expression was found
in the nuclei and cytoplasm of most areas of the brain, but most strongly in the areas surrounding
vertricles(B)and in the cerebellungC)within the Purkinje cell layer (arrow) and the outer granular cell
layer (arrowhead). In the adult, EMG1 was strong in the dentate gyrus of the hippocébBiypaad was

found in many neurons, including in the granular cell layer of the cerebéH)rScale bar at 5x = 560n,

20x = 100>m. cp, cortical platedg, dentate gyrusec, ependymal celldgl, inner granular layeml,

molecular layerpl, Purkinje Iger;ogl, outer granular layewent, ventricle;vz, ventricular zone
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3.4.3 EMG1 expression in control and BCS patient cells

3.4.3.1 mRNA expression

As a first step in understanding the effects ofdf257A>G p.D86G mutation, northern

blot analysis was used to examine the expression levEBIGILMRNA from BCS

affected and normal control fibroblasts. UsingediG 1-specific probe, a band was

detected at the expected size of approximately 1000 bp. CompartedBAPDHas a

loading control showed no obvious differences between patient and control mRNA levels

(Figure3.5 A), indicating that the mutation BMG1has no effect at the mRNA level.

3.4.3.2 Protein expression

Since there did not appear to be a defect at the mRNA level, endogenous EMGL protein
levels in BCS patient and normal control fibroblasts were examined upwlgconal
antrEMGL1 antibody(Aviva). To validate the specificity of the antibody for
immunobldting, an antibody competition assay was perfornusing uncompeted
antibody, bands were observed at the apparent molecular weight of 28 kDa-for HA
tagged EMGL1, and at 27 kDa for endogenous wild type EMG1 (Figure 3.5 Bfttop
panel).In parallel, arEMG1 antibody was incubated with purified, MB&yged EMG1
prior to immunoblottingNo bands at the predicted molecular wesgtére visibleusing
this competed antibodftop right panel)The same blatwerethenstripped and re
probedwith uncompeted EMG1 antibody, and bands were revealed atddécted
molecular weigtd (Figure 35 B, bottom panels This indicated that the polyclonal

antibodyfrom Avivawas indeed specific for EMG1.
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Figure3.5 EMG1 in unaffected control and BCS patient cells.

(A) RNA analysis. Seven micrograms of total RNA isolated from unaffected control (C&85 patent
fibroblasts (BOSvere separated on a 1.2% agarose gel and transferred to a nylon membrane. The
membrane was UV crodimked and probed with labelled EMGtop panel) and GAPDH (bottom panel)
cDNA probes. Film was exposed to the membrane for 7 houBOaC (EMGL1) or for 2 hours at room
temperature (GAPDH). EMGL1 is 1068 bp and GAPDH is 1310 bp; 18S rRNA position is marked as a size
reference.(B) Validaton of EMG1 antibody by antigen competition. Nuclear lysates from BHK cells
overexpressing Hfagged EMG{HAEMG1) and from wild type lymphoblas{€trl), were separated on a
10% gel by SDAGE. Proteswere then transferred to a nitrocellulose membraa@d probed with

either an untreated antEMG1 antibodytop left panel)or an antibody that had previously been

incubated with purified, MBfeonjugated EMGL1 protein (top right panel). The membranes were then
stripped and reprobed with untreated antEMGlantibody (bottom panels). Antibody competition with
EMG1 protein abolished the putative EMG1 bands (top right panel), while reprobing with uncompeted
antibody revealed bands at the expected molecular weight (bottom right panel), validating its specificity
for EMG1(C)Immunoblot analysis of EMGL1 protein levels. Twefintg micrograms of nuclear lysates

from unaffected contol (Ctr) and BCS patient (BCS) fibroblasts were separated on a 10% gel by SDS
PAGE, and protein was detected by immunoblot with arGEMntibody. The blot was then stripped and
reprobed for fibrillarin (FBL), a nuclear protein, so that equal loading was enggduclear (N), total

cell (T) opostnuclear supernatantS) fractions were isolated from unaffected control and BCS patien
lymphoblasts by centrifugation, and probed for EMGL or fibrillarin as above.
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EMG1 was then detected in control and BCS patient fibroblasts and lymphoBiases.

it was difficult to detect EMGL1 in wholeell lysates, nuclear isolates were used inrorde
to enrich the protein. Fibrillarin, a nucleolar protein, was used as a loading @trol
was not detected inhole-cell lysates or postuclear supernatafriactions(Figure 3.5 D,
bottom panel)Unlike mRNA levels, EMG1 protein levels were dramatically reduced in
bothBCS patientibroblasts(Figure 3.5 C) and lymphoblasts (Figure 36 D

Importantly, patients did not have a complete EMG1 deficiency as some protein was still
detectableln agreenent with our model of the mutated EMGL1 prot@action 3.3.3)a
drastic reduction in EMGL1 protein levedgggestshat the D86G substitution causes
instability of the proteinresulting in EMG1 degradation or aggregation in patient cells.
The remainingorotein in BCS patient cellgely retains itsnormalfunction, as a

complete deficiency is lethal in both yeast'® and mouseells'®.

3.5 Discussion

BowenConradi syndrome is a disease that is devastating for Hutterite families, but
biochemical tests on affected children offered no clues to the molecular cause of the
disease. The history of the Hutterite population led to the hypothesis that themutati
causing BCS arose only once in the population, resulting in a gewalaescan

approach and linkage analysis assuming homozygosity by descent. Of the six novel SNPs
that were identified by sequencing genes inlt®eMb candidate interval, the only
polymorphism in a coding region was257A>G p.D86G mutation ilcMG1.This

mutation segregatezbmpletelywith diseasgas all patients shared the ¢.257A>G change,

andit was not found in any &f14 nonHutteritecontrol allelesThese data support our
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original hypothesis of homozygosity by descent. Addition&inglis essential for
growth and mitosis in yedst, confirming our assumption that the gene responsible for

BCS would have a fundamental function.

Several lines of evidence indicatédit theEMG1 mutation was capable of causing a
disease like BCS. First, a multiple sequence alignment shihatitie EMG1 protein
sequence was highly conserved, even in Archaea, indicating that it likely baseamtial
function. Significantly, D86 was invariant in all of the orthologs examined, suggesting a
critical role for this residue in EMG1 structure or function. Because huma8.and
cerevisiacEMGL1 protein sequensare 51% identical, and human EMG1 complements a
yeast Emg1 deficiendd?*** they likely share functions as well. Studies of yeasyE
function will be consequently applicable to understanding the human protein. Moreover,
the alignment also showed that human and mouse EMG1 protein sequences are 89%

identical, raising the possibility gfeneratinga mouse model of BCS.

The seondline of evidence supporting EMG1 D86G as the causative mutaton is
model of human EMG1 based on previously published yeast and Archaea crystal
structureswhichshowed that D86 is positioned at the interface of the two EMG1
subunits and stabilizes R884is known to play a role in RNA binding in yeaahd an
alanine substitution at this position abolishes the ability of yeast Emg1 to bind
RNAM"19 Although D86 does not participate directly in thendr interface, its

positioningindicates that its disruption could causesfoldingofthe Nt er mi nus of
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helix 2, and reduce or eliminate proper homodimerization of the monoDiererization

is crucial to the function of SPOUdlass methyltransferasé®°such as EMG1, and is
necessary for the formation of the RNA binding grodveerefore, he D86G alteration

could not only disrupt RNA and SAM binding, but coaldo lead to misfaling of the

protein and expose hydrophobic residues. An increase in surface hydrophobic residues
could lower proteirsolubility andstability, leadingto the degradation or aggregation of

the mutated protein.

Third, an examination dEMG1expression indtal and adult tissues showed that, while
EMG1lwas expressed in most tissues, levels were higher in fetal brain than in adult brain.
This was supported by EMG1 protein expression in normal human brain, which was
broadearly indevelopment, and more restrictiedareas such as the granular cell layer of
the cerebellum and the dentate gyrus of the hippocamghe adult brainSince the
defects in BCS are primarily of a neurological nature and appear to take effect during
develgment, these results indicate an important role for EMG1 during central nervous
system development in humans. A reduction of EMG1 levels in the developing fetus
could therefore result in treeentral nervous systedefects seen in BC&fected infants.
Thecerebellum plays an important role in motor control, and an EMG1 deficiency
leading to reduced cell proliferation cowdntribute tahe cerebellar hypoplasia and
psychomotor retardation reported in BCS patfehtBurther investigatiorsinecessary to
confirm this hypothesis, and to determine if cerebellar involvement is common to all
cases of BCS. Histological analysis of B@fected brain tissue has not been performed

to date.
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Finally, although similar levels @MG1mRNA were foud in BCS patient and normal
control fibroblasts, EMGL1 protein levels were severely reduced in BCS patient cells.
Since thec.257A>Gmutation did not result in a stop or a nonsense codon, we did not
expect an alteration in mMRNA levels due to nonstop orems®nediated decay.

However, our EMG1 model predicted that the D86G substitution would result in an
unstable protein. Thus, mMRNA was normal in BCS patients, but the translated protein was
likely unstable and was therefore rapidly segregateush insolubé fractionor degraded

in the cell. Intriguingly, although we showed a reduction in EMGL1 protein levels, it was
not a complete deficien@s some EMG1 was still detectable in the nuclear fraction of
BCS patient fibroblasts and lymphoblasise remainindEMGL1 protein is likely

functional, since a complete knockout of EMG1 orthologs is lethal in'y&Héand

embryonic lethal in a mouseodet? It may be possible to stabilize D86G EMG1 before

it is degraded, either by introducing or inducing molecular chaperones. Such chaperones
are already in use as treatments for conditions including neurodatiemelisease and

lysosomal storage disordéts™*®

Taken together, this extensive genetic and biochemical evidence supports the conclusion
that thec.257A>G pD86G mutation itEMGL1is responsible for Bowe@onradi

syndromeThe mutation caused a nonsynonymous change, segregated completely with
disease, and was not found in any #htutterite alleles examined. EMG1 ihaghly

conserved protein with an essential function, as evidenced by studies in yeast and in
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mice. Furthermee, D86 is a highly conserved residue, and the D86G substitution likely
disrupts EMG1 dimerization and the conformation of RbiAding residue R84,

resulting in aggregation or degradation of the mutated ENB@4ed on these data,

testing for theeMG1mutaton was offered to individuals in the Hutterite population. In
addition, cases of suspected BCS can now be accurately diagnosed. Disorders such as
trisomy 18 and cerebrooculofacioskeletal syndrome (OMIM #21ydreCclinically very
similar to BC$*!%144 35 all share growth and psychomotor retardation, microcephaly,
micrognathia, limb contractures, and failure to thieeding to early death. Cases of

BCS outside the Hutterite population have been reported and diSptitétf, andEMG1

testing can assist in the workup of patients with comparable phenotypes.
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Chapter 4 : Biochemical characterization and localization of wild

type and D86G EMG1

Parts of this work werpublished asArmistead J and TriggRaine B. EMG1 harbouring
the BowerConradi syndrome D86G substitution localizes normally but has reduced
stability. In Ribosomes: Molecular structure, role in biological functions and
implications for genetic diseasehou Lin and Wang Liu, eds. Nova Science Publishers,
New York. 2013 pp 147160.
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4.1 Introduction
The structurdunction relationship dictates that protein function is directed by its

structure. Accordingly, an understanding of the biochemical causeS®fiBt requires
a clear picture of EMGL1 structure. The crystal structure of EMG1 orthologs in
Saccharomyces cerevisiaad the archaebacteriuethanocaldococcus janascHif*®

revealed a distinctive core fie t r a rsHeetdnd fa-@&rminal deep trefoil knot in the

amino acid backbone, hallmarks of members of the SREEEE methyltransferaséd

All characterized members of the SPOUT family exist as homodimers in solution. In the
EMG1 homodi me r-helicesvioom tipeasurfack of the intdiface in one subunit
and sit per pendi c-belicasrin the othet, forening axcore fgueix al | e |
bundle in the dimer stabilized by hydrophobic interactith§he enzyme thus has two

active sites and two binding sites for SAM, the methyl donor. Dimerization creates an
extended, positively charged groove, which is thought to bind RNA. The aspartate which

is substituted by glycine in BCS patient cells, D86, is pms#d near the end of alpha
helix U2, one of the two parallel helices
monomers. D86 binds and orients residue R84, which is necessary for RNA Hihding
addition, D86 is placed near the interface of the two dimer subunits. Substitution of
aspartate for glycine is predicted to disrupt the alpha helix, collapsing theistratthe

protein and revealing hydrophobic residésThis could result in agggation of the

mutated protein to reduce the hydrophobic area exposed to the aqueous environment.

We hypothesized that the loss of structure in D86G EMG1 would lead to its degradation

by the proteasome, one of the degradation pathways for misfolded proteins (reviewed
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in**8% proteins to be degraded undergo fimmtslational modification by ubiquitin, an

8.5 kDa proteilf*****, Briefly, ubiquitin is first covalently conjugated to a ubiquitin

activating enzyme (E1) in an ATéRependent reaction. Ubiquitin is then transferred to a
ubiquitin-conjugating enzyme (E2), and a ubiquipirotein ligase (E3) transfers the

ubiquitin moiety to a specific substrate protein. This monoubiquitin can be extended by
the addition of further ubiquitin moieties to form polyubiquitin chains (Review&d.in

The fate of the tagged protein depends on the polyubiquitination pattern. Chains extended
using the internal lysine 48 residue of ubiquitin mark the protein to be sent to the 26S
proteasome where it is deubiquitinated, unfdidend degraded by proteolytic cleavage

in an ATRdependent mannef*>*

. We hypothesized that proteasome inhibition would
block EMG1 degradation and restore D86G EMG1 levels in BOSmatells®?
Importantly, both proteasomes amoiquitin have been localized to the nucleus and to
pre-ribosomal complexes, where EMG1 is highly concentratétf. Proteasome
inhibition has been shown to alter the mobility and localization méiceribosomal
proteins and processing factbrs possibly due to the accumulation of large complexes
which cannot cycle through nucleolar subcompartmentsraal rates. Consequently we
also examined the stdellular localization of EMG1 before and after proteasome

inhibition, hypothesizing that the predicted aggregates formed in BCS patients would

alter the localization of EMGL1.

Ribosome biogenesis is ghitly regulated process, and is highly dependent on
localization. The genes encoding ribosomal RNA are found in tandem repeats separated

by intergenic spacers on five different chromosomes in huft&nsuch that the human
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genome contains approximately 400 copies of the rff®fAThese areas of multiple

rDNA copiesare considered nucleolar organizer regions (NORS), as they have the
capacity to form nucleoli upon rDNA transcriptf8nThe subsequent assembly of
ribosomes is compartmentalized into nucleolarstbctures visible by electron

microscopy. Théibrillar centre (FC) is at the centre of the NOR, and the triansitone
between the FC and the surrounding dense fibrillar component (DFC) is likely the site of
rDNA transcriptiort®®***’. The DFC itself is found within the granular component (GC)

(see Figure 1.1Although the exact role of each of these compartments and what
constitutestie boundaries between them are somewhat unclear, it is generally accepted
that the nascent ribosome starts its life in the transition zone between the FC and the
DFC, and moves outwards through the DFC and the GC as it is processed and modified,
before baiig exported to the nucleoplasm and then the cytoplasm for final matttation
Each compartment can therefore be associated with proteins that are representative of its
function: for example the FC can be marked by upstream binding factor, a transcriptional
protein, the DFC can be marked by fibrillarin, a methyltransferase whickiesod

precursor rRNA cdranscriptionally, and the GC can be marked by the late processing
factor B23/ nucleophosmin Proper localization of each of these proteins is accordingly
essential for its function, and mislocalization of riboseaseociated proteins has been
connected with the ribosomopathies Treachdtii®s syndrome and Diamor8lackfan
anemid®®*®®. Moreover, both yeast and human GBged EMG1 bearing the BES

causilg mutation are mislocalized to the cytoplasm when they are overexpgfeSiede
ribosome biogenesis takes place exclusively énrtiicleolus, proper localization of

EMGL1 is likely essential for its function.
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The highly structured nature of ribosome biogenesis also means that proper ribosome
assembly requires multiple interactions between specific protein partners. faotein
snoRNA-containing particles called processomes form during rRNA transcription to
carry out specific tasks including rRNA cleavage and modific8t8h°2 Emg1 in yeast

is a member of the small subunit processome, a 2.2 MDa ribonucleoprotein complex
which contains the U3 snoRNA, 35 rabhosomal proteins and 5 ribosomal proteins, and
modifies the rRNA cdranscriptionally®®®. Members of themall subuniprocessome

tend to cepurify with each other, making it difficult to tease out relevant interactions.
Nevertheless, Emgl in yeast has been shown to interact with Nop14, another member of
thesmall suburtiprocessome, and the nuclear localization of Emgl is dependent upon
binding with Nop14'3®1. Nop14 is essential for yeast ribosome biogenesis and cell
growth'™® and an ENU mutagenesis screen showed that mutatiizpitdin mice are
pre-implantation lethdf*'%*. Although the function dNOP14 is undefined, it associates
with the nuclear pore complex and may be involved in nudgaplasmic transport of

the small ribosomal subufit*®®. We hypothseized that the D86G substitution in EMG1
would disrupt itsassociatiorwith protein partners, and therefore examined its binding

and celocalization with NOP14 as an example.

4.2 Examination of the effects of the D86G substitution on EMG1 stability

4.2.1 Steady-state overexpression of EMG1
To study the effects of the D86G substitution on EMGL1 function, we transiently

overexpressed HAagged human wild type (WT) and D86G EMG1 in Baby Hamster

Kidney (BHK) cells. Cell lysates were separated into RHble andi insoluble
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fractions, and EMG1 was revealed by immunoblotting using arHskfantibody The
HA-tagged EMG1wvas detectedt the expected apparent molecutassof 28 kDa

(Figure 4.1 A) In the soluble fraction, D86G EMGL levels were reducetkathg the
endogenous EMGL1 results found in BCS patient fibrobkstislymphoblastésee

section 3.4.3.2). However, in the RIRAsoluble fraction the amounts of D86G and WT
EMGL1 were similarigure4.1 A), indicating that D86G EMGL preferentially asated
with the insoluble fraction. These results were in accordance with the human EMG1
model described in Chapter 3, which predicted that the D86G substitution would result in
misfolding and subsequent aggregation of the protein. The aggregated pratkin wo
therefore be more likelyp associate with the RIPAsoluble fraction, leaving less
detectable soluble protein. However, given that the total WT EMGL1 protein levels still
exceeded those of the D86G EMGL, it seemed likely that the mutated protein was

susceptible to degradation

4.2.2 Pulse-chase metabolic labelling of overexpressed EMG1
To characterize the kinetics of D86G EMGL1 reduction in the soluble fraction and

association with the insoluble fraction, putdsase analysis of the EMGL1 protein was
performed. Nascent EMG1 protein was labelled udiSgysteine/methionine, and
followed at intervals during a 2#ourchase period to observe its presence in soluble and
insoluble fractions. In the soluble fraction, EMG1 was immunoprecipitated using an anti
HA antibody; however the high detergent concentration in the insoluble fraction made it

impossible to perform an immunoprecipitation. Consequently, equal volumes of the
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Figure4.1 Transiently overexpressed Hfagged EMGL1 in BHK cells.

(A)HAtagged mutant EMG1 protein transiently expresse®HK cells is preferentially associated with

the insoluble fraction at steady state. The RE&uble fraction from BHK cells transiently expressing HA
taggedEMG1was separated from the insoluble fraction by centrifugation. The insoluble fraction was then
resuspended in RIPA and sonicated before loading approximately 20 pg of protein, and separating in a
10% SDPBAGE gel. Protein was then transferred to a nitroéedle membrane and detected by western

AAAAA

O2y GiNBET f2FRAY3I g & (KSNS FRabESidad2atiM3. O (v&Rer cangoN 0 2 G K L
WT, wildtype EMG1 protein; M, mutant D86G EMG1 protéB).BHK cells were transiently transfected
with empty vector (V), wild type (WT), or mutant (M) EM&ressing plasmids. Following arfhute
labelling of nascent proteingith 35Scysteine and methioninggndincubaion in unlabeled medium for 2
to 24 hours cell lysates were separated into detergestiuble and detergeninsoluble fractionsEMG1
was immunoprecipitated from the soluble fraction using an &b antibody before gel loading, and the
insolubk fraction was sonicated and loaded directly onto tH2% polyacrylamidgel. The loading was
Y2NXYI AT SR G2 LINE (idalacibsidase doiviywhinadiatéiyAf@oiing lab&ling (0), WT
and mutant EMG1 were present at equal levels in thelslelfraction, but levels of the mutant protein
were quickly reduced compared to WT proteif.vector controlWT, WT EMG1 ptein; M, mutantD86G
EMG1protein. The arrowindicate the position of EMG1.
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insoluble fraction were directly loaded onto thé deitoradiography showed strong
bands at the expected molecular weight of 28 #laawere not present in cells
transfected with the empty vectgtigure4.1 B). WT and D86G EMG1 started out at
similar levels in the soluble fraction immediately followift§ labelling (O hours), but
the D86G EMGL1 levels diminished within two hours, in contrast to the WT EMG1 which
was not reduced to a similar level until 24 hours. An examination of the insoluble
fraction revealed the opposite results, with the mutant D8@G Eat much higher levels
than WT at the 2 hour time point. Together, the detergehible and insoluble

fractions show that D86G and WT EMG1 wén@nslatedat similar levels, but that the
D86G EMG1 became rapidly insoluble, leaving very little solyiotgein. These data
support the hypothesis that theerexpresse®86G EMGL1 aggregates quickly following

translation.

4.3 Determination of the localization of the wild type and mutant EMG1
protein

4.3.1 Localization in HelLa cells
To determine if the chreges in D86G EMGL solubility were reflected in its sdblular

localization, EMG1 was visualised in HeLa cells (a human cervical cancer cell line) using
an antEMGL1 antibody and immunofluorescent microscopy. The EMGL1 signal was
predominantly nuclear, bajppeared to have discrete modes of subnuclear organization.
In somecells, the EMGL1 signal was detectable in nucleoli, and in others the signal was
predominantly nucleoplasm{€igure 4.2 A).In some cells the EMGL1 signal was diffuse

in the nucleus, witmo specific area of localizatioihis pattern was apparent in cells

stably overexpressing either WT or D86G EMGa.determine the distribution of cells
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Figured4.2 EMGL1 localization in HelLa cells.

(A)EMGL1 is localized to the nuclei in HelLa cells. HelLa cells stably expressing either WT or mutant EMG1
were examined by fluorescence microscopy following fixation using 4% formaldehyde. EMG1 was
detected using an antEMG1 antibody (green), and nuclei were revealed using-biNding Hoechst
33342(blue). Cells that were not exposed to the primary antibody were used as a control. EMG1
localization tookhree different forms: either primarily nucleolar, primarily nucleopfaic, or diffuse
throughout the nucleusThe areas boxed in white are magnified on the right side. Original magnification,
co ET &OI f @®)Disttibhtor of Heloaelts Wit primarily nucleolaprimarily nucleoplasmicor
diffuseEMG1staining.For each cell line, cells in five random fields in two independent experiments were
counted. Columns show the mean percentage of cells displaying the indicated staining pattern of EMG1,
and error bars indicate the standard deviation. No significant diffeeewas found between cells

expressing WT or mutant EMG1.
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displaying nucleolar and nucleoplasmic staining, cells were counfae irandomfields
oneach oftwo independently prepared slides, for a total of ten fields per cellRigaré

4.2 B). No apparent difference in distribution was found in cells overexpressing D86G
EMG1 when compared to WT EMGThus, the aggregation detected by pulsase

analysis of overexpressed D86G EMG1 was not visible by immunofluorescent
microscopy using this method microscopic analysis of cells taken during the pulse
chase experiment might have revealed a difference in localization patterns between the

WT and D86G EMGZ¥xpressing HelLa cells.

4.3.2. Localization in fibroblasts
The subcellular localization of enda@mnous EMG1 was also examined in normal control

and fibroblasts from BCS patients. In fibroblasts, EMG1 was generally localized to nuclei
with strong signals in the nucleoGo-labelling with fibrillarin, a wellcharacterized
nucleolar protein, confirmeducleolar localizationlikely in the dense fibrillar
component consistent with a role in rRNA modificat{éigure 4.3 A)Contrary to the
HelLa cellstheevery distributednucleoplasmic signalasnot observedHowever, a
EMG1 signal was present in srhplinctate structures throughout the nyahgiich did
not celocalize with fibrillarin WT and D86G EMG1 appeared to localize similarly
although the intensity of the D86G signal was fai{fégure 4.3 B)as determined by
measuring the intensity of the green channel in ten random fields using Axiovision
software.In the same cellshe signal intensity of fibrillarin wasot significantly
differentbetween WT and D86G cel(Bigure 4.3C). The mean area ofucleoli was also

measured to assess the effect of the D86G substitution in EMG1 on
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Figure4.3 EMGL1 and fibrillarin cdocalization in fibroblasts.

(A) EMGL1 is localized to nucleoli in fibroblasts. -Sobfluent wild type (WT) or patient (BCS) fibroblasts

were visualized using fluorescence microscopy following fixation using 4% formaldehyde. EMG1 was
detected using an anrEMG1 antibody (green), whiléfillarin (FBL), a nucleolar protein, was detected

using an antfibrillarin antibody (red). Nuclei were revealed using BiN#ding Hoechst 3334lue).

Cells that were not exposed to the primary antibody were used as a control. The merged photo shows co
localization of EMG1 and fibrillarin in nucleoli of both WT and BCS@egtigal magnification, 63 x; scale

ol NJ I' (B)The intahdity of the EMGL signal is lower in BCS patient fibroblasts than WT controls. In
two independent experiments, two slidesach of WT control and BCS patient fibroblasts were created,

and photos were taken of five random fields for each slide, for a total of ten fields per cell line per
experiment. In each field, individual nucleoli were isolated and the intensity of thengrieannel signal

was measured using Axiovision software. The graph shows the mean fluorescence in arbitrary units of the
green channel signal in WT and BCS fibroblast nucleoli; error bars indicate SEM. Results were compared
dzid A y 3 {t tesizRo$ ¥D03R.EC)The intensity of the FBL signal is similar in WT and BCS patient
fibroblasts. Using the same slides as in (B), the intensity of the red channel was measured. The graph
shows the mean fluorescence in arbitrary units of the red channel signat; lmare indicate SEM. Results
gSNBE O2 YL} NBRttdgh p=3y0P878.0 dzRSy (i Qa
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nucleolar stress, which resulted in no significant difference between the WT and the
D86G cell lines (not shownT.hese data suggest that, while the-saltular localization
of EMG1 is unchanged in BCS patient fibroblasts, the amount of EMG1 protein is

reduced, in agreement with our immunoblot findifgmse Figure 3.5 C)

The appearance of EMGL in nuclear structures outside the nucleolus could indicate an
extraribosomal role for EMGL. In an effort to identify the nature of the EMGL1
containing puncta, cells were-tabelled with coilin or SMN to markajal bodie¥”,

which also contain RNAnodifying enzymesEMGL1 did not ceaocalize with these

proteins in fibroblast nuclei (Figuke4 Aand4.4 B), indicating that the nucleoplasmic
EMG1-containing puncta do not correspond with Cajal bqdiad that EMGL likely

doesnot modify Cajal body snoRNAs

4.4 Examination of the mechanism by which the EMG1 mutation causes BCS

4.4.1 Determination of the mechanism of EMG1 degradation
Since our EMGL protein model predicted that the structure of the mutated protein would

be compomised, it seemed likely that the D86G EMG1 would be quickly degraded by
the celt**'*°, To determine if EMG1 was degraded via the proteasome pathway,
proteasome activity was inhibited using eithgB132or Proteasome Inhibitor F(1).
Following overnight treatment with proteasome inhibitor, proteins were isolated from
nuclear lysates and separated using-PB&E. As expected, proteasome inhibition led
to theaccumulation of ubiquitinated proteimdgtected using an antbiquitin antibody

(Figured 5 A i MG1 3 RQ@vernightrireasnent with MG132 consistently gave rise
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Figure4.4 EMG1, coilin, and SMN localization in fibroblasts.

WT and BCS EMGL1 do notlocalize with either coilifA) or SMN(B). EMG1 was detected using an anti
EMG1 antibody (green in A and red in B). Coilin was detected using aro#intentibody (red in A), and
SMN was labelled with an ariMN antibody (gren in B). Nuclei were revealed using DINAding

Hoechst 33342blue). Cells that were not exposed to the primary antibody were used as a control. In A,
Cajal bodies that do not contain EMGL1 are indicated with white arrows in the merged raginal
magification, 63 x; scale barkn = > Y @
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Figure4.5 EMG1 following proteasome inhibition.

(A) Ubiquitinated proteins upon proteasome inhibition using MG132. Normal control (WT) or patient
(BCS) fibroblasts were treated overnight with MG132edticle PMSQ alone, and cell lysates were
separated in a 10% SIPAGE gel. Lysates from cells takenmtio treatment were used as a control
(CTRL). Proteins were transferred to a nitrocellulose membrane and probed with arbantitin

antibody. The presence of high molecular weight species revealed by the ubiquitin antibody after MG132
treatment indicaed the accumulation of ubiquitinated proteins upon inhibition of their degradation by
the proteasomgdark bands in MG132 lane$B) EMG1 upon proteasome inhibition using MG132.
Probing with antEMG1 antibody revealed an extra band between 43 and 55&iDaw indicates) only in
samples treated with MG132, which may indicate the accumulation of ubiquitinated E(@{EMG1

upon proteasome inhibition using PI1. Fibroblasts were treated for 4, 8, or 16 hours with either PI1 or
DMSO alone, and cell lysatesne separated in a 10% SPBGE gel. The arrow indicates the
accumulation of a similar molecular weight band as in (B) upon PI1 treatment and probing with-an anti
EMG1 antibody.
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to a band at approximately 50 kDa detected by arEvite1 antibody in nucler

fractions, which was absent in controls treated with DMSO aleigeie4.5 B, arrow).

This band may correspond to polyubiquitinated EMG1 as it is a similar molecass

as EMGL1 plus three ubiquitin moieties (52.5 kDa). The same band was present on
immunoblots from cells treated overnight wRkL (Figure4.5 G arrow). These data

suggest that EMGL is normally degraded via the proteasome pathway. However,
although proteasne inhibition strongly increased the putative polyubiquitinated EMG1
band, it did not restore D86G EMGL to levels similar to WT as expected. It is possible
that inhibition of the proteasome pathway would cause aggregation of the protein, and an
examinatio of the insoluble fraction would have revealed a significant increase in D86G

EMG1.

To determine if proteasome inhibition altered-setiular localization, EMG1 was

detected in fibroblasts by immunofluorescence following treatment with DMSO alone
(Figure 4.6 A)or with MG132(Figure 4.6 B) Upon overnight proteasome inhibition,
EMGL1 was rdocalized from nucleoli and accumulated in nuclear puncta and in the
cytoplasm(Figure 4.6B). The nuclear puncta were very similar to those described in
section4.3.2 indicating that EMGL in fibroblasts may normally localize to nuclear
proteasomesNo differences in localization were observed between WT and BCS patient

cells.
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(A)

Hoechst

(B)

o .
(A)EMG1 was detected using an aBtMG1 antibody (green) in fibroblast cells incubated overnight with
vehicle (DMSO) alondluclei were labeled with Hoechst 33342 (blu@®) EMG1re-localizes touclear
puncta upon proteasome inhibition. Fibroblasts were treated with MG132 overnight to inhibit

proteasomeactivity. EMGhucleolar localization was reduced upon MG132 treatment, and accumulation
in nucleoplasmic puncta was increas@iginal magnid G A2y co ET &0l tS 6FNBI HnA

Figure4.6 EMGL1 localizes to nuclear foci upon proteasome inhibition.
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4.4.2 Examination of the effect of the decreased stability of EMG1 on its interactions
with NOP14

4.4.2.1 Cemmunoprecipitation of EMG1 and NOP14

Very little is known about EMG1 binding partners, although ipooifies with members

of thesmall subuniprocessom&>'®%, It has nonetheless been shown in yeast that Nop14,
a stresgesponse protein, binds to Emgl. Emg1l is absent from the nuclear frdction o
yeast cells depleted of Nop14, indicating that nuclear localization of Emgl depends on
Nop14 bindind™® To elucidate this interaction further and examine thecefif the

D86G substitution on NOP14 binding,-somunoprecipitation studies were performed.
HelLa cells stably expressing HAgged WT or D86G EMG1 were tmnsfected with
FLAG-t agged N O Ralattosedasexprassifig plasmid as a transfection aantr
Co-immunoprecipitation using arELAG and blotting using anrtdA confirmed an
interaction between NOP14 and WT EMGlgure4.7, arrow). The interactiorwasvery
weak when compared with total HHAgged EMG1 in cell lysates, but previous results in
yeast indicated that only a fraction of Nop14 and Emg1l associate with eac¢f’o@er
immunoprecipitation with HAagged D86G EMG1 and FLA@gged NOP14 did not
show any interaction (gure4.7). It is not clear whether the mutated EMG1 was unable
to bind to NOP14 because of structural changes, or whether the low levels of D86G
EMGL1 precluded a detectable interactidbhe inverse immunoprecipitatiomas

unsuccessful.

4.4.2.2 Sukcellular localization of EMG1 and NOP14

Co-localization of EMG1 and NOP14 was examimeditro using immunofluorescence.

Interestingly, in HeLa cells transiently transfected with Fl-tadged NOP14, NOP14

124



IP: FLAG
Blot: HA Input

Figure4.7 EMG1 interaction with NOP14.

Coimmunoprecipitation shows that a fraction of wild type EMGL1 is associated with NOP14. HelLa cells
transiently transfected with FLAtagged NOP14 and stably expressing wifte (WT) or mutant EMG1

(BCS) were used, and untransfected (UT) HeLa cells were used as a negative control. Immunoprecipitated
protein using an antFLAG antibody was separated it@%SDSPAGE gebnd transferred to a

nitrocellulose membrane. The mendre was blotted with an antdA antibody to detect EMGL1 (arrow).

For control samples, no primary antibody was included in the immunoprecipitation reaction. EMG1
detected in cell lysates without immunoprecipitation (input) is shown for comparidoepresatative

image of threendependentexperiments ipictured.
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had a biphasic localization wherein it was either concentrated in the nucleolus or more
diffuse throughout the celpredominantly in the cytoplasmhe localization of NOP14
reflected that of EIG1: when NOP14 was concentrated in the nuclediG1 co-

localized with it However, when NOP14 wasedominantly cytoplasmi&EMG1 was
excluded from the nucleolukigure4.8 A). This again points to a relationship between
NOP14 and EMG1, and a possibtde for NOP14 in dictating the swdellular

localization of EMG1in HelLa cells Confirming the cammunoprecipitation results, only

a very small fraction of NOP14 appeared tdawalize with EMG1. The majority of
NOP14 was found in the cytoplasm, andlyaro-localized with EMG1 when it was in the
nucleolus in a subset of cells, suggesting a dynamic relationship between EMG1 and
NOP14. It remains to be determined why NOP14 cycles in and out of nucleoli, although
it has been associated with nuclear pamglexes and may play a role in nuclear

transport®>1%¢,

In contrastwhen endogenous EMG1 and NOP14axalizationwas examined in
fibroblasts, both EMG1 and NOP14 were nucleolar in all cells examitigdré4.8 B).
This suggests cetlpe specific interactions between EMG1 and NOP14, affecting sub
cellular localizationOnce again, no differences in localization welbserved between

WT and D86G EMG1n relation to NOP14.
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Figure4.8 EMG1 and NOP14 localization in HeLa cells and fibroblasts.

(A)EMG1 and NOP14 docalizein only a subset of HeLa cells. HelLa cells were transiently transfected

with FLAGagged NOP14 and detected using an #&itAG antibody (red), while endogenous EMG1 was

detected using an arEMG1 antibody (greenjYhen EMG1 was localized to the nucleNiP14 was also

concentrated in the nucleoli (see arrow in merged photo). When EMG1 was excluded from the nucleoli

and was found only in the nucleoplasm, NOP14 was excluded from the nucleus (arrowhead in merged

photo). DNA was stained with Hoechst 33342atieel nucleiblue) Original magnification, 63 x; scale bar

I' H n(BYEM®and NOP14 docalize in the nucleoli of fibroblastSMG1 was detected using an anti

EMGL1 antibody (green), and NOP14 was detected using alN@RiL4 antibody (red).els thatwere not

exposed to the primary antibody were used asaconttoNA IA Y f Y IYAFAOI GA2YZ co |
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4.5 Discussion

All characterized members of the SPOUT family of methyltransferases exist as dimers in
solution, with the extended surfaceeated upon dimerization being necessary for binding
the substrate RNA%. The catalytic residue is provided by the opposite subfnénd

thus the dimeric structure is intitedy linked with its enzyme function. In EMG1, a

member of the SPOUT family methyltransferases, the substitution of aspartate 86 for a
glycine in BowerConradi syndrome is predicted to expose hydrophobic residues,
reducing protein stabilify’. This was evidenced by aduction inD86G EMGL1 levels in

the nuclear fraction of patient fibroblasts and lymphoblasts as discussed in Chapter 3. To
further examine EMG1 stability, we overexpressed WT and D86G EMGL1 in BHK cells
and found that D86G EMG1 was preferentially associaidan insoluble fraction,

resulting in a severe decrease in soluble D86G EMG1. An examination of EMGL1 stability
using pulsechase metabolic labelling revealed that WT and D86G EMG1 were initially
producedat similar levels in the soluble fraction, bbhat D86G EMGL1 levels were

rapidly reduced to a fraction of WT levels. Conversely, D86G EMGL1 in the insoluble
fraction accumulated quickly in comparison with WT EMGL1. It is likely that the
overexpressed D86G EMG1 misfolded and formed aggregates when hylgicoph

residues were exposed to the surface, leaving less D86G EMGL protein in a soluble state.
This supports the Chapter 3 results which suggested that the defectlmatised

mutation inEMG1takes place at the protein levaldditionally, using the yeagivo-

hybrid system, th®86G substitution itmumanEMG1 has been shown to increase the
affinity of the EMG1 monomer for itself, and subsequent work using analytical gel

filtration analysis indicatethcreasd dimerizationin yeast D90G EMGL1 (the equivalent
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of D86G in human EMGI§'*". These data support the conclusion that the D86G

subsitution in EMG1 alters the conformation and binding properties of the protein.

Because ribosome biogenesis takes place primarily in the nucleolus, many studies of the
molecular causes of ribosomopathies have focussed ecefiular localization of the

mutated proteins, with variable results. In a study identifying nucleolar taggetin
sequences in RPS19, Da Costal®® examined two Diamon@lackfan anemiaausing
mutations which had the potential to negatively affectellular localization of the

protein. When GFP fusion proteins bearing these substitutions were expressed in Cos
cells, distribution of the protein was altered from the nucleolus to the nudeopla
cytoplasm. Notably, several other diseassociated mutations did not alter RPS19
nucleolar localizatio?*°*1®® Similar studies of mutations ifreacle, the protein

associated with Treacher Collins syndrome, showed mislocalization to the
nucleoplasnt®. However, SBDS proteins carrying different mutations retatheit
normalnucleolar localization in Shwachmdiamond syndrome patient céfid To

better undestand the influence of the D86G substitution on EMGL1 localization, we
employed immmunofluorescence using an-&MG1 antibody. In HelLa cells stably
overexpressing WT and D86G EMGL1, the-seliular localization was dynamic,

shuttling between the nuclesland the nucleoplasi/BMGL1 localization may be cell

cycle dependent in HelLa cells, as EMGL1 in HelLa cells synchronized by serum starvation
showed much more uniform distribution (data not shown)evaluation of the

proportions of HeLa cells in which EMG1 was found in the nucleolus versus in the
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nucleoplasm did not reveal asignificantdifferences between the Wand the D86G

EMG1-expressing cells.

Endogenou&MG1in fibroblastswas found primarily in nucleoli (celocalizing with

fibrillarin) and in scattered nuclear punethich were not observed in the HelLa cells
Quantification othe EMG1 signal in fibroblastshowed that the D86G stainim@gs less
intensethan the WT stainingn agreementvith the immunoblot results shown in Chapter

3, which indicated severely reduced levels of D86G EM&dwever, the
immunofluorescence results did not indicate apgarentifference in localization

between WT and D86G EMGL1 in fibroblasifiese data ameontrary to results published

by Meyeret alin 20112 who showed that GFfagged D86G EMG1 in HEK293T cells

and D90G Emgl (the yeast equivalent of the D86G mutation) in yeast were mislocalized
to the nucleoplasm and the cytoplasm. These proteins were overexpressed and under the
control of a tetracyclinrenducible promoterit is possible that the overexpressidn o

EMGL1 in these experimentsombined with thenfluence of theGFP tagled to its
mislocalization. Our experiments detected endogenous D86G EMGL in control and BCS
patient fibroblasts, using an ailMG1 antibody and showed that the D86G substitution
alone is insufficient to alter the localization of EMGitlseems more likely that the

defects seen in BCS patients are the result of insufficient EMGL1 levels in proliferating
cells, rather than of its mislocalizatidloreover, our results suggest that 6

localizes differently in different cell types, which may play a role in the tispeeific
manifestation of the diseadeuture experiments will be necessary to determine how the

sub-cellular localization of EMG1 is regulated in different cell typed tsssues.
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In an effort todetermine the nature of the EM@&tntainingnuclearpunctain fibroblasts
we assessed whether it-tmcalized with markers of Cajal bodies, coilin or SM¥ co
localization was detectethdicating that EMGL1 likely does notgyl an extraribosomal
role in snRNP biogenesis or in splictAtf"*"*. It is possible thethese nucleoplasmic
sites correspond to proteasomes where EMGL is degraded, since treatment with the
proteasome inhibitor MG132 caused an accumulation of EMGL1 in these structures.
Proteasomes have been shown to be present in the nucleus but not thlesucle
(reviewed iri”>*™), and play a role in regulating nuclear function, including ribosome
biogenesi¥*'*°. Co-localization with ubiquitin, or witlthe 26S subunitf the

proteasome, would confirm this hypothesis.

We showed that D86G EMG1 levels were reduced in patient fibroblasts and
lymphoblasts by immunoblot (Chapter 3) and by immunofluorescence (H@ud&o
determine the mechanism by which EMGlosst, we explored the proteasome pathway,
which accounts fothe majorityof the protein degradation in a ¢éff*”> The ubiquitin
proteasome pathway has been shown to regulate ribosome biogenesis at several levels,
including RNA transcription by RNA polymerase |, processing of the 90Siposome,

and production and export of mature 28S rRRAnterestingly, ubiquitin in eukaryotic

cells is produced either as a polyubiquitin protamanged in tandem heaottail

repeatsor as Nterminal fusions with ribosomal proteins S¥P&”" or L40'"°. The

ubiquitin moiety acts as a chaperone during the assembly of the proteirtseingstent
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ribosome, and is then cleaved for use in the ubiquitin proteasome patHiait

therefore seems very likely that the ubiquitin prodess system and ribosome biogenesis
are intimately likked.Upon treatment witlproteasome inhibito®1G132 or Pl1a
putativepolyubiquitinated form of EMGAaccumulated in the nuclear fraction of
fibroblast cellsindicated by the appearance of a higher molecular weight Géml
suggests that EMGL1 mormally degraded by the proteasome pathwétiitiough further
experiments are necessary to confirm that EMGL is tagged via lysine 48 polyubiquitin
chainsand is thus targeted to the proteasome study of Diamon@lackfan anemia,
proteasome inhibitiomicreased the levels of mutated RPS19 préttiHowever,
proteasome inhibition did not restore D86G EMGL1 to normal levels, indicating that a
proportion of the D86G EMG1 may also aggate. Degradation by the proteasome is in
competition with aggregation for misfolded substrifeand onsequently the

proteasome must degrade misfolded proteins before they have a chance to aggregate.
Thereforeijt is possible that a large proportiohD86G EMG1in fibroblastsaggregates
following proteasoménhibition, rendering it undetectable in thectear fractiorand

disrupting EMG1 turnover

To evaluate whether the D86G substitution in EMG1 altered its ability to bind to protein
partnersimmunoprecipitation experimentgere performed with NOP14 in HelLa cells. A
weak interaction between NOP14 amitd type EMG1 was observedn agreemat with
results seen in yeast*®’. However, NOP14 binding with D86G EMG1 was not detected,
although it was impossible to tell if the binding was inhibited by the structural change in

D86G EMG1 orsimply because there was not enough of the mutated protein in the cell to
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perform an immunoprecipitaticgxperimentimmunofluorescence showed-co
localization of NOP14 and EMG1 even in the presence of the D86G substitution.
Therefore, aifference insub-cellular localizatiorof EMG1 and NOP14loes not appear
to be a contributing factor to the fail@B6G EMGlimmunoprecipitationThus,either
D86G EMG1 could not physically interact with its usual protein paiti@P14due to
structural changes, or wa@resent in insufficient quantitiesdetect annteracton.
Although only NOP14 was examined, it is likely that binding with osimeall subunit
processome components would be affected as well, inclivtiopd.0 and the U3

snoRNA, known partners in yeast

The fact that EMGL localization in HeLa cells was dynamic adds a temporal aspect to
EMG1 activities: it must be in the right place, at the right time, to function corréctly.
HelLa cellstransientlyexpressing-LAG-taggedNOP14, the nucleolar localizati of

EMGL1 depended on the concentrated presence of NOP14 in nucleoli. Diffuse NOP14
resulted in exclusion of EMG1 from the nucleoli, indicating that EMG1 transportation
into the nucleolus may be dependent upon NOP14 shutEM@&1 and NOP14 co
localizedonly in a subset dfleLacells, and may indicate multiple roles for EMGL1 in
these cellsdepending on its localizatioNOP14 associates with the nuclear pore
complexX®1% and ablatin of Nop14 in yeast results in the cytoplasmic accumulation of
Emg1, rather than the nucleoplasmic accumulation seehhétewever, endogenous
EMG1 and NOP14 ifibroblast cells did not show the same dynamic localization, with
both EMG1 and NOP14 remaining nucledlaall cells examinedDespite the static

localization, EMG1 still cdocalized with only amall proportiorof NOP14, with the
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majority of NOP14 beig found in the cytoplasnmn agreement with the weak association
seen in the immunoprecipitation assaise differences in localization between HelLa
cells, fibroblasts, and yeast warrants further study, as it may be an indicadistirft
modes of reglation in different cell typeRibosomopathies oftengplay tissuespecific
effects the cause of which remains unclear. @gbe specific sutzellular localization

and regulatiorof ribosome biogenesis proteins could play a part in the sensitivity of

certain tissues to defects in ribosome production.

In summary, our results indicate that the D86G EMG1 protein which is responsible for
BCS is unstable, causing a rapid reduction of soluble EMGL1 levels following translation.
Both wild type and D86GEMG1 arelikely degraded by the proteasome pathviay,
exposure of hydrophobic residuedd86G EMG1lalso results in itaggregationThe

D86G substitution does not, however, alter theseltular localization of EMG1The
reduction in stable, soluble EMGtotein is not onlydetrimental to its own functiorit,
alsolikely altersthe associatiorof EMG1with its protein partners in the small subunit
processomeBy extensionthis may lead to a reduction in ribosome levielshe cells of

BCS patientsnegativéy affecting cell proliferation during development.
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Chapter 5 : Assessment of EMG1 function in ribosome biogenesis in

BCS cells

Acknowledgements:Protein synthesis rate experiments were performed by Nehal Patel
and ribosome subunit experiments were performed by Dr. Richard Hemming. Cell cycle
analysis was performed inUniversity of Manitoba core facility by Dr. MwoeChan.
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5.1 Introduction

Ribosane synthesis and assembly is an extremely complex and eng¥ggive cellular
process. In proliferating yeast cells, roughly half of all RNA polymerase Il transcription
initiation events are on ribosomal protein genes, and approximately 80% of tifeNétal

in the cell is ibosomal’®. A mature eukaryotic ribosome is composed of the small
subunit, ontaining the 18S rRNA and 33 ribosomal proteins, and the large subunit,
containing the 28S, 5.8S and 5S rRNAs and 49 ribosomal proteins. The 18S, 5.8S and
28S rRNAs are all expressed as a single polycistronic 45S precursor transcript which is
processed tgield the mature forms, while the 5S rRNA is transcribed separately.
Biogenesis of a fully functioning ribosome involves the coordinated efforts of all three
RNA polymerases, roughly 200 assembly proteamsl 75 small nucleolar RNAs
(snoRNAs) which aidin the maturation and assembly proé&&s These factors modify
nascent rRNA concurrent with transcription, including cleavage of the precursor
transcript by endoand exonucleasesg®H ribose methylation, pseudouridylation, base
methylation, and assembly with ribosomal proteins. These modiisaare thought to
optimize rRNA folding, stability and function. Understandably, ribosome biogenesis is
tightly regulated, and th€P53 pathway is a powerful checkpoint for ribosome assembly.
In a healthy cell, the EBbiquitin ligaseMDM2 binds and ubigitylatesTP53, targeting

it for degradation to maintain low levels of the protein. In the event of aberrant ribosome
biogenesis, free ribosomal proteins which are unable to assemble into mature ribosomes
bind and segregatdDM2, leading to the accumulatiof TP53'%8982180 gyhsequent
cell-cycle arrest or apoptosis ensures that only cells with intact ribosome biogenesis

machinerycan proliferate.
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In yeast, the precursor 45S rRNA is modifigotranscriptionally by themall subunit
processome, a complex rivalling the small subunit itself in sihech contains the U3
snoRNA and at least 40 protein®. Emglin yeast is associated with temall subunit
processom® and catalyses the transfer of a methyl group from a SAM donor to the
hypermodified mlacpdy at position 1191 of yeast 18S
rRNA)"%2° Other roles for Emg1l during ribosome biogenesis have bepns®o,

including recruitment of the ribosomstinall subuniprotein RPS19 to the maturing

ribosome, and removal of snR57, the snoRNA component of the snoRNP responsible for
the 2¥OH ribose methylation of G1570 in yeast 18S rRNAReently, it was posited

that Emgl may act as a chaperone in 18S rRNA fotéfings Saccharomyces cerevisiae

and human EMGL1 are 51% identical at the protein level, and human EMG1 complements

yeast Emg1 deficiency, it is probable that they have similar funétibns

Mostsmall subuniprocessome proteins are essential for cell surRM¥HE, and

depletion causes specific ribosome biogemdeficiencies. In yeast, depletion of Emgl
results indefects in production of 18S rRNA, and processing of precursor rRNA to
mature 18S rRNA is delayed in cells lacking the hypermodification of pseudouridine
mlacp3y°®**. In addition,yeastcells incorporating the equivalent B&€&using mutation

in Emglshow reduced growth rafésAssuming similar functions foyeast and human
EMG1, we hypothesized that the reduction in EMG1 protein levels seen in BCS patients

would result in altered 18S rRNA processing, and therefore deficient biogenesis of the

138



small ribosomal subunit. Threductionof healthy ribosomes wouldad to reduced

protein synthesis rates concomitant with slower rates of cell proliferation. Because the
levels of ribosoral proteins are tightly regulated and linked to rRNA transcription to
ensure optimal ribosome biogenesis rates, we expected thattidisrn ribosome

protein levels would also lead 1¢°53 stabilization. A delay in rRNA processing could
consequently be sufficient to disturb proper ribosome biogenesis during periods of
increased cell proliferation, such as embryonic development. Siheflacts have been
found in ribosomopathies in humans, a clinically variable group of disorders which are
associated with mutations in ribosome proteins and biogenesis factors (reviewed

in89,90,141) )

To study parameters of ribosome biogenesis in BCS patients, we examined dermal
fibroblasts taken from skin biopsies, or lympholdagneratedrom peripheral blood
leukocytesIn general, two BCS patient cell lines per cell type were compared with two
to three agenatched control cell lines. Where quantification of data is shown, the
average result of the two BCS patient cell lirmesampared with the average of the

control cell lines.

5.2 Cell cycle and cell proliferation analyses
It has been shown previously that errors in biogenesis of the small subunit cause a stall in
the cell cycle at G1/S, due to a checkpoint which assassegiate ribosome

numbers®’®8 To determine iBCSpatient cells had an altered cyate]l sorting of
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propidium iodidestained cells was performed. This assagaratesells into G1, S, or
G2/M populations based on their DNA content. Surprisingly, lymphoblasts from BCS
patients had aignificantlyincreased proportion of cells in @2 (Figure5.1B), with no
significant difference in any other phase of the cell cy@tethe other handetl cycle

was not altered in BCS patient fibroblasatisen compared to contralBigure 5.1 A)

A lengthening of G2/M phase would be expected to manifest itself as a slower cell
proliferation rate, as cells would take longer to progtiessugh a complete cell cycle.

The MTT assay was employed to determine whether proliferation rates of BCS patient
cells were affected when compared to controls. This assay employs a yellow tetrazolium
salt substrate which is reduced to a purple insolustedzan complex by the

mitochondria. The amount of colour produced is therefore directly proportional to the
number of metabolically active cells. In agreement with the cell cycle analysis, we found
no significant difference in the proliferation rategera 72hour periocdbetween

unaffected control fibroblasts and BCS patient fibroblasts (Figir€). The mean

doubling time for control fibroblasts was 48.81 hours, and 48.10 hours in BCS
fibroblasts. However, the BCS patient lymphoblasts showed sigrificdawer

proliferation rates relative to control lymphoblasts (Figure 5.1 D), with a mean doubling
time of 52.25 hours, compared to a mean of 38.14 hours for control lymphobtasts.
ensure that the MTT assay results in lymphoblasts were due to redligealiferation

and not changes in cell metabolism, cells were counted at twelve hour intervals, using
trypan blue to exclude dead or dying cells (Figure 5.1 G). BCS lymphoblasts proliferated

significantly slower than control cells, confirming the MT Bag resultsThese data

140



(A) Fibroblasts (B) Lymphoblasts

901 60+
80+ = Ctrl = Ctyl
704 @EmBCS 501 B BCS
601 401
50 i
404 30
30 201
20
101 10
0-

% of cells
% of cells

0-
G2/M G2/M
(@) Fibroblasts (D) Lymphoblasts
e = Cl 10] = mmcul
o 35] EmBCS o 35 . T EmBCS
@ 3.01 S 304 'T
8 251 s 2.5
Y 2,09 Y 209
2 157 2 151
= 1.04 £ 1.0
0.59 0.51
0- 0
0 72
Time (hours) Time (hours)
(E) _ (F)
Fibroblasts Lymphoblasts
2% < 50
£ 0 g 40
=30 = 30
220 €%
S 10 S 10
o o
oo at
Ctrl Ctrl BCS
(@Q)
Lymphoblasts
147 —=—Ctrl
129 —BCS
— 101
= 8-
E 6-
T 4
(] 24
0
0 12 24 36 48 60 72

Time (hours)

141



Figure5.1 Cell cycle analysis and cell proliferation rates of control and BCS patient
cells.

(A, B) Cell cycle anadys of fibroblasts (A) and lymphoblaéBy. Cellsvere treated with propidium iodide
and sorted based on DNA content. In the lymphoblasts, the percentage of cells in G2 phase was
significantly higher in BCS cells than in control cglis=(0.00185). The mean of three experiments and
SEM are showr{C, D Cell proliferation rates, evaluated using the MTT assay, in fibrobl@stsnd
lymphoblasts (2 At 24 hour intervals, cells seeded in av@éll plate were incubated with the MTT
reagent for four hours, lysed, and the absorbance was read at 570 nniolthehange relative to time O
was plotted for each time point. The meanthfee experiments, performed in triplicate, $hown for the
fibroblasts and four eperiments for the lymphoblasts, expressed as fold change from time 0. BCS
lymphoblasts were sigficantly lower than controls at 48 hours (*p < 0.01), and at 72 hours (**p < 0.001).
Error bars shov8EM (E, FDoubling time of fibroblasts (E) and lymphoblasts (F). Doubling time was
calculated from the results of the MTT assay performed in (C) andh(BWe lymphoblasts, doubling time
was significantly longer (*p<0.0001%5)Lymphoblast cell concentrations in cells per millilitre, counted at
12 hour intervals. BCS lymphoblasts numbers were similar to control numbers until the 36 hour time
point, andwere significantly lower than controls from 36 to 72 hours (*p<0.01). The mean of two
experiments, performed in duplicate, and SEM are shown.
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suggest that a stall at the G2/M checkpoint results in a longer cell cycle in BCS patient

lymphoblasts, buthat patient fibroblasts are not appreciably affected.

5.3 Determination of 60S/40S subunit 28S/18S rRNA ratios

5.3.1 Steadystate levels of ribosomal subunits and rRNA

In order to determine if the deficiency of EMGL1 protein seen in BCS patient cells was
causing an alteration in the synthesis of the small ribosomal subunit, the relative amounts
of theintactsmalland large ribosomal subunits were evaluated. Ribosomes were isolated
from patient and unaffected control lymphoblasts and fibroblasts, andszpar a

sucrose gradient (Figure 5.2 A, B). The ratio of the large subunit to the small subunit was
compared between BCS patieatsl controls, and no significant difference was found

either the lymphoblast or fibroblast linsgure 52 C, D). Similar results were found in
fibroblasts in the presence of higher concentrations f Mghich allows the isolation of

80S ribosomes and polyson(@est shown)

Previous studies have shown that defects in precursor rRNA processing result in a
reductionin ribosomal proteittlevels and that a reduction in proteins from one subunit
can affect the othé&t Therefore, the levels giroteins RPL26 and RPL7 from the large
subunit,andRPS19 and RPS6 from the small subumére examined by immunoblot
BCS patient and unaffected contfiiroblasts(Figure 5.2E). There were no consistent

differences irproteinlevels from either subunit. Taken togetkeéth the sucrose gradient
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Figure5.2 Ribosome levels at steady state in control and BCS patient cells.

(A, B)Small (40S) and large (60S) ribosome subunits from BCS and unaffected control cell lysates were
separated by centrifugation on a sucrose gradient and detected by absorbance at 2&kamples of

the resultant tracings are shown for fibroblas#y énd lymphoblastsB). (C, D)The area under the curve

was determined for individual peaks, and the ratio of large to small subunit was calculated. No significant
difference between unaffeed control and BG&ffected cells was found in fibroblas)(or

lymphoblasts (D The mean of six individual experiments and SEM are shi@Jmmunoblots detecting
ribosomal proteins from the small (RPS) and large (RPL) subunits of the ribosome slooveedistent

differences in the proteins between two unaffected control and two BE&cted fibroblast lines. Actin
was used as a loading control in each case.
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ribosome subunit experimenthese data indicate that at steady state, the small subunit of

the ribosome is at normal levels in BCS patient cells relative to the large subunit.

The relative levelsf steadystate rRNA found in cells from BCS patientsr&also
assessed. Total RNA was isolated from either fibroblasts or lymphoblasts from BCS
patients or normatontrols, and was analyzed using the RNA 6000 Nano LabChip Kit in
the Agilent 2100 Bioanalyzer. Examples of the resultant electropherograms areirshown
Figure 5.3 Aand B The area under the curve for each peak was calculated, and total
amounts of 188RNA wereevaluated relative to 28S rRNA. In each case, there were no
significant differences in the ratio of 28S rRNA to 18S rRNA between any of mngles

(Figure 5.3 C, D).

5.3.2 Processing of 18S rRNA

Although the steadgtate levels or rRNA remain unaffectedsipossible that the

processing rate of precursor 45S to mature 28S and 18S rRNA is delayed in BCS patient
cells. Thswaspreviously shown ithe ribosomopathhwachmasDiamond syndrome

where sucrose gradient analysis showed similar stsi@dy levels of ribosomal subunits,
yetthe formation ofmaturerRNA was significantly slower in SDS patiefitiroblasts’.

To evaluateRNA processing rates, pulshase analysis was employed using eitffar

or ®*H-methyl nethionine to label nascent rRNBIsing this technique, it is possible to

follow the transformation of precursor 45S rRNA to its mature 28S and 18S rRNA forms

over time. Following a pulse of radioactive label, the cells were chased in cold media,
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Figure5.3 Ribosomal RNA levels at steady state.

(A, B)Ribosomal RNA electropherograms. Total rRNA was isolated from unaffected control and affected
fibroblasts A) and lymphoblasts jBand separated by capillary chromatography ushey6000 RNA Nano

kit in an Agilent Bioanalyzer. The resulting traces show the 18S and 28S peaks, as well as a smaller peak
which encompasses the 5S, 5.8S, and tRNADY8S/18S ratiofor fibroblasts (Tand lymphoblastdd).

The area of each peak wealculated by the Agilent software, and the ratios of 28S to 18S rRNA were
calculated. The mean of three individual experimeptrformed in triplicateand SEM are shown. No
significant difference was found between the unaffected and affected cellgatidg that 18S rRNA

levels are normal at steady state in patient cells.
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and samples were collected at regular intervals. Ribosomal RNA was isolated and
separated using gel electrophoresis, then visualized using autoradiography. Using Image
Lab softwargo quantify band intensityhere was a consistent reduction in labelling of

18S rRNA in BCS patient cellsshile 28S rRNA was unaffecte@rigure 5.4. Although

this difference wasnly statistically significanat a specific point in processifgee time

20 minutes of 18S rRNA 6.4 B), it was consistent through several independent
experimentsemploying both thé?P; and the’H methytmethionine labelsandin both
lymphobhksts and fibroblast3his, togethemwith the fact that steady state rRNevels

were normal, indicates that overall rRNA production occurs at a normal rate in BCS cells,
and that processimgf 18S rRNAIs instead delayed:his delay does not detectably affect
steadystate levels of 18S or 28S rRNA, nor ddestersteadystate levels of the

ribosomal subunits.

5.4 Evaluation of protein synthesis rates

A delay in the 18S rRNA processing couédult in suboptimal ribosome function, and
perturboverall protein synthesis ratéd/e thereforeexaminedhe rate of potein

synthesis in eacfibroblastcell line by incorporationf **S Cys/Metover a foushour

period calculated athe amount of incorporated radioactivielCPMp er € g of pr ot
Similar resultswere found for BCS patient and unaffected corfibwbblasts(Figure

5.9), indicating that the delay in 18S rRNA processing does nottattarate of

translation by the ribosom@&his is consistent with theonclusionghat the delay in 18S

rRNA processing is transient, and doesaftéct steadystatelevels of the ribosomal
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Figure5.4 Ribosomal RNA processing.

(A) An example o&ribosomalRNAprocessingulsechase experimenin fibroblasts. Nascent rRNA was
metabolically labelledising (methyFH) methionine for thirty minutes, and samples were isolated at

twenty minute intervals to follow the processing rate of the large 45S rRNA precursor to the mature 18S
and 28S specieBgual counts were separatesh a 0.7% agarose gehd transferred to a positively

charged nylon membrane. The membrane was exposed to a phosphor storage screen, which was scanned
using a phosphorimager. The precursor 45S rRNA, the 28S and 18S mature species, and the intermediates
are indicated on the left sidef the diagram(Band Q) The intensity of each band (A)was quantified

using Image Lab software. The graphs indicate the mean density in arbitrary units of t{iz) 48& 28S

rRNA(Q bands at each time point, and error bars represent standard deviation. For this experiment, the
average of three control cell lines and tB&S lines are showrhd18S rRNA was significantly reduced in

BCS cells at the 20 minute timeipb(*p = 0.0287)indicatinga delay in the 18S rRNA processing in BCS

cells whichdoes not affect the 28S rRN@®) An example of an rRNA processing pulkase experiment

in lymphoblasts. The experiment was performed essentially as in (A), except the rRNA was lakelled wit

¥p for a twenty minute pulse. Following gel electrophoresis to separate the RNA species, the gel was
dried and directly exposed to a phosphor storage scréejand (F)show the intensity of each bandhd@

18S rRNA was significantly reduced in BAS a@iethe40 minute time pant (*p =0.0292).
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Figureb.5 Protein synthesis rates.

Fibroblasts were incubated wiﬂ%Scysteine/methionine to label newly synthesized protein, while
cyclohexmide wasincluded with control cells to inhibit protein synthesis as a negative control. Proteins
were TCAorecipitated from cell lysates, filtered, and washed. Labelled protein was detected using a liquid
scintillation counter, protein concentration was determinexhd counts per microgram of protein was
calculated. No statistical difference was found. The mean of three experiments and SEM are shown.
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subunits Given that the ribosoat RNA andsubunit levels were similarly unaffected in
BCS patientymphoblaststhe protein synthesis rate experiments were performed on

fibroblasts only.

5.5 Assessment of TP53 stabilization

Because dysregulation of ribosome biogenesis has been shown to lead to TP53
stabilization and cell cycle arrést, levels of TP53 protein in BCS patient cells and
unaffected controls were compared using immunoblot analysis. TP53 protein levels
varied between cell lines, with no clear difference between BCS patient cells and
unaffected controls (Figure@. It is possible that the variable levels of TP53 reflected

differences in cell cycle of the different cell populations that were used.

5.6 Discussion

In yeast, a reduction in Emg1l levels causes a decrease in 18S rRNA levels with a
corresponding accumulation i immediate precursor in the rRNA processing

pathway™® This lack of 18S rRNA leads to an imbalance between the large and small
ribosomal subunits which in turn causes a reduction in protein synthesis and cell
proliferation rateS*. Thus, we expected that since EMGL1 levels are severely reduced in
BCS patient cells, we would see a corresponding decrease in cell proliferation and protein
synthesis rates due to a lack of dmillosomal subunitdnstead, we found an increase in

the proportion of BCS lymphoblasts in G2/M, accompanied by slower proliferation rates,

while neithewasaffected in BCS fibroblasts. A consistent, transient delay in 18S rRNA

151



Unaffected _Affected

Unaffected_C  Affected

actin

(B)

—72

p53 —>55

actin  "———

Figure5.6 TP53 levels in control and patient cells.

Levels of TP53 protein were evaluatedA)fibroblasts andB)lymphoblasts in unaffected controls and
BC&affected patients by immunobloEqual amounts of ptein were separated in a 10% gel by SDS
PAGE, transferred to a nitrocellulose membrane, and probed using apZ®tintibodyLevels of TP53
were found to be variable, with no clear differences between controls and BCEFeellsimmunoblot is
representdive of three independent experiment§., carrier oEMG1A>G mutation.
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processing in both fibroblasts and lymphoblasts did not result in an alteration of steady
state levels of 18S rRNAr small ribosomal subunit®rotein synthesis rategere also

unaffected in BCS patient fibroblasts

The reduced proliferation ratebserved only in the BCS lymphoblasts, taexplaired
by a lengthening of the cell cycle in G2/M, which was also found only in lymphoblasts.

While rRNA processing defectgpically cause G1 arrest*®*

, an increase in the
percentage of cells in G2/M phase has been reported in cells depleted of dyskerin, the
protein responsible for the-khked form of the ribosomopathy dyskeratosis
congenit’®*'% In addition,changes ilRPL13aexpressiorcan induce cell cycle arrest at
G2/M'33 mutations in RNAse MRP causing cartilage hair hypoplasia lead to cell cycle
delay in anaphas¥, anda mutation irpescadilloin zebrafisha gene implicated in
ribosome biogenesis, disruptkgodendrocyte formatimdue tofailure to progress from

S phase to mitodis The stall at G1/S seen in many cases of ribosome biogenesis
disruption has been shown to be the result of a checkpoint which verifies that adequate
numbers of ribsomes are preseneforeproceethg with the cell cycle. Wéoundthat
steadystate levels of the ribosome subunits are normal in BCS cells, which may explain
why they are able to progress through the G1/S checkpoint. It is difficult to say whether

this is the case the examples of cell cycle delay at G2Asdescribed aboveince

levels of ribosomal subunits were not evaluated in those studies.
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Intriguingly, in X-linked dyskeratosis congenit@)osomes lacking pseudouridiaee

deficient inIRES-dependent translational initiation due to failure of the ribosome to bind
to the IRES sequent®e®. In general, caglependent translation is inhibited at the
beginning of mitosis in favour of the translation of MRNAs containing IRES elements,
includingone isoformof cyclin-dependent kinase 11, which is necessary for progression
through M phasé&®'®’. In X-linked dyskeratosis congeniiajs thought that
pseudouridinaleficient ribosomes are unable to recognize IRES elements, causing a stall
at M phase due to decreased translatioretifcycle relategroteins.In the same veint

is conceivable that changes in rRNA methylatoriolding occasioned byhe D86G
substitution in EMGL alter the specificity of the ribosome in such a way that it can no
longer recognize or bind IRESementfficiently. Further support for this hypothesis
comes from the fact that IREcE®2pendent mMRNA translation is dowegulaed in mice
expressing mutated RPS19, the protein most commonly associated with Diamond
Blackfan anemi&® It has been postulated that EMG1 promotes RPS19 binding to the
nascent riboson&'?!, Alterations in IRESmediated translatiocould lead tahe delay

or failure of progression through G2/M seen in BCS patient lymphobkfastandard

assay employing dicistronicRenillaluciferase/ firefly luciferase reporter, linked by a
known IRES element, could be used to determine if ribosomes from BCS patient cells are

deficient in IRESdependent translati6it®®.

To determine if a defect in ribosome biogenesis was causing the delay at G2/M and the
concomitant reduction in cell proliferation rates, processing of precursor 45S rRNA to its

mature forms was examined/e detected a slight but reproducible decreaseain th
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processing rate of 18S rRNA in both fibroblasts and lymphoblegidence that a defect

in ribosome biogenesimderlies BowerConradi syndromeAs EMG1 has more than

one proposed role in 18S rRNA processing, it is difficult to determine the exact n&tur
thedefect.Given thatEMGL1 is a methyltransferase, the usédmethyl methionine as a
label makes it impossible to determine if the reduction in detectable radioactivity is the
result of reduced rRNA production, or if rRNA is produced at normalsevut is under
methylated. Several lines of evidence point to the former scenario. First, yeast Emg1l
bearing the equivalent mutation of the BCS protein conserves its rRNA methyltransferase
activity in anin vitro methylation assd$ despite causing a reductiongrowth rates.

Second, Emgl mutants unable to bind the methyl donor SAM maintain normal ribosome
biogenesit"’. Finally, similar results were observed using inorganic phosphate as a
radiolabel, which incorporates into the RNA backbone and does not affect rRNA
methylation. It is therefore likely that the reduction in EMG1 causes a delay in 45S to
18S rRNA processingia its role in RPS19 recruitment or rRNA folding rather than its
catalytic activity. However, untiihvivhmet hyl a
it should still be considered a possibility that 18S rRNA is unagethylated in patient
cells.Despte the fact that a delay in processing was observed in both fibroblasts and
lymphoblasts, steadstate ratios of 60S to 40S ribosomal subunits were unaffected in
both cell typesand consequently protein synthesis rates were also unchamged

similar to what was found in the ribosomopathy ShwachBiamond syndrome, where

a reduction in rRNA production in patient cells was not associated with an imbalance in
60S, 40S, or 80S ribosomal subunit levels at steady st&ieen the trarient nature of

the 18S rRNA defeatbservedn BCS patiat cells, it is unlikely that a 60S/40S subunit
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ratio imbalancevould be deteetdusingsucrose gradient analysfribosome subunits at

steady state, as we diere.

Underlining the importance of the TP53 checkpoint in proper ribosome biogenesis,
previous studies have shown that removalmpb3 can rescue the defect in certain mouse
models of ribosomopathi®§'?*, However, crossingrp53" mice withEmgI” mice

failed to rescue the pienplantation growth arrest phenotype of EMG1 knockitts

Taken together with our TP53 immunoblot studies which did not show stabilization of
TP53 in BCS patient cells, we concluded that the EMG1 defect likely does not activate
the TP53 pathwajAlthough the link between the TP53 pathway andsdme

biogenesis has been exploited in animal models of ribosome biogenesis, the contribution
of TP53 to the regulation of ribosome biogenesis is far from clear, as recent studies have
shown variable responses to TP53 inhibition or knockolRpl38 Rps19 andRpl11

mutant mice, the phenotype is refractory to TRP53 inhibifi§fi In a zebrafish model

of ShwachmasDiamond syndrome, ablation of th€&53 checkpoint irsbdsknockdown

fish ameliorates the skeletal phenotype and improves the overall hiediéhesnbryo¥”.
However, the spleen hypoplassanot rescued, suggesting that the phenotype is only
partially mediated byhe TP53 pathwaySimilarly, TP53 knockdown in a Diamond

Blackfan anemia model rescued the morphological abnormalities, but did not alter the
erythopoietic defect®!!, The selective contribution of the TP53 checkpoint to

individual ribosomopathies, and even differessueswithin a single ribosomopathig

just beginning to be appreciated. Therefore, stabilization of TP53 is still possible in other

BCS patient tisses or cell types.
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The fact that lymphoblasts were affectethile fibroblasts were npsupports the

hypothesis that proper levels of EMGL1 are critical in rapidly proliferating cells. Slower
growing cells, such as fibroblasts, have less of a demand for ribosomes and therefore are
not as strongly affected by defects in ribosome biogenbsis the delay in rRNA
processing seen in fibroblasts doesdwtectablyaffect cell cycle or proliferation rates

By extension, the rapidly proliferating cells of the embryo could be severely affecéed by
delay in 18S rRNA processingsulting inthedewelopmental delageen in BCS

patients The different results in lymphoblasts and fibroblasts may also be a reflection of
the tissue specificity which is often seen in ribosome biogenesis disorders. In BCS, the
phenotype primarily affects the central ners@ystem, making it likely that EMG1
deficiency has a greater impact on the rapidly developing brain than it does on other
tissuesExpression profiling via mroarray could be used to evaluate differences in gene
expression between the fibroblasts andgfioblasts, and perhapslicategeneswhich
compensate for the delay in 18S rRNA processing in fibroblaaken togetherhese

results confirm conservation of EMGL1 function in yeast and human cells, and link BCS

with the growing number of ribosomopathie
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Chapter 6 : Establishment and characterization of a mouse model

of BCS

Acknowledgements:Nehal Patel constructed the EMG1 targeting vector. Dr. Hao Ding
and Xiaoli Wu performed the ES cell manipulatiocreated the chimeraand performed
BrdU injections
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6.1 Introduction

The mutation causing BCS produces profound effects on fetal development long before
birth and until death at an early age. While it has been established that mutations in
ribosomal proteins and ribosomal biogenesis faactansdifferentially affect multiple
tissue&**>% autopsies on infants who have died from BCS are rare, and the majority of
invedigations have been performed on patient cells obtained from peripheral blood or
skin biopsies. In order to study the effect of the EMG1 mutation on multiple tissues in
organism development and survival, we proposed to create a mouse model of BCS.
Human ad mouse EMGL1 are 89% identical at the protein level, and both human and
mouse EMG1 complement a yeast deficiéhty* making it very likely that the
homologues share similunctions. In addition, the D86 substituted in BCS and the
regions surrounding it are conserved in the mouse EMG1 ptStéifouse models of
disease have been crucial in deciphering the molecular causes of sbesanopathies,
and have aided in the elucidation of the normal functions of the mutated proteins
involved**®*%2 For example, a murine model of the craniofacial disorder Treacher
Collins syndrome (TCS) showed thiatofl which is mutated in TCS, is not only a
regulator of ribosome biogenesis, but is also required for the proliferation of neural crest
cells during developmé?'®. Moreover, the same mouse model was later used to show

that the defect in TCS mice could be rescued by disruption GREE3 checkpoirf®.

A previousEmg1null (Emg1") mouse produced in collaboration with Dr. Hao Ding
replaced exons-8 with aSA-IRESbH g eassetté”. TheEmglknockout is lethal very

early in development while the heterozygous mice show no detectable phenotype,
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suggesting that EMG1 is essential for development prior to implantation. Enth&"

mice, growth is arrestdaketween embryonic day (E) 2.5 and E3.5, accompanied by
increased cell death and reduced cell proliferation. The very early stage of lethality made
it impossible to examine tissues or generate cell lines deficient in EMG1, precluding
further study. Unliken the mouse models of Treacher Collins syndrome and other
ribosome disordef3'%?* crossingemgI’ mice with TRP53-deficient mice failed to

rescue the phenotype, suggesting that the defect in these mice is not mediated by the

TRP53 pathway.

To generate a mouse model more closely resembling human BCS, we designed a
targeting vector to insert the equivalent A>G mutation intcEimg1gene Emg2/®).

The inclusion ofoxP sites flanking exons-B of the gene meant that the allele could be
deletal by Cre recombinase, allowing conditional knockout of the gene at different ages
or in different tissues depending on the promoter driving Cre expréSsiaternatively,

Cre could be expressed in cultured celldicentaining the targetétimglallele, creating
anEmgT’® line in which we could study the effects of severely reduced EMG1 levels
We hypothesized that mice homozygous for the mutaBiemy(©'®) would be small for

their gestational age when compared to wild type littermates, possibly with craniofacial
abnormalities, and that they would be unable to feed properly, resulting in death shortly
after birth. These mice would allow detailed analysab®ftlefect in all tissues

throughout development, in particular the central nervous system which appears to be a

major target of BCS in humans. Given the growth retardation in BCS pafiemg®’®
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mice permittedus to examine the roles of cell prolifeatiand cell death in the etiology

of BCS.

6.2 EMGL1 expression throughout normal mouse development

To better understand the role of EMG1 during development, particularly in the central
nervous system, we examined expression of EMG1 in mice from embdepnic.5
through to adulthood. We employed a previously geneiategllknockout strain which

incorporated an SAREShgeo cassett e -61%

nHeterbzggous mioef e x ons
therefore expressed thacZreporter gene under the control of the endogeBongl

promoter. Embryos from timed pregnant heterozygoiescross matings were taken at
embryonic days 7.5, 8.5, 9.5, 10ahd12.5(n = 2 pregnant females / time point)
Tissuesverealso collectedrom pupsat postnatal days 7 and,lahdfrom adult

heterozygotes at six weeks of gge=2/ time point) In addition to the_acZreporter,

EMG1 was also examined in these tissues using a polyclondatM@il antibody. To

validate the EMG1 antibody for use in immunohistochemistry in mouse tissues, the

antibody was first incubated with fdkngth EMG1 tagged with maltose binding feio.
Experiments performed using this competed-BMIG1 antibody eliminated nuclear

staining (Figure 6.R), although some background cytoplasmic staining remained. These
results, combined with data generated usind-t#eX reporter, indicated that theM&51

anti body was appropriate f or u sgelactosddase mmu n o
enzyme encoded lifie LacZreporter gene, tissues were incubated with the substrate X

gal, producing a blue product in the presence of the enzyme, which is \@duagia pink

product using dark field
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Figure6.1 EMG1 detection in mouse tissue@) EMG1 antibody competition assay. EMG1

polyclonal antibody (ProteinTech Group) was incubated at a dilution of Wv&f@@urified MBPtagged

EMGL1. Uncompeted and competed aBfi1G1 antibodies were then incubated on the same slide with
formaldehydefixed, paraffirembedded sections of E10.5 wild type mouse tisdtansverse sections

through the top of the head)and deected using the ABC/DAB system. A section not exposed to the

primary antibody was used as a negative control, and methyl green was used as counterstain. A

comparison of the competed and uncompeted sections revealed specific EMG1 staining in cell rthclei, wi

d42YS NB&aARdzZf oF O]l INRdzyR Oeidli2L)X | aYAO aiBogyiyaoed { Ol f
/ 2 Y LJ N -gadagfositage attivity and affMG1 antibody. The LacZ reporter gene was detected by

X-gal staining (pink) in midagittal sections of 15 embryosB) and skin of postnatal day seven pu@ (
CKA&d &aK286SR AAYAL I NI I NBI &-gatadtosiSale Shepndedylad ghtidl&f RS G SO0 A 2
antibody (1:500 dilution), or detection of EMG1 using an-&MiG1 antibody (1:500 dilution). Expson

was ubiquitous in the E10.5 embryos, with strong staining in the neuroepitheliuninahé hair follicles
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he, heart;hf, hair follicle)nt, neural tubetv, telencephalic vesicle

162



microscopy. The results were confirmed with an-&rjalactosidase antibodiFigure

6.1B, C)

During development, EMG1 expression was strong and widespread in ak,tibswgh

it was strongest in the earliest embryos examined and became more restricted over time
(Figure 6.2). It was also found all tissuesat postnatal day 7 (Figure 6.3) andhe
adult(Figure 6.4) Areas of strongest expression included eye, skiestine ovary,and
testes, in agreement with a previoassessmemtf EMG1 expressiom mouseusingin

situ hybridizatiort?>. Although expression was ubiquitous as expected for @sséntial
protein, it became more restricted during development. For examible eyein later
embryos and postnatally, expression became restrto the ganglion cell layer and the
inner nuclear layer in the retina, whereas expression was low or absent in the outer
nuclear layefFigure 6.5A-D). In the intestine, EMG1 staining appeared as a gradient
with highest expression in the crypts, grdtjudecreasing to the ends of vill@éigure

6.5 E) Similarly, the strongest expression in testes was found in the outer layer of
spermatogonia angrimaryspermatocytedikely corresponding to cells imitosis and
meiosis,with much lower expression mature spermatma(Figure 6.5F). In most cells,
EMG1 was localized to the nuclewdthough strong cytoplasmic staining was also found

in the liver of postnatal day 7 mice.

In the brainEMG1 expression was similarly ubiquitous, and found in most areas at all

ages examinedEMG1 expression wastrongest and most widespread early in
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Figure6.2 EMG1/i -galactosidase duringlevelopment.

EMGL1 expression was strongest early in developm&ntransverse section of E7.5 embryo), and
diminished in later embryosB, sagittal section of E9.5 embry@, sagittal section of E12.5 embryo).
Although EMG1vas ubiquitous in later embrygshe level of expressiowas reduced compared to the
E7.5 embryoEMG1 was detected in formaldehydiged, paraffin embedded embryos either with an anti
EMG1 antibody to detect the endogenous protein, or with an-argalactosidase antibody to detect the
product of the reporter gene under the control of tenglpromoter (both 1:1000 dilution). Tissues
were counterstained with methyl green. Scale bar at 5x =350@&nd at 20x = 108m. ba, branchial arch;
fb, forebrain;hb, hindbrain;he, heart;mb, midbrain;me, mesenchyment, neural tube.
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Figure6.3 EMG1/i -galactosidase at postnatal day 7.

EMG1was found in all tissues examined, including the nuclei of myocardial cells in the(Agantthe
cortex of the kidney with higher expression in the tubules than the glom@ylhepatocytes of the liver
with both nuclear and cytoplasmic localizati®) and in the lung, with highest expression in the
bronchiole epitheliumD). EMG1 wasletected in formaldehydédixed, paraffin embedded tissues either
with an anttEMG1 antibody to detect the endogenous protein, or with an-argalactosidase antibody
to detect the product of the reporter gene under the control of tBenglpromoter (1:500dilution).
Tissues were counterstained with methyl green. Scale bar at 5x =rB@Mhd at 20x = 108m.
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Figure6.4 EMGL1/i -galactosidase at six weeks.

EMG1 expression was very similar to that at 7 days postnatal (Figure 6.3), although expression in the liver
was more confined to the nuclei, and was less cytoplasmic. In the (EafyMG1 was strongest in the

nucleus of the oocycte and the surroundifadlicular cells, with lower levels found in the corpus luteum.
EMG1 was detected in formaldehyfigzed, paraffin embedded tissues either with an aBMG1 antibody

to detect the endogenous protein, or with an ahtigalactosidase antibody to detect theqatuct of the

reporter gene under the control of thEmglpromoter. Tissues were counterstained with methyl green.
Scale bar at 5x = 560n and at 20x = 108m.

169
































































































































































































