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ABSTRACT
Ashley C. Godfrey: Examining the role of the U7 snRNA in histone pre-mRNA
processing and the U7 snRNP dependent and independent roles of Lsm10 and Lsm11, two
novel Lsm proteins iDrosophila
(Under the direction of Robert J. Duronio)

Cell cycle regulated histone gene expression ensures that the correctsamount
histones are synthesized each S phase, and is controlled in large part by the umdue 3’ e
histone mRNA, which terminates in a conserved stem-loop structure generated by
endonucleolytic cleavage, rather than a polyA tail. Histone 3’ end formation inaofwes
MRNA processing reaction requiring a protein that binds the stem loop (SLBP), &hd the
snRNP, which interacts with a purine rich sequence, called the HDE (HistonresDeam
Element), downstream of the cleavage site in histone pre-mRNA. The U7 ssRiNdred
to the spliceosomal snRNPs, small noncoding RNAs bound by a seven member Sm protein
ring, but its protein ring contains two unique proteins, Lsm10 and Lsm11, and it's only
known function is in histone pre-mRNA processing. Much of this molecular model has been
obtained from irvitro studies. In this thesis we characterize the U7 snRNP and its two
unique proteins, Lsm10 and Lsm11, genetically and molecularly in order tondeteheir
role in cell cycle regulated histone expressionivo, and during development Drosophila
melanagaster

We have created null alleles of ti& snRNA and found that they result in the

production of polyadenylated histone mRNA from the use of cryptic polyadenlyatmaissig

downstream of the normal processing site. A similar molecular phenotypesuds from



mutation ofSlbp butU7 null mutants survive to adulthood and are male and female sterile

while Slbpnull mutants are lethal. This difference in terminal phenotype may raflategr

onset of the histone pre-mRNA processing defettimull mutants compared ®lbpnull

mutants. IrSIbpnull mutants, misprocessed histone mRNA is seen as early as the embryo

stage of development while W7 null mutants the misprocessed histone mRNA does not

appear until the second instar stage of development, due to the maternal stores of U7 snRNA
We have also analyzed mutations of tlsen10andLsml11genes and found that those

mutations result in the same misprocessed histone mMRNA phenoty@enalt mutants, but

both mutations are lethal. We have shown that the difference in terminal phenatgpe is

due to an earlier onset of misprocessed histone mRNA, but instead could be due to a role(s)

for Lsm10 and Lsm11 outside of histone pre-mRNA processing that is U7 independent. We

have also shown that there is U7 sSnRNA still present irsarl1null mutant. The RNA can

be pulled down using TMG coupled beads suggesting that the U7 snRNA is bound by shnRNP

proteins even though Lsm10 and Lsm11 are not present. However this SnRNA does not

localize to the Histone Locus Body (HLB) suggesting that both Lsm10 and Lsm11 a

required for U7 snRNP localization to the HLB.
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CHAPTERI
INTRODUCTION
One of the most important processes in the cell cycle is the replication af DNA

Every S-phase the amount of DNA is doubled so that each daughter cell thatfresuthe
cell division has the same amount of DNA as its parent cell. This is important for
maintaining genomic integrity. The DNA itself is extremely long andtbe compacted in
order to fit into the small space of the nucleus. This higher order structurefqfalxe
known as chromatin, is made by wrapping the DNA around histone octamers which form a
nucleosome. Each nucleosome is then further compacted and looped until a chromosome is
made. Since histones are the core proteins that make up the nucleosome, histone
biosynthesis is an important process in all cells. The histones that make up the core
nucleosome octomer, H2A, H2B, H3, H4, as well as the H1 linker, are synthesized only in S-
phase when they are needed for chromatin synthesis. Histone expression outgidasef S
has been shown in budding yeast to lead to genomic instability (Gunjan & Ver2&adj.
This tight S-phase regulation in animal cells is accomplished mainly through
posttranscriptional regulation of the histone mRNA.

Mechanism of Cell Cycle Regulated Histone Biosynthesis

Cell cycle regulated histone biosynthesis is an essential aspect of genoitetidapl
during cell proliferation, and is controlled primarily by the cell cyclaitatgd biosynthesis
of histone mMRNAs (Luscher & Schumperli, 1987; Stauber & Schumperli, 1988; Harris et al.,

1991). The 3’ end of histone mMRNAs is required for this cell cycle regulation (Béiehet



al., 1983). However, in animal cells the histone mMRNAs are unique:unlike other mRNAs, the
histone mMRNA ends in a conserved 26-nt sequence that forms a stem-loop rather than a pol
A" tail (Marzluff, 2005). Since histone genes lack introns, the only processingeqgtéred

for mature histone mRNA production is endonucleolytic cleavage of the pre-mRNAo for

the 3’ end of the mRNA (Dominski & Marzluff, 1999). A specialized set of molecular
machinery is needed to generate histone mRNAs, and understanding how this unique and
necessary machinery functions is the goal of my thesis.

Cell cycle regulated histone pre-mRNAs undergo a one step processtignreaach
utilizes their unique 3’ end (Fig. 1.1). The 3’ end contains two cis acting elementsavai
required for this processing reaction: a conserved stem loop followed bya pah region
termed the Histone Downstream Element (HDE) (Mowry & Steitz, 1987a). ThaRNA
is cleaved between the stem loop and the HDE forming a mature, processed mRNA. The
stem loop is recognized by a protein called Stem Loop Binding Protein (SNBRY(et al.,

1996), or Hairpin Binding Protein (HBP)(Martin et al., 1997) which binds to the stem loop
and then helps to recruit the U7 Small Nuclear RNA (snRNA). The U7 snRNP rezogniz
and binds to the HDE via base pairing between U7’s 5’ end and the HDE in the histone pre-
MRNA (Galli et al., 1983; Schaufele et al., 1986; Mowry & Steitz, 1987a; Bond et al., 1991).
In mammals the position of the HDE, and thus the binding site for U7 shRNP, detetmines t
cleavage site. Insertion of additional nucleotides between the normal cls#eaged the

HDE results in the cleavage site moving farther 3’ of the stem-loop, wiuteaieng the
efficiency of processing (Scharl & Steitz, 1994). It has been shown that catggns
insertions of nucleotides in the U7 snRNA can compensate for both defects seen by

insertions of nucleotides between the normal cleavage site and the HDE. $ichlasead



shown that compensatory mutations in the U7 snRNA can restore processinguitoth in

and invivo when mutations in the HDE abolish processing (Bond et al., 1991) (Scharl &
Steitz, 1996). Ibrosophilahowever, the U7 snRNP does not function as a molecular ruler,
as increasing the distance between the stem-loop and HDE does not result irpardings
shift of the cleavage site. SLBP instead plays a critical role infgpecthe cleavage site as

it is essential for processing all filBrosophilahistone pre-mRNAs (Dominski et al., 2005b).
In mammals a 100 kDA zinc finger protein, ZFP100 binds to U7 snRNP and helps to
stabilize the whole complex on the pre-mRNA(Dominski et al., 2002). The cleavage
endonuclease in mammals has recently been identified as CPSF73 (DominsRiO&5a),
which is part of the cleavage and polyadenylation complex which cleaves and pglstete

all other mRNAs. This result was somewhat surprising since it was éelibat the histone
endonuclease would be unique to histone pre-mRNA processing. There are other novel
components of the processing reaction that have recently been discovered, but how they
assemble into the complex and what function they play is unknown. For example, a heat
labile factor, Symplekin, has been shown to be part of the histone pre-mRNA processing
reaction in mammals (Kolev & Steitz, 2005), and has also been shown to be necessary in
flies as part of an elaborate RNAI screen in S2 cells to identify factoessery for histone
pre-mRNA processing iBrosophila(Wagner et al., 2007) . Once processed, the mature
histone mRNAs exit the nucleus with SLBP still bound and are translated in tipéasyn
(Sanchez & Marzluff, 2002). Figure 1.1 shows a diagram of the histone pre-mRNA 3’ end

and the known processing factorddrosophila



Symplekin

HDE

§'- UAA-30-50nt - AUAAUCG-  — GAGAUAAA- 3

U7 snRNP

Figure 1.1 Structure of the histone pree-mRNA. The Drosophila histone 3’ end is shown. Thesdot
below the HDE represent nucleotides that can basdptween U7 snRNP’s 5’ end and the HDE. The

histone pre-mRNA is cleaved after the last A oftdmeninal ACAA (yellow arrow).

Structure and synthesis of sSnRNP particles

The U7 snRNP is necessary for histone pre-mRNA processing and is related to the
spliceosomal snRNPs (Galli et al., 1983; Gick et al., 1986; Mowry & Steitz, 1987b). A
snRNP, small nuclear RiboNuclear Protein, is composed of a short, noncoding RNA
sequence which is bound by proteins and functions in the nucleus. All of the spliceosomal
SnRNPs, except U6, are composed of a short, noncoding, nonpolyadenylated RNA bound by
a heptameric ring of conserved proteins: SmD1, SmD2, SmE, SmF, SmG, SmB/B’, and
SmD3 (Luhrmann et al., 1990). (See Figure 1.2 for a pictorial representation of this
spliceosomal ring complex.). These proteins are named after Stephanie ISarfitist t
patient from whom the systemic lupus erythematosus-associated anti<smnaumne
antibodies were discovered (Lerner & Steitz, 1979). These proteins bind to a ednserv

uridyl-rich sequence on the RNA termed the Sm binding site (Branlant et al.(Ri§8R2p).



The structure of the Sm proteins consists of two conserved motifs, SM1 and SM2 with a
linker of variable length in between (Hermann et al., 1995) (Seraphin, 1995). Thé crysta
structure analysis of two Sm protein complexes, D3/B and D1/D2, reveals thabtdiagr
have a common fold, termed the Sm fold, containing an N-terminal alpha-helix follgveed b
strongly bent five-stranded antiparallel beta sheet(Kambach et al., 1999)datédi along
with the data from 3 other papers containing two related bacterial cryatalisés: Lsm
from the thermophilic archaedethanobacterium thermoautotrophicuand Sml1 and Sm2
from the hyperthermophilic euryarchaeérchaeoglobus fulgiduAF-Sm1 and AF-Sm2),
suggest that the 7 proteins form a donut shaped ring structure where the RNA threads
through the center hole (Toro et al., 2001) (Toro et al., 2002) (Collins et al., 2001). Kambach
et al., proposed that the RNA is bound on the inside of this structure through an interaction
with three conserved residues in each Sm protein (except D3) and the Uradines in the RNA
sequence (Kambach et al., 1999). Crosslinking data and other studies have also shown that
Sm D3, B, and G each contact one single residue in the Sm binding sequence (Urlaub et al
2001) (Fury et al., 1997) (Stark et al., 2001).

The U6 snRNA does not contain the Sm binding site and recruits a ring made of Lsm
proteins 2-8 which are required for the U6 snRNP to accumulate to normal leegiss(ist
al., 1999; Salgado-Garrido et al., 1999)(see figure 1.2). The Lsm proteins are named for
being Like-Sm proteins; they contain the 2 SM domains and are therefore ginsiiarcture
to Sm proteins. Although there is no Sm site in the U6 snRNA, there is a uriding thect a
3’ end, called the Lsm site, that was demonstrated to be essential fordtem pmding in
both yeast and humans (Achsel et al., 1999; Vidal et al., 1999)(Fig. 1.2). Also unlike the

other spliceosomal snRNAs, the U6 snRNA is transcribed by RNA polymelagequires a



y—monomethyl cap and appears to be restricted to the nucleus (Kunkel et al., 1986; Reddy et
al., 1987). The nuclear localization of the U6 snRNP has recently been shown to be
determined by the complete Lsm2-8 complex in yeast (Spiller et al., 2007).

The synthesis of SnRNPs is a rather complex process that takes placgypnrttze
cytoplasm of cells. The snRNAs are transcribed by RNA polymerasd ba
transcriptionally given a iG-cap which is specifically recognized by the cap-binding
complex (CBC), which itself associates with other proteins to form the n@{part
complex (Askjaer et al., 1999). The Sm proteins themselves form heterooligomeri
complexes composed of D1-D2, B-D3, and E-F-G (Raker et al., 1996) which are then bound
by the methylosome, a large active complex containing Protein Argining/Metmsferase
5 (PRMT5), WD repeat domain 45 (WD45), also called Mep50, and chloride conductance
regulatory protein (pICIn). Through the action of PRMT5, this complex caslye
formation of symmetrical dimethylation on arginine residues in RG repetits C-terminal
tail of Sm proteins B, D1, and D3. The methylosome is then thought to bind the SMN
complex. The Sm proteins are transferred to the SMN-complex and then put onto the snRNA
around the Sm binding site (Friesen et al., 2001; Meister et al., 2001b; Friesen et al., 2002;
Meister et al., 2002; Meister & Fischer, 2002; Miranda et al., 2004). The SMN-coraplex i
named for its founding protein SMN (Survival Motor Neuron) whose reduced expression
causes the neuromuscular disease spinal muscular atrophy (SMA) and itgivesdlpfiound
to transiently interact with U snRNAs in the cytoplasm but was not part of endtsnRNPs
(Fischer et al., 1997). Other than the SMN protein, the SMN-complex is made up ef at lea
eight key subunits, Gemins 2-8 and ur{Meister et al., 2001a) (Pellizzoni et al., 2002)

(Eggert et al., 2006) (Gubitz et al., 2004) (Otter et al., 200nce the Sm ring is in place



the n{G-cap gets hypermethylated by the TGS1 protein to becomeGueap, also called
the TMG cap (TriMethlyGuanosine) and this is essential for import of the UBriRisk into
the nucleus (Hamm et al., 1990; Mouaikel et al., 2002)

After being imported, the U snRNPs, presumably still attached to the SMN-@aompl
transiently accumulate in subnuclear domains termed Cajal badtiess pseudouridylation
and 2'0-methylation at specific sites in the ShRNA completes the maturadicesprof the U
snRNPs (Jady et al., 2003). Cajal bodies (CBs), are nuclear structuresdrniudive
assembly and modification of the machinery needed for pre-mRNA splicingbpsaimal
RNA processing, and histone pre-mRNA processing (for reviews see Gall, 200)-C
Fonseca, 2002; Gall, 2003; Matera, 2003; Cioce & Lamond, 2005). Some of these Cajal
bodies are associated with histone genes, and may represent sites of histéne mRN
biosynthesis.Drosophilacells also contain a Cajal body, but the Cajal body lacks U7 snRNP
(Liu et al., 2006).Drosophilacells have a distinct body termed the histone locus body
(HLB) which is invariably associated with the histone gene locus and where tmRNPs
localizes (Liu et al., 2006; White et al., 2007). HLBs likely contain all of therfact
necessary for histone mRNA transcription and pre-mRNA processing (NMagizhl., 2008).

It has been shown previously in our lab that the U7 snRNP specific protein Lsm11 can be

seen in the HLB iDrosophilacells(White et al., 2007).
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The U7 snRNP particlein Drosophila
The U7 snRNP has been shown to contain two unique proteins, Lsm10 and Lsm11.
Lsm10 is closely related to SmD1, while Lsm11 is somewhat related to SnRdfal.,

2001) (Pillai et al., 2003). U7 snRNA contains a unique Sm site which is believed to recruit



Lsm10 and Lsm11 specifically to the U7 particle (Fig. 1.2). When this unique siteatech

to the spliceosomal consensus Sm binding site, then SmD1 and SmD2 are inserted fn place o
Lsm10 and Lsm11 in the U7 snRNP (Pillai et al., 2003). Lsm11 is unique among all other
Sm and Lsm proteins, containing an N-terminal region longer than any other known prote

of these two families. It also contains a rather long linker sequence he®memotif 1 and

2 (Schumperli & Pillai, 2004). Previous work has suggested a role for Lsm11 in the 3’
processing reaction, by binding directly to ZFP 100(Pillai et al., 2003) (Aztoalz 2005).
Indeed, in mammalian cells the binding site for ZFP100 has been mapped to amino-acids 30
60 in Lsm11’s N-terminal region (Wagner et al., 2007). Other work has shownanugéti
certain conserved amino acids in Lsm11’s N-terminal region can impairsgiogéAzzouz

et al., 2005).

Recently, thddrosophilaU7 snRNA has been cloned and characterized (Dominski et
al., 2003). The Lsm10 and Lsm11 homologues have also been recently discovered in
Drosophila(Azzouz & Schumperli, 2003). Most of the knowledge we have about the U7
SnRNP has been gained from nuclear extract systems that support the pyafesgnthetic
histone pre-mRNAs and by examining the processing of histone pre-mRNAsdnijatct
Xenopusocytes (for review, see Dominski and Marzluff 1999). iwivo study of the U7
snRNP and its two unique proteins, Lsm10 and Lsm11, has not been carried out to date. An
in vivo knockout of the U7 snRNA has not been studied thus far and it is unclear what might
happen to the whole animal when just the U7 snRNA is removedn ¥iwo knockout of
Lsm10 and Lsm11 protein(s) has also not been done and there is no evidence for how the

structure of Lsm10 and Lsm11 affect each proteins functiannhole animaland there is



also no evidence for how each protein contributes to histone pre-mRNA processing in a

whole animal.
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Dissertation goals

In this thesis | will discuss work | performed with my collaborators shglghe role
of the U7 snRNP and its two unique proteins, Lsm10 and Lsm11, in histone pre-mRNA
processing irbrosophila In chapter Il we generated and analyzed null mutations in the U7
SNnRNA. We found that the U7 snRNA is necessary for normal histone mRNA biosynthesis
during Drosophila development and loss of U7 snRNA results in the production of
polyadenylated histone mRNAs. We also found that loss of both the U7 snRNA and SLBP
disrupt oogenesis as they are both required for normal histone mRNA biosynthesis in the
female germ line. In chapter Il we searched for and analyzed ongati the Lsm10 and
Lsm11 genes. We found that like the U7 snRNA, Lsm10 and Lsm11 are both necessary for
normal histone mRNA biosynthesis during Drosophila development and loss of eithar protei
results in the production of polyadenylated hisone mRNAsn10andLsml1Inutants
however, cause a more severe terminal phenotypdXhawll mutants and we therefore
hypothesize that Lsm10 and Lsm11 have a function outside of the U7 snRNP which is
required for viability. We also found that in the absence of both Lsm10 and Lsm11 proteins,
the U7 snRNA can bind to Sm proteins, but the snRNP formed is non-functional in histone
pre-mRNA processing and does not localize to the HLB, demonstrating that Leth10 a
Lsm11 are required for proper localization of the U7 snRNP. In chapter IV, \yzeshéhe
function of Lsm11’s unique N-terminus in histone pre-mRNA processing and during
development. We found that a full length, tagged copy of Lsm11 could fully rescue all
phenotypes seen in &sm11null mutant, but surprisingly any deletion of any part of the N-
terminus could not be stably expressed even when putlisrahlnull mutant background.

In chapter V these results are summarized and discussed in a broad context.
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CHAPTERII

U7 snRNA MUTATIONSIN DROSOPHILA BLOCK HISTONE PRE-mRNA
PROCESSING AND DISRUPT OOGENESIS

Preface

This work was previously published and represents my first author paperavkh w
contributed to it by members of my lab as well as member of the Marzluff lab wdtks
was carried out in collaboration with William F. Marzluff, a professor hetéNsE.

My advisor, Robert J. Duronio, conceived the project with input on the project’s
direction from me and the other contributors. | completed the majority of tharagpéal
work shown. A former graduate student in the lab, Jeremy M. Kupsco, discovered the
original P-element allele &7 (Fig. 2.1C), did some of tha situ staining on imaginal eye
discs (Fig. 2.5E and F), and did the H2a S1 assay (Fig. 2.8B). Jeremy also mentored a
former undergraduate student in our lab, Ryan M. Zimmerman, who stigfegerm line
clones and didh situ staining on their egg chambers (Fig. 2.71) and an H3 northern blot from
female ovaries (Fig. 2.8A). A research assistant professor in the MaabluZbigniew
Dominski, did the H3/H4 double Northern blot 07="*****males and females (Fig.2.3B) as
well as the early embryo U7 Northern blot from wild-type embryos (Fig. 2.4Agraduate
student in the Marzluff lab, Brandon D. Burch, performed the H2a S1 nuclease protection
assay on th&)7 alleles (Fig. 2.3E) and asibpandU7 double and single mutant alleles (Fig.
2.6B). Robert J. Duronio wrote most of the manuscript with input from me and the other

authors.



Godfrey, A.C., Kupsco, J.M., Burch, B.B., Zimmerman, R.M., Dominski, Z., Mar zluff,
W.F., and Duronio, R.J. (2006). U7 snRNA mutations iDrosophilablock histone pre-

MRNA processing and disrupt oogeneRBIA12, 396-409.

Abstract

Metazoan replication dependent histone mRNAs are not polyadenylated, and instea
terminate in a conserved 26 nt sequence that forms a stem loop structureati@eoéthis
unique 3’ end requires an endonucleolytic cleavage involvingTlenRNP, which interacts
with histone pre-mRNAs through base pairing betwgesnRNA and a purine rich
sequence in the pre-mRNA located downstream of the cleavage site. However, the
contributions of U7 sSnRNA to histone mRNA biosynthesis in an intact animal, and the
consequences to development of inactivating U7 snRNA, have not been examined. Here we
generate null mutations of the sin@leosophilaUu7 gene and demonstrate thiat snRNA is
required in vivo for processing all 5 replication associated histone pre-mRNAstidviudh
U7 results in the production of poly"Aistone mRNA in both proliferating and endocycling
cells because of read-through to cryptic polyadenylation sites found downstreaohof
Drosophilahistone gene. We previously reported that a similar molecular phenotype also
results from mutation ddlbp which encodes the protein that binds the 26 nt stem loop at the
3’ end of histone mMRNAsU7 mutants are viable, but both males and females are sterile, and
the females display defects during oogenesis similar to germ line cloS#spoill cells. In
contrast Slbpnull mutations cause lethality, and this difference in terminal phenotype likely

results from a later onset of the histone pre-mRNA processing defectUl7 thetants
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compared t&lbpmutants, due to maternal stores of U7 snRNA. A double mutant
combination of a viable, hypomorpHitbpallele and a viabl&7 null allele is lethal, and

these double mutants express polyadenylated histone mRNAs earlier in dewltiiane

either single mutant. Together these data suggest that SLBF? améRNP cooperate in the
production of histone mRNA in vivo, and that disruption of histone pre-mRNA processing is

detrimental to development.

Introduction

Chromosome duplication during the cell cycle requires the production of histones
during S phase to package newly replicated DNA into chromatin. Bulk histone production
during S phase is achieved through the biosynthesis of replicatiemdksut histone mRNAS,
which are cell-cycle regulated and accumulate only in S-phase. In arilsahese histone
MRNASs are unique: the 3’ end terminates in a conserved 26 nt sequence that $tgms
loop rather than in a poly*Aail (Marzluff, 2005). As histone genes lack introns, the only
processing step required for mature histone mRNA production is endonucle@gtragé of
the pre-mRNA to form the 3’ end of the mRNA (Dominski & Marzluff, 1999). Much of the
cell cycle regulation of histone mMRNAs is posttranscriptional and is neeldigtthe 3’ end
of the mRNA (Luscher et al., 1985; Harris et al., 1991; Zheng et al., 2003). Thus, a complete
understanding of cell cycle regulated histone mRNA production requires a full tamdigng
of the factors required for histone pre-mRNA processing.

The processing of histone pre-mRNAs requires two cis elements and a mimber
trans-acting factors. The cis elements are the stem-loop at the 3’ estbaEhmRNA, and

a purine rich region downstream of the cleavage site, termed the histone damnsligment
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(HDE). A protein called stem loop binding protein (SLBP) (Wang et al., 1996) mirhai
binding protein (HBP) (Martin et al., 1997) specifically binds the 3’ end of histone mRNA
SLBP is required for histone pre-mRNA processing in vivo (Sullivan et al., 2@ftigma et

al., 2002; Pettitt et al., 2002) and accompanies the mRNA to the cytoplasm (Erkmiann et a
2005) where it promotes the translation of the histone mRNA (Sanchez & Marzluff, 2002;
Whitfield et al., 2004). The HDE binds U7 snRNP by base pairing with the 5’ end of U7
SNRNA (Schaufele et al., 1986; Mowry & Steitz, 1987; Cotten et al., 1988; Soldati &
Schumperli, 1988). SLBP, the U7 snRNP, and a U7 snRNP-associated zinc finger protein
called ZFP100 (Dominski et al., 2002) cooperate to recruit an endonuclease complex the
cleaves the pre-mRNA. Recent evidence indicates that CPSF73, a component of the
complex that mediates AAUAAA-directed cleavage prior to polyadeoylais the likely
endonuclease (Dominski et al., 2005; Kolev & Steitz, 2005). This revealed some unexpected
overlap in the machinery carrying histone pre-mRNA processing and canonical
polyadenylation.

The U7 snRNA is a small RNA (55-70 nts) that, like the spliceosomal ShRNAs,
contains both a trimethyl guanosine cap and an Sm binding site, which is ¢$seitsia
function (Grimm et al., 1993; Schumperli & Pillai, 2004). The Sm site in these snRNAs
stably binds a complex of seven related proteins of the LSm/Sm family to formréhe c
SNRNP particle. Proteins of the LSm/Sm family share a common tettiacjuse called the
Sm fold that assembles into hexameric or heptameric rings capable of bimdjiegssianded
RNA. The U snRNPs contain a heptameric Sm ring with each of the seven individual
subunits making a specific contact with a residue in the Sm binding site of the snRNA

(Khusial et al., 2005). The heptameric Sm ring of spliceosomal snRNPs contain thesprotei
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SmB/B’, SmD1, SmD2, SmD3, SmE, SmF, and SmG. In contrast, the U7 snRNP contains
five of these Sm proteins (B/B1, D3, E, F, G) and two novel Sm proteins called LSm10 and
LSm11 that replace SmD1 and SmD2 of the spliceosomal snRNPs (Pillai et al.PRI@D1;
et al., 2003). The Sm site found in U7 snRNAs is distinct from the Sm site in spliceosomal
SnNRNAs and is responsible for incorporation of LSm10 and LSm11 into the U7 shRNP
(Schumperli & Pillai, 2004; Azzouz et al., 2005). In addition to the Sm fold that partisipat
in ring formation, LSm11 contains an Mkerminal extension that makes contacts with
ZFP100 and possibly other components of the histone pre-mRNA processing machinery (E.
Wagner and W.F.M, unpublished)(Azzouz et al., 2005).

The role of U7 snRNP in histone pre-mRNA processing has been examined grimaril
in nuclear extract systems that support the processing of synthetic histanBdées, and
by monitoring the processing of histone pre-mRNAs injected{etmpusooctyes
(reviewed in (Dominski & Marzluff, 1999)). Complementary mutations in U7 snRNA and
the HDE provided early evidence that base pairing between the 5’ end of U7 andghe HD
was an important part of U7 snRNP function (Schaufele et al., 1986; Bond et al., 1991).
Furthermore, blocking the 5' end of the U7 snRNA with a complementary oligotidele
specifically inhibits processing of synthetic histone pre-mRNAs in nuebdeacts (Cotten et
al., 1991; Dominski et al., 2003). However, the contribution of U7 snRNA to endogenous
histone mRNA biosynthesis, and whether this contribution is important for animal
development, has not been examined. To explore these issues, we have generated and
characterized U7 snRNA mutationsDmosophila

Drosophila provides and excellent model to examine the complexities of histone

MRNA biosynthesis in a multi-cellular organism (Sullivan et al., 2001; Laretait., 2002;
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Marzluff & Duronio, 2002; Lanzotti et al., 2004; Lanzotti et al., 200d)osophilahas a

single set of replication-dependent histone genes which are presen@itan@®m repeats of

a 4.5kB unit containing one copy of each of the five histone mRNAs (Lifton et al., 1978).

This gene cluster is subject to multiple mechanisms of regulation that providistthree

proteins for the different types of cell cycles that occur dubrasophiladevelopment,

including the early syncytial cell cycles that lack gap phases, the endoofgelyploid

tissues, and the canonical cycles of proliferating diploid cells in the CNS agohahdiscs.
DrosophilaSLBP (Sullivan et al., 2001), U7 snRNA (Dominski et al., 2003) and U7

SNRNP specific proteins, Lsm10 and Lsm11 (Azzouz & Schumperli, 2003), have all been

identified, and we have begun to characterize them genetically. MutatitmeDrosophila

Slbpgene block normal histone pre-mRNA processing during embryonic development, and

result in production of polyadenylated histone mMRNAs as a consequence dirmaghtpast

the normal processing site (Sullivan et al., 2001; Lanzotti et al., 2002). This occurebecaus

each of the fivédrosophilahistone genes contains cryptic polyadenylation sites downstream

of the HDE that are utilized in the absence of SLBP (Lanzotti et al., 2002). Nutionataf

Slbpcause lethality during larval and pupal stages, presumably because of the histone

processing defects, although the precise cause of lethality is not kisdpmutant cells

are capable of replicating, likely because the inappropriate polyadehgi&BAs are

translated. A hypomorph8lbpmutant allele that produces reduced amounts of SLBP

protein results in the production of both normal and pdijistone mMRNAs during

embryogenesis, but does not cause lethality. However, these viable mutant feynadgs

that contain reduced amounts of histone mMRNA and protein and do not develop (Sullivan &
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Karpen, 2001; Lanzotti et al., 2002). Thus, SLBP is required during both zygotic
development and oogenesis.

Here we report the study of mutations in thesnRNA gene, and compare the
resulting phenotypes with those caused by mutati@ilgd Our results indicate that U7
snRNA is required for normal histone mRNA biosynthesis dubragsophiladevelopment,
and that, likeSIbpmutations, loss of U7 snRNA results in the production of polyadenylated
histone mRNAs. However, unlik&bpnull mutantsJ7 null mutants are viable, but both
male and female sterile. This difference in terminal phenotype is ikelgtibecause the
maternal supply of U7 snRNA delays the onset of the histone processing déféct in
mutants relative t&lbpmutants, which do not have a significant maternal supply of SLBP
protein. Both U7 and SLBP are required for normal histone mRNA biosynthesis in the
female germ line, and mutation of either gene disrupts oogenesis. Theseldate that
loss of SLBP and U7 cause similar molecular phenotypBsasophilg and suggest that

expression of this molecular phenotype prevents normal development.

Materials and M ethods

P-element Excision

The EY11305 insertion site was determined by sequencing flanking genomic DNA
obtained via PCR using a primer that hybridizes to the 5’ terminal repeat ckthmEnt
(SP1: 5’ ACACAACCTTTCCTCTCAACAZ) and a primer 5’ of the U7 coding region
(U7F1: see Fig. 1B). EY11305 third chromosome excisions were recovered over TM6b as
white-eyed male progeny fropw;, P[EY11305]/ry® Sb P[ry A2-3] fathers. These single

males were crossed wg Df(3L)E1/TM3 Ser P[act-GFPlemales.Df(3L)E1removes
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Eip63Ebut notU7, and 17 balanced stocks were made from those excision events that
complemented the lethality 8ff(SL)EL Twelve of the excision chromosomes were viable
and five were lethal when homozygous. Seven of the twelve homozygous viable lines were
fertile, and five were sterile. Sequencing of PCR products obtained usingsptivaefiank

the EY11305 insertion site (see Fig. 1B) was used to precisely charattetizé*, U7%°,

U7° excision alleles, and to confirm that the seven viable and fertile flies wedtaiecise
excision events. In the two cases where a PCR product using the flanking praserstw
recovered 7' andU7%%), primers SP1 and 5’CAAGCATACGTTAAGTGGATGTC3,

which hybridize to the 5’ and 3’ end of the P element, respectively, were paitethevit

flanking primers to assess if the P elements ends remained intact. BssthisthdJ7"

allele retained both the 5’ and 3’ ends of the P element, and likely sustainedal inte
deletion of EY11305 that inactivated the mirii gene. U7**similarly retained the 3’ end of
EY11305, but sustained a deletion of the 5’ end of the P. However, very littlelfiany

coding sequence was removed, since a primer just upstream of the EY11305 insertion sit
was able to amplify flanking DNA frord 7 animals (Fig. 1B). Each of the five

homozygous lethal chromosomes contained a precise excision of EY11305, suggesting that
in each case a lethal was induced elsewhere on the chromosome during tianspiisg

Slbp™ null andSIbp® hypomorphic alleles are described in (Sullivan et al., 208t)*®was

used throughout asld/ andSlbpwild type control.

U7 Transgenic Rescue

DNA containing thdJ7 gene (Fig. 1B) was amplified by PCR from adult female

w8 genomic DNA and subcloned into the pCaSpeR 4 transformation vector and confirmed
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by sequencing. A''® P[U7]/P[U7]; +/+ transgenic line was crossedwot/+; U7 4TM3,

and males of the genotype P[U7]37*%+ were crossed te; Df(3L)LY/TM6Bfemales.

Single P[U7]/+; U7* or +)/TM6B male progeny were crossed to U7EY11305/TM3 females,
and the non-balanced progeny (i.e. those contaldi#ig*****and either + otJ7*% were
analyzed for the presence or absendd®f by PCR. The W(i.e. containing P[U7]) and w

(i.e. not containing P[U7Y75"13%7U7™ classes were then tested for fertility.

Northern analysis

For northern blots, total cellular RNA was isolated using TRIzol Reagentd)Gibc
For the analysis of adult U7 snRNA, i§/lane of RNA denatured with 8M urea was subject
to electrophoresis in 1X TBE through an 8% polyacrylamide gel containing 7M uoegheF
analysis of adult histone mRNA, 10ug/lane of RNA was subject to electrophioréis
TBE through a 1% agarose gel containing 0.01M MOPS pH 7.0 and 6.75% formaldehyde.
Separated RNAs were transferred in 0.5X TBE to an N+ nitrocellulose membrane
(Amersham) using a Genie Blotter (Idea Scientifig)*’P]-UTP was used for in vitro
transcription reactions to label U7 or U1 antisense RNA probes. DNA containiogens
rp49 coding regions were labeled with[>P]-dCTP using a random primer labeling kit
(Stratagene). Hybridizations were performed 4C58®r snRNA probes and at &D for
histone andp49 probes.

Homozygous single or double mutant larvae were identified as the GFP netgds/e
from heterozygous parents containing eithiet3 Ser P[act-GFPJor TM3 Sb P[kr-GFP]
balancer chromosomes. Agarose gel northern analysis was performed as alepiehak2

ug of RNA per lane was used and the RNA was transferred via the wick method in 20X SSC.
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For the embryo analysis in Fig. 4, a collection of eggs ttt/TM3 Ser P[act-GFP]

parents was allowed to age 3 hours and then subjected to RNA prepatitiotutant
embryos were not selected because we previously demonstrated that we temtild de
polyadenylated H3 mRNA in a total embryo population where only % of the embryos are

Slbp”® homozygous mutant (Lanzotti et al., 2002).

S1 Protection Analysis

A BspE | restriction fragment containing the histone H2a gene wasbalbd at
25 °C for 20 minutes with Klenow (New England Biolabs) in a reaction contairitit
dCTP. After removing unincorporated deoxynucleotides using a ProbeQuant G-50 Micro
Column (Amersham), the labeled DNA was digested with Hind Ill. The resulting 650nt, 3’
end labeled fragment was recovered by gel extraction (Qiagen) aftéophoresis through
2 % agarose. For the S1 nuclease protection assgyottotal RNA was hybridized at
52 °C overnight with Ll of the labeled histone H2A probe in 40 mM Pipes, pH 6.4, 500
mM NaCl, 1 mM EDTA, 80 % deionized formamide. PolyA RNA was purified from total
RNA using oligo(dT) cellulose (Ambion). The hybridized samples were dilutedld@nhd
treated with S1 nuclease (Promega) for 1.5 hours at 25°C. The hybrids were atbgvere
ethanol precipitation, denatured in formamide, and subjected to electrophoresihk throug
6 % acrylamide gel in 1X TBE. The gel was dried using a SGD200 Slab @elBavant)

for 1.5 hours at 80 °C and subject to autoradiography.

27



In situ hybridization

Eye discs were dissected from wanderiffgristar larvae and fixed with either 4%
formaldehyde for 15 min fd8lbpmutants or 10% formaldehyde for 20 min &f mutants.
Ovaries were dissected from 1-2 day old females and fixed with 10% formaddfemn\2D
minutes. In situ hybridization was performed with digoxigenin-labelexpribes
complimentary to the coding region of H3 or to the region downstream of the normad-H3 pr

MRNA processing site (H3-ds) as previously described (Lanzotti et al., 2002).

Generation of germ line clones

MosaicSIbp”® ovaries were generated using the dominant female sterile technique
(Chou et al., 1993). Clones were induced by heat shocking P[hsFLP]/w; P[neoFRT]82B
Plovd®**¥/P[neoFRT]82BSIbp" larvae for 1 hour at 37°C on the third and fourth days of
development. Ovaries were dissected from the resulting adults and eiggewiik 10%
formaldehyde for 20 minutes for in situ hybridization analysis or subjected teenort
analysis as described abov@bp™ mutant clones were identified because they developed

past the oV *®developmental arrest point.

Results
U7 snRNA null mutants are viable but sterile
To examine the contribution of U7 SnRNA to histone mRNA production during

animal development, we generated null alleles irDitesophilaU7 gene. ThéJ7
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locus is located within an intron of the differentially spliced63Egene (Dominski et al.,
2003), which encodes a CDK-like Ser/Thr kinase that is induced in response to the fly
hormone ecdysone (Fig. 2.1A) (Stowers et al., 2000; Rascle et al., 2003). We obtemed fr
the DrosophilaGene Disruption Project (Bellen et al., 2004) a stock carrying a P element
transposon (EY11305) that inserted 8 nucleotides downstream of the Sm protein iteding
between nucleotides 43 and 44 of the 71 nucleotide U7 snRNA (Fig. 2.1B7E}:13%
homozygous animals develop into adult flies with no overt morphological defectseveigw
both males and females of this genotype are completely sterile. Prassereof the
EY11305 P element restored male and female fertility, indicating thatAhe3%
homozygous adult sterility was caused by the P element insertion.

We generated five additiondl7 alleles by genetically mobilizing the EY11305 P
element (see Materials and Methods). Three of thége (74 andU7%°) contain an
insertion ranging from 20 to 41 nucleotides, including sequence from both the 5’ and 3’ end
of the P element (Fig. 2.1D). The insertions are located downstream of thie &mdsafter
the first 5 nts of the terminal stem. The other two allél&d andU7?) retain a larger
portion of the P element that we did not precisely determine. These eventsoesult f
imprecise repair of the double strand break induced by transposase duremgeRtedxcision
(Adams et al., 2003). Like the origina?="*****mutation, each of the five imprecise
excision mutations is viable when homozygous, but causes complete male and female
sterility.

To test whether these mutations specifically distlipand notEip63function, we
performed genetic complementation analyses with various deletionsEptilocus.

Df(3L)Eldeletes the 5’ half dEip63 but notU7, andDf(3L)GN50deletes the entirgd7
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gene and the 3’ half &ip63(Fig. 2.1A). Df(3L)EYDf(3L)GN50heterozygotes are lethal
because of the loss Bip63function (Stowers et al., 2000). As expected if our mutations do
not affectEip63 each of the sikJ7 mutant alleles complements tB§3L)E1lethality, and

the resulting adult male and female flies are fertile. In contidastxanutations result in

viable, sterile flies when present in tran®fg3L)GN50because it removéd/. In addition,

a P element transgene containing onlyWiegene (Fig. 2.1B) rescues the sterility of
U7*U7113%mutant females and males. We conclude from these data that all of our
mutant alleles affedd7 function without affectindeip63 consistent with the U7 snRNA

being derived from an independent transcript distinct from that prodEgeé3E mMRNA.
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Figure2.1. Mutation of the Drosophila U7 gene. A) Schematic of th&ip63locus. The five identifie&ip63
MRNAs species are shown, with open boxes indicatam@bly spliced exons and closed boxes indicatingriant
exons. The scale bar indicates genomic DNA in kikebpairs. Th&/7 gene is located at position ~79K. The right
break point oDf(3L)E1and the left breakpoint &f(3L)GN5Q located at position ~31K and ~34K, respectively,
are shown below the scale bar. B) Sequence @@hemic fragment used to rescue ttfemutant phenotype.

The U7 snRNA transcript is indicated in bold italic. Tasterisk indicates the location of the ~10kb EYAELB
element. The large and small boxes respectivelicate the PSEA and PSEB essential SnRNA promtgarents
(Zamrod et al., 1993). The bent arrows indicatmers used to analyze the excision mutations. Mwtethe

middle and top primers were able to detect a proitud7>> homozygous mutant animals. C) Putative U7 snRNA
secondary structure indicating the location of Y&l 1305 insertion. The underlined sequence indg#dte Sm

protein binding site. D) Molecular characteripatof U7 imprecise excision mutations. Each sequence shown

To determine whether thé¢7 mutants represent null alleles, total RNA was extracted
from 1-2 day old adult female flies and subjected to northern blot analysis. Inpald ty
female flies, the U7 probe detects a characteristic doublet represeiigof 71 and 74
nucleotides that result from differential processing of the 3’ end of U7 snRIJAZRA,
lane 7) (Dominski et al., 2003). None of the mutant samples contained detectableflevels
either wild type U7 snRNA (Fig. 2.2A, lanes 1-6). Interestingly 4fi# allele produced
very low levels of an RNA that hybridizes with the U7 probe, but that is largeren s
consistent with the 41 nucleotide insertion (Fig. 2.1D and arrow in Fig. 2.2B, laneasBd B
on the lack of production of wild type U7 snRNA, the sterility phenotype, and the histone

MRNA molecular phenotypes described below, we conclude that all of thess atielnull.
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The short insertions ib7°, U7*, andU7% are in a region of the U7 snRNA that does not

have a defined function, and they likely affect the assembly and/or stabilitg U7 snRNP.
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Figure 2.2. Northern analysis of U7 mutants. A) Top: Total RNA extracted from 1-2 day old adieimales
was fractionated through an 8% polyacrylamide-7MadJgel, transferred to nitrocellulose, and probid w
¥p_labeled U7 RNA. Lanes 1-6: RNA from the indical®mozygous mutant genotypes. Lane/?®
control RNA. Note the lack of detectable U7 snRiAhe mutant samples. Bottom: The same blot
hybridized with &?P-labeled U1 probe as a loading control. B) Lergosure of mutant samples. The
arrows indicate the low abundance, aberrantly langgant U7 snRNAs produced by the excision mutasts
and 20. The U7 snRNAs producedy?° are more abundant than those produced By, since we could
easily see the band fa7?° (top arrow), but had to overexpose the blots itatifasee the band fdg 7'

(bottom arrow).

To determine how the loss of U7 snRNA affects the biosynthesis of histone mMRNA,

total RNA isolated from wild type or mutant adult female flies was sudajeict Northern
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blot analysis. A probe derived from the histone H2b gene hybridizes with a singla mRN
wild type control RNA samples (Fig. 2.3A, lane 8). In contrast, H2b mRNAs tigaatai
more slowly are detected in all of tbg mutants (Fig. 2.3A, lanes 1-6). An identical
phenotype is observed 8ibp™ null mutant larvae (Fig. 2.3A, lane 7) (Lanzotti et al., 2002),
indicating that the longer mRNAs in th mutants likely represent inappropriately
polyadenylated histone mRNAs. Each of themutants produces a similar pattern of
aberrant H2b mRNAs (Fig 2.3A), suggesting that they all disrupt histone RKAM
processing to the same extent. Longer, aberrantly processed mRNésoailetected b7
mutants with probes derived from each of the other four replication associate lyehes
(Fig 2.3B-C). Aberrantly processed histone mRNA is detectely imutant males as well as
females, consistent with the sterility of both genders (Fig. 2.3C). Propamdidt
processing is partially restoredW¥ mutant flies containing a P element transgene harboring
the wild type U7 gene (Fig. 2.3D, lane 1), and these flies are no longer sterile. The
incomplete restoration of H3 processing is likely because the transgensotioestore wild
type levels of U7 snRNA (see Fig. 2.4C, lanes 8-10). These data indicate tbi#tidiceis
we have identified is required for processing all five of the replicationndiepe histone
MRNAS, and thus likely represents the only U7 snRNA encoded DDrtsophilagenome.
To more precisely assess the contribution of U7 snRNA to histone pre-mRNA
processing, and to confirm that the aberrantly processed histone mRNAs in &hitsnwere
polyadenylated, S1 nuclease protection analysis of H2a mRNA was perforredtalit
RNA isolated from wild type o7 mutant females and separated into polyaAd poly A
fractions. In wild-type flies a single protected fragment was obdehat corresponds to the

expected 3’ end of histone H2a mRNA (Fig. 2.3E, lane 12), and that partitions primrily
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the poly A fraction (Fig. 2.3E, lanes 10, 11). In td& mutant RNA samples, multiple H2a
MRNA protected fragments were detected, almost all of which are Idragetite single

species detected in wild type samples (Fig. 2.3E, lanes 3, 6, 9). All of theralmeRNAS

were enriched in the polyAraction (Fig. 2.3E, lanes 1, 4, 7 versus lanes 2, 5, 8). These data
are consistent with the use of multiple, inefficient polyadenylation sigloa¥®stream of the
normal site of H2a pre-mRNA processing, as we observed previouSlgpmutants

(Lanzotti et al., 2002). Importantly, very little, if any, normally proces$2a was detected

in U7 mutant adult female RNA samples. We conclude from all of the data presented in

Figure 3 that U7 snRNP is an essential histone pre-mRNA processingifiddtosophila
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Figure2.3. Aberrant histone mRNA production in U7 mutants. Total RNA extracted from 1-2 day old adult fensale
was fractionated through agarose gels, transféoraitrocellulose, and probed witi*4°-labeled histone probes. A) H2b
probe. Lanes 1-7: equal amounts of RNA from tliicated homozygous mutant genotypes. Lane 8: Witr@oRNA.
SinceSlbp® homozygotes are lethal at the pupal st&fjeg™> mutant RNA samples were isolated from homozygous
wandering %' instar larvae identified as Tiprogeny fronSIbp>’TM6b Tb parents. B) Left: H2a probe. Lanes 1-Ri/AR
from the indicated homozygous mutant genotypesielda WT control RNA. Right top: H3 probe. Laried: RNA from
the indicated homozygous mutant genotypes. LaWéTbcontrol RNA. Right bottom: H1 probe. Lane8:1RNA from
the indicated homozygous mutagegnotypes. Lane 4: WT control RNA. Note that bseaH1 mRNA is longer than the
other histone mMRNASs, and because the cryptic pelygdtion site is near the normal processing tiémZotti et al.,

2002), there is a less pronounced difference inatimn between the wild type and polyadenylated PARIT) A mixture

of histone H3 and H4 probes hybridized to RNA issdafrom adult males or females of the indicategoggpes. Note that
the females contain more histone mMRNA than maleause of the large amounts of production duringeoegis. D)
Transgenic rescue of H3 processing. Lane 1: RiA{J7*U75"13%adult females carrying a U7 P element transgene
Lane 2: RNA fromU7*U7513%female siblings of those in Lane 1. Lane 3: Rxénfw*®control adult females. E)
H2a S1 nuclease protection of mMRNA isolated frothday old adult females. The RNA was separatedpoty A" and
polyA” fractions prior to analysis. Note the multiplefected fragments in the mutant pofyRNA samples, representing
the use of multiple cryptic polyadenylation signialsated downstream of the normal pre-mRpiAcessing site (Lanzotti

et al., 2002).

Loss of U7 and SL BP affects Drosophila development differently

Because zygotic mutation 8fbpandU7 results in a similar molecular phenotype
with respect to histone mRNA biosynthesis, we expected that development of thé anim
would be similarly affected as well. Howev8itbpnull mutations cause lethality whilé&r
null mutations cause adult sterility. This difference in terminal phenotypeefiagt
differences in the maternal contribution of SLBP and U7. SLBP protein is not cordribute

maternally (as assessed by western blotting (Lanzotti et al., 2002)), gotit 2xpression of
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SLBP is required for processing of histone mRNAs transcribed in theesabgyo. In
contrast, there is a substantial amount of U7 snRNA stored in the egg, and the total amount
of U7 snRNA changes relatively little during the first 8 hrs of developmensageasby
northern blotting (Fig. 2.4A). This materndir snRNA contribution may be sufficient to
support normal histone mRNA synthesis during early developméht afgotic mutants,
resulting in a delay in onset of the histone pre-mRNA processing defect eahtp&tbp
mutants. This later onset of the mutant phenotype likely explains the difference in
developmental outcome.

To test this possibility we analyzed histone H3 mRNA production at differensstage
of development iv7 mutant animals (Fig. 2.4B). Mis-processed (i.e. polytistone H3
MRNA was not detected Id7 mutant embryos by in situ hybridization using a probe
derived from sequences downstream of the normal H3 processing site (catled bi3“H3-
downstream”) that specifically detects poly Ristone H3 mRNA irSlbpmutant embryos
(not shown) (Lanzotti et al., 2002). Poly A3 mRNA was also not detectedW¥ mutant
embryos or first instar larvae by northern blotting (Fig. 2.4B, lanes 1 and 2)irsiVe f
detected aberrantly processed, polyH8 mRNA in second instay7 mutant larvae,
although these larvae contain primarily normal and only small amounts of pbigtane
MRNAs (Fig. 2.4B, lanes 3). By the wandering third larval instar stage oaityaalb, poly
A" H3 mRNA was detected, and thus the molecular phenotype was identical to that observed
in U7 mutant adult female flies (Fig. 2.4B, lanes 4 and 5).

The gradual onset of mis-processed, poly48 mRNA during development is
consistent with a gradual depletion of maternal U7 snRNA. To test this weehaly

SNRNA levels in wild type and7 mutant larvae by northern analysis. U7 sShnRNA is clearly
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detectable but reduced relative to wild type in bétlardd 29 instarU7 mutant larvae, and is
undetectable in"8instar mutant larvae (Fig. 2.4C). Unexpectedly, wild tyﬁdanstar larvae
had greatly reduced amounts of U7 compared to younger larvae or adult femal2siEig
lane 6), but we believe this result is due to the age of the third instar lariked pichis
experiment and we found that this result did not repeat when youflgestar larvae were
picked (Fig. 3.5A). These data indicate that both maternal stores of U7 as &ggotic
expression contribute to the total level of U7 snRNA in early larvae. The reducechteof
U7 snRNA in £ and 2% instaru7 mutant larvae is sufficient to process all of the H3 pre-
MRNA, indicating that U7 snRNA is normally present in excess. Taken togetheesults
suggest that the7 mutant animals have a later onset (i.e. not ufftin3tar) of the histone
pre-mRNA processing defect th&bpmutants because of maternal stores of U7 snRNA.
We used northern analysis of RNA prepared from specific tissues as wetlias i
hybridization to characterize thé7 larval mutant phenotypes in more detail, and to compare
them toSlbpmutant phenotypes. Mis-processed, polyH8 mMRNA was present in RNA
isolated from third instar eye imaginal discs and salivary glands desisieom bothU7 and
Slbpmutants (Fig. 2.4D). This indicates that U7 snRNP and SLBP are required for histone
pre-mRNA processing in both proliferating (imaginal discs) and endogy@adivary

glands) cells.
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Figure 2.4. Developmental onset of the U7 mutant phenotype. A) RNA isolated fromw'**¢ control embryos and
subjected to northern analysis witf?B-labeled U7 RNA probe. Lane 1, 2 and 3: equalbersiof 0-2, 2-4, and 4-8 hour
old embryos, respectively. B) Equal amounts dItBINA extracted from different stages of developtrand subjected to
northern analysis with ¥P labeled H3 probe. Lane 1: Embryos collectedrigat fromU7-/TM3 heterozygous parents
and allowed to age for 3 hours. Lane 2, 3, artdofnozygous ¥, 2" and & instarU7** mutant larvae, respectively.
Lane 5 and 6: 1-2 day old homozygduig* andw*™® control adult females, respectively. Note thatpoly A" H3 mRNA
is first detectable in small amounts at ti&l&rval instar stage, and that wild type H3 mRNAlsent by the8larval
instar stage. C) U7 northern analysis of RNA isaldtom homozygous)7** or w***® control larvae and adults. Odd
lanes:U7** homozygous mutants collected fras@*/TM3 heterozygous parents. Note that the detectablenBNA is
maternally derived. Even laneg''*® control animals. Hybridization of the blot witHJd probe was used as a loading
control. D) H3 northern analysis of RNA isolatedrh eye imaginal discs (lanes 1-3), salivary glafases 4-6), or whole

larvae (lanes 7 and 8) of the indicated genotypes.

We next examined the accumulation of mis-processed H3 mRNA in the highly
regulated cell cycles of the developing eye. During larval stagestaswocs cell
proliferation supports eye imaginal discs growth. In late third instardaavavave of
differentiation called the morphogenetic furrow (MF) sweeps across the agaah
epithelium from posterior to anterior. All cells within the MF arrest in G1 plage4.5A,
asterisk). Certain of these cells remain arrested and begin to difieeeiitne remaining
cells synchronously enter a final, single cell division cycle called the denitatic wave,
which can be visualized with the H3 coding probe (Fig. 2.5A, arrow), and then subsequently
differentiate. Whereas control eye discs do not stain with the H3-ds prob2.58y.in situ
hybridization ofU7 or Slbpmutant third instar eye imaginal discs with the H3-ds probe
produced a staining pattern similar to that obtained using a histone H3 coding prolae in wil

type discs (Fig. 2.5C-F). This includes expression in the asynchronouslyrptoigecells
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anterior to the MF, and the synchronously replicating cells of the second mihwtcjust
posterior to the MF. Mis-processed, poly A3 mRNAs were not detected in G1 arrested
cells within the MF, or in the G1 arrested terminally differentiatirity g@sterior to the MF.
This essentially normal staining pattern suggests that poy3AmRNAs are regulated
properly with respect to accumulation during the mitotic cell cycle, incluefifigjent down-
regulation in cells exiting the cell cycle in G1. However, we cannot exdhededssibility
that in these cells the poly’ mMRNAs are not as rapidly down-regulated at the end of S-
phase as wild type histone mRNAs (Lanzotti et al., 2002).

H3 coding H3 downstream

B

41



Figure2.5. U7 mutant eyeimaginal discs display a wild type pattern of polyadenylated H3 mRNA. Eye
imaginal discs were dissected fravi*® control (A, B),U7** (C,D), orSlbg”® (E,F) mutant larvae and subjected
to in situ hybridization with an H3 coding probe, @, E) or the H3-ds probe (B, D, F), which detextly
misprocessed, polyAH3 mRNA. The asterisk indicates the morphogerfatiow, which contains cells
arrested in G1 phase. The arrow indicates S pifabe second mitotic wave. Asynchronously dividin
undifferentiated cells are located anterior of i€ (right of the asterisk), and differentiating lsg¢hat have

exited the cell cycle and that will make up theladye ardocated posterior to the MF (left of the arrow).

SLBP and U7 snRNA cooper ate in histone pre-mRNA processing

Synthetic histone pre-mRNA substrates are efficiently processed in al@mm
nuclear extracts. When there is high complementarity between U7 snRNA atidEhe
the synthetic histone pre-mRNA, these extracts will support processingBRBe depletion
as well as the processing of mutant RNAs that cannot bind SLBP (Spyetherl894;
Dominski et al., 1999). This suggests that in vivo the U7 snRNP may be capable of
supporting processing in the presences of very low amounts of SLBP. To examissuthis
we used the partially functionglbp® allele, which produces SLBP protein at ~10% the
amount of wild type. As a resu§lbp®® mutant embryos produce a small amount of
normally processed histone mRNA in addition to misprocessed mRalfz§tti et al., 2002).
In contrast, at the third larval instar ste®jep® mutants contain almost entirely normally
processed histone H3 and H2a mRNA, as detected by northern and S1 nuclease protection,
respectively (Fig. 2.6A, B, lane 3). To test whether production of normallygseddistone
mRNA in SIbp® mutants was U7 dependent, we engine&red Sibp® double mutants and

analyzed histone H3 and H2a mRNA isolated from whole third instar larva, tleste@me
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during development at which th& mutant phenotype is fully expressed (see Fig. 2.4B). As
assayed by northern blotting7** Slbp® double mutant third instar larvae produce very little
if any processed H3 mRNA, similar ¥/ single mutants (Fig. 2.6A). This demonstrates that
the H3 pre-mRNA processing occurringStbp™® mutants is U7 dependent. In contrast to the
Slbp® hypomorph Slbp™ null mutant third instar larvae contain very little if any processed
histone H3 mRNA (Fig. 2.6A, lane 2), and mutatigin this background does not alter the
phenotype as would be expected (Fig. 2.6A, lane 4). Very similar results warnedlita
analyzing H2a mRNAs in these different genotypes by S1 nuclease mot@at. 2.6B).
These data suggest that the U7 snRNP can stimulate histone processing withca reduce
amount of SLBP, but that in the absence of SLBP U7 snRNP cannot support processing.
Interestingly, th&J7** null andSIbp® hypomorphic mutations display synthetic
lethality: whereas botbl7 andSIbp® single mutant animals develop into adults, e
Slbp® double mutants do not eclose as adults. This result suggests that the severity of the
processing defects may be enhanced as a result of limiting both SLBP anBNK, s
causing increased mis-processing of histone mRNA earlier in developmdeedU7*
SIbp® double mutants produce a greater proportion of mis-processed, pblg MRNA at
1%and 2% larval instar stages than either of 8ibp® or U7** single mutants (Fig. 2.6C and
Fig. 2.4B, respectively). In addition, the H3 mRNA expression profilé7f SIbp double
mutants is similar to that &lbg® null mutants, which are lethal (Fig. 2.6C). This is most
striking at embryonic stages, where there is a marked increase in“pdly MRNA in the
U7 SIbpg® double mutants relative to either single mutant (lane 1 in Figs. 2.6C and Fig.

2.4B). Thus, the severity of the histone pre-mRNA processing defect is enharecesbsalt
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of limiting both SLBP and U7 snRNA, and this increase in severity of the histomeRixa\

processing defect may contribute to the lethalitglbid® U7** double mutants.
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Figure2.6. U7-Slbp double mutant analysis. RNA isolated from the indicated genotypes wagesibd to
Northern analysis with &4P]-labeled H3 probe (A, C) or S1 nuclease proteciioalysis with a’fP]-labeled H2a
probe (B). A) H3 Northern of instar larvae. Lanes 1-5: RNA from the indicatednozygous single or double
mutant genotypes. Lane&'**®control RNA. B.) H2a S1 nuclease protection asialpf 3" instar larvae. Lane 1:
[*%P]-labeled marker (M) RNAs of the indicated lengthsines 2-6: RNA from the indicated homozygousjlsiror
double mutant genotypes. Lanen?*'®control RNA. C) Lane 1: RNA from embryos colledtovernight from
heterozygous parents. Note that ¥ of the embryib®evhomozygous mutant for the indicated genosypkane 2,
3,and 4: RNA from3, 2" and %' instar larvae, respectively, homozygous mutanttferindicated genotypes.

Lane 5: Control RNA fromn***® 3 instar larvae.

Histone preemRNA processing is hecessary for oogenesis

U7 mutant female flies are sterile and lay very few eggs, none of which hateke T
eggs are often smaller than wild type, some have a defective choriciugedydorsal
appendages), and most are desiccated (not shown). These data suggest that proper histone
pre-mRNA processing is required during oogenesis, and we therefore anabtred hi
MRNA expression itJ7 andSlbpmutant ovaries.

The basic unit oDrosophilaoogenesis is the egg chamber, which consists of a cyst
of 16 interconnected germ cells surrounded by a single layer of somatiefoditd
(Spradling, 1993). Fifteen of the germ cells differentiate into nurse cells, whiombe
highly polyploid, and which synthesize and transport RNA and protein (including histones
and histone mRNA) through cytoplasmic bridges into the single developing oocyte. The
follicle cells contribute to oogenesis by synthesizing yolk and the egg ahelby

participating in dorsal/ventral and anterior/posterior axis formation. Botloliietef cells
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and the nurse cells become polyploid via endocycles, which consist of repeated rdsinds of
phase interrupted by a gap phase with no intervening mitosis (Lilly & Duronio, 2005).
Histone mRNA accumulation during endocycles correlates with S phase (Sefliah,

2001). Because the cells do not replicate in synchrony, this appears as a maogaic in si
hybridization staining pattern in both nurse cells and follicle cells usinganbi$i3 coding
probe (Fig. 2.7A) (Ambrosio & Schedl, 1985; Ruddell & Jacobs-Lorena, 1985; Walker &
Bownes, 1998). Late in oogenesis, there is a burst of histone mMRNA synthesisursthe

cells that is not associated with DNA replication (Ambrosio & Schedl, 1985; Ruddell &
Jacobs-Lorena, 1985). These mRNASs are transported into the oocyte and may be used to
support early embryonic development (Sullivan et al., 2001; Lanzotti et al., 2002).

To examine the cause Of7 mutant sterility, we dissected ovaries froiv mutant
females and examined egg chamber developménmutant egg chambers appear
morphologically similar to wild type until stage 10, as assessed by phaléoidiDAPI
staining, which detect f-actin and DNA, respectively (not shown). However, féuwena
oocytes are produced and many egg chambers eventually degenerate, condistieataak
of egg production. Hybridization &f7 mutant egg chambers with the histone H3 coding
probe detects mRNA in a subset of follicle cells and nurse cells, both of which are
endocycling at the stages shown (Fig. 2.7C). Hybridization with the H3-ds probe, which
detects only misprocessed, poly A3 mRNA (Fig. 2.7B), produces a similar staining
pattern (Fig. 2.7D). Thus, U7 snRNA is required for histone pre-mRNA processing in both
germ line and somatic tissue. This is consistent with the Northern analysitdd above,
which showed that essentially all of the H3 histone mRNA produced mutant females is

misprocessed (Fig. 2.3).
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TheU7 mutant sterility is reminiscent of that 8fbp® hypomorphic mutants, which
are also viable but female sterile (altho®jbp® males are fertile). In contrasttty
mutants Slbp® mutant females lay normal numbers of eggs that are wild type in appearance.
These eggs can be fertilized, but do not hatch because of severe mitotic defegtthdurin
syncytial cycles (Sullivan et al., 2001). This is likely the result of redugealsd@n of
maternal histone mRNA (Sullivan et al., 2001; Lanzotti et al., 2002) and protein (P. Fort,
W.F.M, and R.J.D, unpublished) into these eggs. While reduced ~10 fold in amount relative
to wild type, the histone mRNA deposited into egg$Styp® mutant females is processed
normally, and we did not detect any poly listone mRNAs (Sullivan et al., 2001; Lanzotti
et al., 2002). To test whether this reflected a defect in histone mMRNA synthesgs duri
oogenesis, we analyzed RNA isolated from ovaries dissectedSitmpi! mutant females by
northern blotting and S1 nuclease protection. These assays revealed reducesl @mount
normally processed H3 and H2a mRNA, but no misprocessed H3 or H2a mRNA (Fig. 2.8A,
B, respectively).

To examine this in more deta8|bp® mutant egg chambers were dissected and
hybridized with the H3 coding and H3-ds prob&bp® mutant egg chambers are
morphologically normal, and produce H3 mRNA in both the nurse cells and the follisle cell
in patterns similar to wild type (Fig. 2.7E, G). In contrast, the H3-ds pralreds|bp® egg
chambers more sporadically and much more weakly (Fig. 2.7F, H). Strong steasiogly
usually detected in young (i.e. stage 2-3) egg chambers in nurse cells urglergoin
endoreduplication cycles (Fig. 2.7F, bracket). In general, egg chamberthalistage 2-3
did not stain with the H3-ds probe (compare Figs. 2.7E and F, asterisks), althoughdve coul

detect sporadic follicle cell staining and sometimes nurse cell stamstgde 9 egg
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chambers (shown for follicle cells in Fig. 2.7H). These in situ data inditaite t
misprocessed H3 mMRNA represents a small fraction of the total H3 mRNA that@ates

in Slbp® mutant ovaries, and are consistent with our inability to detect misprocessed H3
MRNA by northern blot or S1 nuclease analysis. Taken together, our molecular and
cytological analyses @lbp® mutant ovaries indicate that reduction of SLBP function during
oogenesis causes a reduction of histone mMRNA biosynthesis, likely becausetsfidefec

histone pre-mRNA processing.
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Figure2.7. U7 and SLBP arerequired for histone preemRNA processing during oogenesis. A) w'** control egg
chamber hybridized with a histone H3 coding probethis and subsequent panels, white and blaekiaks indicate
individual nurse cells with and without H3 mRNAspectively, and arrows indicate follicle cells. i8)*® control
egg chamber hybridized with an H3-ds probe. No¢dack of staining because H3-ds only detects noigssed,
poly A" histone H3 mRNA. C, DY7** mutant egg chambers hybridized with H3 coding ldBetls probes,
respectively. E, F) Early sta@bp® mutant egg chambers, each from an individual ol@rhybridized with the H3
coding and H3-ds probes, respectively. The bradkelicate a stage 2 or 3 egg chamber with staimiige nurse
cells undergoing endocycles. Note the absenceedsHprobe in the older egg chambers (asterisk.inG} Slbp°
mutant egg chamber stained with the H3 probe itidiggroduction of H3 mRNA in both nurse and fdkicells. H)
Slbp® mutant egg chamber hybridized with an H3-ds prali, focus on the follicle cells. The arrow indtes a
follicle cell expressing misprocessed, polyistone mRNA. 1, J) Mosaic egg chambers comaisibp™> mutant
germ cells hybridized with a histone H3 coding pr¢h) or an H3-ds probe (J). Because this is aamayg chamber,
the follicle cells are phenotypically wild type add not stain with the H3-ds probe because theyessponly wild
type H3 mRNA (arrow in I). All egg chambers excpphels E and F stage 9. Anterior at left, andepims at right in

all panels.

To directly test whether the variable H3-ds stainingllsp™® mutant ovaries reflected
reduced but not absent SLBP function, we generated egg chambers corgtipgtgull
mutant germ cells using FLP/FRT-mediated mitotic recombination (seerigls and
Methods). In contrast to tf&bp® mutants, the H3 coding and H3-ds probes stasibd?®
null mutant germ cells similarly, suggesting that a greater fractidmedi3 mRNA
produced was misprocessed (Fig 2.71, J). This result was confirmed by northesmsarfaly
RNA isolated fromSIbp™ mosaic ovaries (Fig. 2.8, lane 3). These data indicate that SLBP
function is required in the germ line to process histone mMRNAs, and that the germ line is not
intrinsically incapable of utilizing the cryptic polyadenylation signddwnstream of the

normal H3 pre-mRNA processing site. Females Bitip> mutant germ cells lay very few
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eggs that do not hatch, and that have chorion defects including fusion of the dorsal
appendages, similar to the small number of eggs produced bwtants (not shown).
Taken together, our genetic analysis of U7 and SLBP function in ovaries subgéests

histone pre-mRNA processing is necessary to complete oogenesis.
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Figure2.8. SLBPisrequired for histone pre-mRNA processing during oogenesis. A) RNA was isolated from
whole ovaries dissected from adult females andestdil to northern analysis witfP-labeled H3 (top) or rp49
(bottom) coding probes. Lanew!'*®control. Lane 2:SIbp® homozygotes. Lane 3: RNA from ovaries containing
mitotic germ line clones dlbp” cells. Rp49 serves as a loading control. B)eBt&n of H2a mRNA by S1 nuclease
protection. Lane 1: 3’ end-labeled 650-nt H2abgroLane 2: H2a probe incubated with S1 nuclaasenon-specific
yeast tRNA. Lane 3: H2a probe + S1 and a symthgéirtial H2a mRNA that yields a protected 26%5agment that is
shorter than the 340-nt protected fragment reguftiom full length H2a mRNA (asterisk). Lane 42&lprobe + S1
and total RNA isolated from ovaries dissected fruid type females. Wild type histone H2a mRNA @it a 340-nt
fragment (asterisk). Lane 5: H2a probe + S1 atal RNA isolated from ovaries dissected fr&ibp%Slbp> mutant

females.

Discussion

Probing the function of sShnRNAs using genetic approaches in metazoans has been
difficult since most of the snRNAs are encoded by multiple genes. Exceptiotiear
snRNAs in the minor spliceosome and U7 snRNA, each of which are present in @spyle
in all organisms whose genome has been sequenced. The U12 snRNA has been disrupted in
Drosophilaand is essential for proper development (Otake et al., 2002). Here we report the
first example of mutating a U7 snRNA gene as part of our studies to understand the in vivo

function of factors involved in histone mRNA metabolism.

TheRole of U7 and SLBP in histone mRNA metabolism
We find thatDrosophilaU7 snRNA is essential for normal histone mRNA
biosynthesis during development, and that all five replication associated histdfAsrakRe

improperly processed id7 mutant animals. The histone mRNAs produced frmutants
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are longer than wild type mRNAs and are polyadenylated, consistent with tbeangptic
downstream polyadenylation signals located within each histone gene. This pkasotyp
identical to the phenotype we previously described for mutatioBbp(Sullivan et al.,
2001; Lanzotti et al., 2002). The similar poly istone mRNA phenotype BlbpandU7
mutants suggests that neither the presence of SLBIP mutants, nor the presence of U7
snRNP inSlbpmutants, impedes the ability of the polyadenylation machinery to utilize
histone pre-mRNAs as a substrate. Polyadenylation occurs even thoughli&lBBinds to
the nascent transcripts in tbg mutants. In addition, very recent evidence indicates that
cleavage of histone pre-mRNA is carried out by some of the components that pesiate
MRNA cleavage prior to polyadenylation of canonical mMRNAs (Dominski,e2@0D5; Kolev
& Steitz, 2005). How then is polyadenylation of histone mRNAs normally prevented in
Drosophild? In vitro studies oDrosophilahistone gene transcription have suggested that
RNA polymerase Il pausing just 3’ of the normal processing site may contribeticient
histone 3’ end formation (Adamson & Price, 2003). The polymerase pauses before the
cryptic polyadenylation signals are encountered, and hence must resumeptiangori
allow the production of polyadenylated histone mRNAs. Since we do not see any
polyadenylated histone mRNA in wild-type animals or cultured cells, it silpleghat the
presence of both SLBP and U7 snRNP promote both processing and transcription termination
such that the downstream cryptic poly A signals are never encountered.

U7 snRNP likely acts in a catalytic fashion, and is recycled afteselieom the
downstream cleavage product, which is degraded in a U7-dependent reactite(\atadl.,
1998). U7 snRNA is present at very low levels in the cell and is largely confinedGajtde

bodies, nuclear organelles described in vertebrates that are responsible ferrmaRikation
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and function. Cajal bodies are often found in association with histone loci, although in
vertebrates U7 snRNA is associated with all the Cajal bodies irrespettikesther they are
close to histone loci (Wu & Gall, 1993; Frey & Matera, 1995; Gall, 2003). U7 snRNP is thus
normally in excess in the cell, and therefore cells may be able to toleegtection in U7

SNRNA levels. IrDrosophilacells, the U7 snRNP also localizes to the histone locus (J. Gall,
personal communication).

Consistent with the idea that U7 is present in excess, our data indicate thalt norm
levels of H3 processing occur iff and 2% instar larvae that contain reduced amounts of wild
type U7 snRNA. There is then a re-accumulation of U7 snRNA in wild type adultefgmal
most likely from production during oogenesis. THDgysophilaU7 snRNA is present in
substantial excess over what is functionally required during much of zygotic development.
SLBP may also be capable of acting efficiently in histone pre-mRNéepsing in vivo even
when it is present in reduced amounts. For instance, the majority of histone H3 and H2a
mRNAs is processed @Ibp® hypomorphic mutant'3instar larvae even though tBép°
allele produces only 10% the amount of wild type SLBP protein (Sullivan et al., 2001).
Perhaps a small nuclear pool of SLBP, possibly associated with Cajal bodies @labot

1999), accumulates preferentially and is sufficient to carry stivie pre-mRNA processing.

Interestingly, the proportion of mis-processed:wild type H23llig'® embryos
(Lanzotti et al., 2002) and"and 2° instar larvae is substantially higher than we observed in
the 3% instar larvae (Fig. 2.6C). This suggests that the demand for SLBP is gnezadlyi
development. Because the demand for histone mRNA is determined by the rate of DNA

replication, theSIbpg® phenotype may reflect differences in replication rates, and hence
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demand for histone proteins, between the early and later stages of developmemtarA si
situation may be occurring early during oogenesis when misprocessed H8mRN
preferentially accumulate i8lbp® mutants. We envision that SLBP binds the nascent
transcript and rapidly recruits the U7 snRNP to initiate processing very deon af
transcription of the 3’ end (possibly while the polymerase is stalled at thespnog site). In
SIbp® mutant cells with a high rate of histone gene transcription (e.g. earlyatizyg
development or oogenesis), there is likely not sufficient SLBP to recruit UNBm&Rthe
transcripts, and read-through of many transcripts occurs. Iftimstr larval cells of

SIbp® mutants the rate of histone transcription may be less, and the small amounts of SLBP
and U7 snRNP are sufficient to cooperate to stimulate a substantial amount of histone pr
MRNA processing. Recent in vitro studies indicate that bdthnd SLBP are required for
processing irbrosophilanuclear extracts, as they are in the animal (Dominski et al., 2005).
Thus, in the complete absence of either SLBP or U7 snRNA, no accumulation of processed

histone mRNA occurs.

U7 and SLBP arerequired during oogenesis

During oogenesis there are two distinct modes of histone mRNA biosynthesis. The
first is replication dependent and results in the accumulation of histone mRNAcspigci
during S phase. The second is a burst of replication-independent nurse cell expression lat
oogenesis that generates the maternal mMRNAs that are transported to/tedAmbrosio &
Schedl, 1985; Ruddell & Jacobs-Lorena, 1985; Walker & Bownes, 1998). Both modes of
expression are affected by mutatiorStibp Slbpmutant nurse cells and follicle cells contain

misprocessed, poly AH3 mRNA in replicating cells, and the total amount of histone mMRNA
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produced during oogenesis is reduced relative to wild tydemutants also contain
misprocessed, poly’ A3 mRNA in replicating nurse and follicle cells, although the total
amount of mMRNA is not reduced relative to wild type.

Mutation of eitheiSlbpor U7 prevents the completion of oogenesis, and results in the
production of very few eggs, none of which develop. Although the egg chambers in each
mutant ovary appear to form properly and contain the appropriate cell types, most do not
progress to late stages. TW@& mutant egg chambers typically do not develop past the
“dumping” stage where the nurse cell cytoplasmic components are rapidly trachséethe
oocyte. The basis for this developmental defect is not known, and we have not pursued a

detailed analysis of the phenotype.

Mutationsin U7 and Slbp affect Drosophila development differently

Slbpnull mutations result in lethality whild7 null mutations result in viable adults
that are sterile. Because SLBP and U7 snRNP both play essential rolesamte
molecular process, histone pre-mRNA processing, we expected that abdlghfagction
of these factors would cause very similar terminal phenotypige iwhole animal. However,
there is maternal pool of U7 snRNA that is sufficient to support histone pre-mRNA
processing until the third larval instar. In contrast, there is veryifitiley maternal SLBP,
and poly A histone mRNAs appear Blbpmutants as soon as zygotic histone transcription
begins (Lanzotti et al., 2002). Thus, the simplest explanation for the differencaimater
phenotypes betweedibpandU7 null mutants is the maternal pool of U7 snRNA, which

results in a later onset of the mutant phenotype. The consequence of combining the viable
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SIbp® hypomorphic allele with a viabld7 null mutation is consistent with this: histone pre-
MRNA processing is disrupted sooner in the double mutant than either single mudamg, lea
to lethality. The relative severity of tisbpmutant phenotype comparedud@d may also
result in part from the participation of SLBP but tiGtsnRNP in aspects of histone mRNA
metabolism other than pre-mRNA processing. SLBP is part of the mature higtdifée m
(Sanchez & Marzluff, 2002; Whitfield et al., 2004) and contributes to efficient histone
MRNA translation (Sanchez & Marzluff, 2002) and the rapid destruction of histon@mRN
after replication inhibition (Kaygun & Marzluff, 2005). These processes do not inv@lve U
snRNP, and thus loss of SLBP might cause more severe defects.

The precise molecular and cellular basisStapmutant lethality antd7 mutant
sterility is not known. The correlation between the extent and time of onset of treshist
pre-mRNA processing defects and the severity of the developmental phenaipgéyst
suggests that the developmental defects result from the disruption of hifkdize m
metabolism. One possibility is that the presence of pbligigtone mRNA is somehow
detrimental, or that the poly’AnRNAs cannot produce the correct amount or correct
stoichiometry of the canonical histones during S phase. However, we cannot ¢ixelude
possibility that the mutant phenotypes are due to the participation of SLBFP7 @mdRNP in
processes other than histone pre-mRNA processing. For instanceXenthgusoocyte
germinal vesicle some SLBP1 is found in Cajal bodies, as expected for a rolere lpis-
MRNA processing, and some SLBPL1 is also found in association with the genes encoding 5S
rRNA and Ul and U2 snRNAs (Abbott et al., 1999). However, there is no direct evidence

that SLBP1 is required for the function or biosynthesis of these RNA molecules. A
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continued examination @lbpandu7 mutant phenotypes should contribute to a more

complete understanding of the roles played by these factors during anuslaipteent.
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CHAPTER 111

THE DROSOPHILA U7 snRNP PROTEINSLSM10 AND LSM11 PLAY
AN ESSENTIAL ROLE IN DEVELOPMENT INDEPENDENT OF
HISTONE PRE-mRNA PROCESSING
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ABSTRACT

Metazoan replication-dependent histone mRNAs are not polyadenylated, and instead
terminate in a conserved stem-loop structure generated by an endonuctéedytage of the
pre-mRNA involving U7 snRNP. Unlike spliceosomal shRNPs, U7 snRNP contains two
like-Sm proteins, Lsm10 and Lsm11, which replace SmD1 and SmD2 in the canonical
heptameric Sm protein ring that binds shnRNAs. Here we show that mutations iinhethe
DrosophilaLsm10or theLsm11gene disrupt normal histone pre-mRNA processing,
resulting in production of poly A+ histone mMRNA as a result of transcriptionaitheadgh
to cryptic polyadenylation sites present downstream of each histone gene.olduslan
phenotype is indistinguishable from that which we previously described foriomstat
other components of the histone pre-mRNA processing machinery, including U7. Lsm10
protein fails to accumulate ism11mutants, consistent with prior observations suggesting
that a stable pool of Lsm10-Lsm11 dimers provides precursors for U7 shRNPBlyssem
Unexpectedly, U7 snRNA accumulated smllmutants. This U7 can be precipitated with
anti-trimethylguanosine antibodies, suggesting that it assembles mRiN&®article in the
absence of Lsm10 and Lsm11. However, it cannot be detected at the histone locus body,
suggesting that Lsm10 and Lsm11 are necessary for U7 snRNP localizatcamtrést to
U7 snRNA null mutants, which are viablesm10andLsm11lmutants do not survive to
adulthood. When considered in the context of the histone mMRNA phenotype, this difference
in developmental phenotype suggests that Lsm10 and Lsm11 perform an essetival func

that is distinct from histone pre-mRNA processing and independent of U7 snRNA.
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INTRODUCTION

The histones that make up the core nucleosome octomer, H2A, H2B, H3, H4, as well as
the H1 linker, are synthesized only during S-phase of the cell cycle when ¢hegealed for
packaging newly replicated DNA into chromatin. This replication-coupled histone
biosynthesis is an essential aspect of genome replication during cell ptaifeand is
controlled primarily by regulating histone mRNA abundance. The 3’ end of histone mMRNA
is required for cell cycle regulation (Luscher & Schumperli, 1987; Staubeh&rperli,

1988; Hatrris et al., 1991). However, unlike all other metazoan mRNAs, the histone mRNA
3’ end contains a conserved terminal stem-loop structure rather than a pdlgMataluff

et al., 2008). Specialized machinery is needed to generate this unigue mRNA 3’ end, and
determining how this machinery functions is necessary for fully understangiigatien-
coupled histone mRNA biosynthesis.

Histone pre-mRNA utilizes two cis-acting elements for proper 3’ end piliagesise
stem-loop and a purine rich region downstream of the cleavage site termedttmeHi
Downstream Element (HDE) (Mowry & Steitz, 1987a). The stem loop is necdjby a
protein called Stem Loop Binding Protein (SLBP) (Wang et al., 1996), or Hairpinngindi
Protein (HBP) (Martin et al., 1997), and U7 snRNP interacts with histone pre-mRNésk
pairing between the 5’ end of U7 snRNA and the HDE (Galli et al., 1983; Schauétle e
1986; Mowry & Steitz, 1987a; Bond et al., 1991). These factors recruit a complex that
triggers endonucleolytic cleavage between the stem loop and the HDE, forminguhe mat
MRNA. After processing, the mature histone mRNA bound to SLBP exits the nucleus and

enters the cytoplasm, where SLBP stimulates translation (Sanchezz8uf¥|&2002).
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Histone pre-mRNA cleavage is catalyzed by the CPSF73 endonuclease (B@inats
2005). Interestingly, CPSF73 and three other factors necessary for historne#e-m
processing, including CPSF100, which directly binds CPSF73, and Symplekin, are members
of a large multi-protein complex that cleaves and polyadenylates all oRAm(Kolev &
Steitz, 2005; Wagner et al., 2007). These observations demonstrate remarkédoliéysimi
the machinery that generates different mRNA 3’ ends. How these factordbssem
functionally different complexes is unknown.

Because U7 snRNP functions to recognize histone pre-mRNA and to recruit the
appropriate cleavage factors, it is essential for histone pre-mRNAsgnog vitro andin
vivo (Galli et al., 1983; Gick et al., 1986; Mowry & Steitz, 1987b; Godfrey et al., 2006). U7
SnNRNP is related to spliceosomal snRNPs, all of which are composed of a dole part
containing a short, noncoding, nonpolyadenylated snRNA bound by seven structurally
similar Sm proteins: SmD1, SmD2, SmE, SmF, SmG, SmB/B’, and SmD3 (Luhrmdnn et a
1990; Matera et al., 2007). These proteins bind to a conserved uridine-rich sequence in the
SnNRNA termed the Sm binding site (Branlant et al., 1982). Sm proteins consist of two
conserved motifs, SM1 and SM2, separated by a linker region of variable lengtla(iiezm
al., 1995; Seraphin, 1995). Structural analysis of the SmD3/SmB and SmD1/SmD2
complexes reveals that the SM1 and SM2 domains together form a common fold, termed the
Sm fold, containing an Nfterminal alpha-helix followed by a strongly bent five-stranded
antiparallel beta sheet (Kambach et al., 1999). These data, along withratrunddrmation
from two related bacterial proteins, Lefrtom the thermophilic archaedethanobacterium
thermoautotrophicunand AF-Sm1 and AF-Sm2 from the hyperthermophilic euryarchaeon

Archaeoglobus fulgidysuggest that the seven Sm proteins assemble into a donut shaped,
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heptameric ring and that the snRNA may thread through the center holag@olil., 2001;
Toro et al., 2001; Toro et al., 2002).

U7 snRNP differs from spliceosomal sSnRNPs in an important way. U7 snRNP contains
two unique Sm-like proteins, Lsm10 and Lsm11, which replace SmD1 and SmD2 in the
canonical heptameric Sm ring. Lsm10 and Lsm11 contain the SM1 and SM2 motifs and are
very similar in structure to Sm proteins. Lsm10 is closely related to SmiiEreas Lsm11l is
related to SmD2 (Pillai et al., 2001; Pillai et al., 2003). U7 snRNA contains a non-anonic
Sm binding site that recruits Lsm10 and Lsm11 specifically to the U7 parhtiéation of
the U7 Sm binding site to a spliceosomal consensus Sm binding site disrupts U7 snRNA
function (Stefanovic et al., 1995), and results in replacement of Lsm10 and Lsm11 with
SmD1 and SmD2 in the U7 snRNP (Pillai et al., 2003). This finding demonstrates that
Lsm10 and Lsm11 confer functional properties to U7 snRNP that are essentiaidioe his
pre-mRNA processing. Lsml11 contains an,Nétminal domain larger than that in any
other Sm or Lsm protein, as well as a rather long linker sequence betweeatiSfinand 2
(Schumperli & Pillai, 2004). Previous work suggests that one role for Lsm11 in histone 3’
end processing is to bind directly to ZFP100 (Pillai et al., 2003; Azzouz et al., 2005), a 100
kDa zinc finger protein that is part of U7 snRNP and helps to stabilize the cleavagexcompl
on histone pre-mRNA (Dominski et al., 2002). A specific binding site for ZFP100 was
mapped to amino acids 63-82 in the NErminal domain of human Lsm11 (Wagner et al.,
2006). Lsm11 likely plays additional roles in the processing reaction, sinceanuhtther
conserved amino acids in the Ntérminal domain of Lsm11 impairs processing without

affecting binding to ZFP100 (Azzouz et al., 2005).
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How Lsm10 and Lsm11 contribute to histone pre-mRNA processivigo, or which
aspects of their structure are necessamvo, has not been determined. For instance,
ZFP100 has not been identified in invertebrate specie®l&sophila which contain a
single U7 snRNA (Dominski et al., 2003) and single genes encoding Lsm10 and Lsm11
(Azzouz & Schumperli, 2003; Dominski et al., 2003). It is unclear wh@&hesophila
Lsm11 binds a highly diverged but functionally analogous protein, or whether tiolusa
the processing reaction independently of a ZFP100-like protein. In addition, itkisavar
whether Lsm10 or Lsm11 participate in other aspects of RNA metabolisio,atker Lsm
proteins. For instance, a complex of Lsm2-8 binds to U6 snRNA and is required for the
U4/U6 formation during splicing (Achsel et al., 1999), while a complex of Lsmhatibns
in cytoplasmic mRNA decay (Bouveret et al., 2000). We hypothesized that if Lsd10 a
Lsm11 only function in histone pre-mRNA processing as part of U7 snRNP, then mutations
in DrosophilaLsm1Q Lsm11 andU7 would cause identical phentoypes. We previously
demonstrated th&l7 null mutants fail to properly process histone mRNA beginning at the
third larval instar stage, but nonetheless develop into fully formed but sterite. athglre we
identify mutations oL.sml10andLsmlland demonstrate that, like U7 shRNA mutations,
disruption of Lsm10 and Lsm11 function results in the production of mis-processed histone
MRNAS beginning at the third larval instar stage. However, ublikaull mutants|.sm10
andLsmllmutants do not survive to adulthood, dying as non-pharate pupae. This strongly
suggests that Lsm10 and Lsm11 are required for an essential process distirigsfone

pre-mRNA processing.
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MATERIAL AND METHODS

Western Blots

Tissue extracts fromBinstar larval brains plus salivary glands or adult flies were
prepared in NET buffer (0.05 M Tris pH 7.5, 0.4 M NaCl, 0.005 M EDTA, and 1% NP40)
with 100 mM PMSF, 1 mg/ml Leupeptin, and 0.5 mg/ml Pepstatin and cleared by
centrifugation at 10,0009 for 10 min a4 GFP-negative, homozygoud mutant larvae
were collected fronu7°%TM3 P[act GFP] parentsLsm1lmutant larvae were collected
from Lsm1£%2°*7CyO PJtwist GFP] x Df(2R)M073CyO Pftwist GFP] parents. Lsm10
mutant larvae were collected frdsm1&®59Cy0 P[twist GFP] orLsm1G*°5CyO P[twist
GFP] xDf(2R)17CyO P[twist-GFP] parents. Proteins were separated through either a 12%
(Lsm11) or a 15% (Lsm10) acrylamide gel (BIO-RAD) and transferredtdzum Pure
Nitrocellulose Membrane (BIO-RAD). Membranes were probed with amtizils anti-
Lsm10 (1:1,000; graciously donated by Dr. Joe Gall), orattibulin (1:1,000; Sigma).
Horseradish Peroxidase linked secondary (Amersham Biosciences) was 118¢0i0éx for
Lsm10 and 1:1,000 for Lsm11 andTubulin and visualized with ECL (Amersham

Biosciences).

Northern Analysis

For the detection of U1 or U7 snRNA with afi°P]-UTP anti-sense RNA probe, 15
ug/lane of total cellular RNA isolated using TRIzol Reagent (Gibco) waatdesd with 8M
urea and subjected to electrophoresis through an 8% polyacrylamide gel containinga/M
Separated RNA were transferred to an N+ nitrocellulose membrane (#anerasing a

Genie Blotter (Idea Scientific). For the analysis of histone mRNA&y/2ane of RNA were
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subjected to electrophoresis through a 1% agarose gel containing 0.01 M MOPS (pH 7.0) and
6.75% formaldehyde and transferred via the wick method to N+ nitrocellulose arembr

DNA containing histone coding regions were random primer labeledx¥fR]-dCTP

(Stratagene). Hybridizations were performed at 58° C for snRNA probes and at@30° C

histone probes.

Drosophila Genetics

TheU7?° andU7513%null alleles are described in Godfrey et al. (2008Y*®was used
throughout as a wild-type control. To assess relative fertility, eggs aaected overnight
from broods oL.sm10mutant males and virgin females. 100 eggs from each genotype were
transferred to a fresh grape juice plate and the total number that hatchedhvehidays
was determined. The data is reported as the average and standard deviation of si
independent measurements. P values for mutant-wild type comparisons wenéneeter
using a paired student T-test. A chi-squared test was used to determineagigaibf
deviations from expected Mendelian ratios.

P element transgenes were constructed for resdusndfOandLsml11lmutant
phenotypes. DNA containing either them10or Lsml1llocus (Fig. 1 A) was amplified by
PCR from adult female**® genomic DNA and subcloned into the pCaSpeR 4
transformation vector and confirmed by sequencing. The V5 epitope was added te-the NH
terminus of Lsm11 by using a 5’ primer with the V5 sequence immediately deamsaf
the ATG start codon. All phenotypic rescue experiments employed stoaitasning a

second chromosome recombinant of genotygal£%2°*’ P[V5-Lsm11] or Lsm1G*°F,
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P[Lsm1d]. Each recombinant chromosome was confirmed molecularly by PCR

(Lsm1£%**Hllele) or sequencind-6m1G*°Fallele).

I mmunoprecipitations and RT-PCR

20 ug of total cellular RNA was added to anti-TMG antibody coated beads (EMD
Biosciences, INC.) in 1ml of buffer A (20mM HEPES-KOH, pH 7.6, 0.2 mM EDTA, 0.5
mM DTT, 0.2 M KCI, 5% glycerol) plus 80 units of RiboLock RNase Inhibitor (Fermentas).
Samples were incubated at 4°C for 2 hours and the beads were recovered fogatoiriat
2300 RPM for 1 min., and then washed 3X with buffer A at 0.3 M KCI. Bound RNA was
eluted by incubation in 50 mM Tris-HCI pH 8.0, 100 mM NaCl, 10 mM EDTA, 1% SDS for
10 minutes at 60°C and subsequently precipitated with PCI( Phenol Chlorophorm Isoamly
(Invitrogen). Recovered RNA was treated with DNase (Promega) prior tcagjagesDNA
by using an N6 random Hexamer (IDT) and SuperScriptll Reveesesdriptase (Invitrogen).

U7, U1, and rp49 cDNA was detected in separate PCR reactions.

Immunostaining, in situ Hybridization, and Microscopy

To detect transgenic Lsm11sm1£°%°*” P[v5-Lsm11] homozygous embryos were
dechorionated, fixed in a 1:1 mixture of 7% formaldehyde / heptane for 25 min, and
incubated with primary and secondary antibodies overnight at 4°C and for 1hr at 25°C
respectively. Primary antibodies used were monoclonal mouse anti-V5 (1:100@gen|
Carlsbad, CA), monoclonal mouse anti-Discs Large (1:1000, DevelopmentalsStudie
Hybridoma Bank, U. of lowa). Secondary antibodies used were goat anti-mou€gy3gG-

(Jackson Immuno Research Laboratories, West Grove, PA). DNA was detectaithing s
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embryos with 4,6-diamidino-2-phenylindole (DAPI) (1:1000 of 1mg/mL stock, Dako North
America, Carpinteria, CA) for 1 min.

Brains were dissected from 3rd instar larvae in PBS, fixed in 4% formaldéy2e
min, permeabilized in 1% Triton X-100 for 1 hr, and incubated with primary antibodies at
37°C for 1 hour or overnight and secondary antibodies @@ #& 1 hr or overnight at’€.
Brains were fixed again in 4% formaldehyde for 20 min prion titu hybridization. The
following primary and secondary antibodies were used: monoclonal mouse anhrS&dT
MPM-2 (1:1000; Millipore, Temecula, CA), affinity-purified polyclonal rabbitidrgm10
(1:1000; Liuet al.2006), goat anti-mouse Cy5 and goat anti-rabbit Cy2 (both from Jackson
Immuno Research Laboratories, West Grove, PA). Brains were hybridizedntwtease
U7 digoxigenin-labeled RNA probes as described previously (Laretatti2002; Whiteet
al. 2007). Probes tb)7 were derived from a clone containing a cDNA bt (Dominskiet
al. 2003). Hybrids were detected using the Cyanine 3 tyramide sighal amjalifisgtstem
(PerkinElmer Life and Analytical Sciences, Boston, MA).

Confocal images were taken at a zoom of 1.0-5.0 with a 40X (numerical aperture 1.30)
Plan Neofluor objective on a Zeiss 510 laser scanning confocal microscope udiBfthe
data acquisition software (Carl Zeiss, Jena, Germany). Image ¢&dseng and contrast was

adjusted using Photoshop (Adobe Systems, Mountain View, CA).

73



RESULTS

Identification of Lsm10 and Lsm11 mutations

To examine the contribution of Lsm10 and Lsm11 proteins to histone pre-mRNA
processing during development, we isolated mutations in each gene. Weiiiifedié&om
the Exelixis collection (Thibault et al., 2004) a single PiggyBac (pBaejtina allele of
bothLsm10andLsm11l pBac transposons have a higher incidence of inserting into the
coding sequence of genes relative to P-element transposons, which more oftemtanter
5 UTR (Thibault et al., 2004). Accordinglsm1£°?**’contains a pBac insertion near the
5’ end of the coding sequence (Fig. 3.1A), and mutant animals containing this mutation in
trans with a deficiency do not contain detectable amounts of Lsm11 protein bariwWest

£92947is a null allele.Lsm1¢%56

analysis (Fig. 3.1B, left panel). This suggests ltisail
contains a pBac insertion in the 5’ UTR (Fig. 3.1A), and this mutant is a hypomorph that
expresses strongly reduced amounts of Lsm10 protein (Fig. 3.1C, lane 1). Intaio effor

identify additionalLsm20alleles, including a null, we employed the TILLING (Targeting

Induced Local Lesions in Genomes) strategy. TILLING is a high throughetiitod to

molecularly identify EMS-induced mutations in specific regions of the gerfdithet al.,

2003). The strategy was adapted for use with a collectibmasfophilastrains that carry an
EMS-mutagenized chromosome 2 (Koundakjian et al., 2004). We used this method to screen
a ~800 nucleotide region containing the entsen10gene from ~3000 of these mutagenized
lines. Three mutations were recovered that we suspected might affect lsmtiorf. a Glu
substitution for an evolutionarily invariant Glygm1$*°H needed for a sharp bendin

strand 3 of the SM1 domain (Luhrmann et al., 1990), an Asn substitution for an

evolutionarily invariant Asp that, based on structural analysis of related Srmpr@iero et
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al., 2001; Toro et al., 2002), is predicted to contact the snREAIT*®Y), and a single
nucleotide change in the 3’ UTR that alters a canonical poly A signal sequence
(AATAAA STATAAA; Lsm1G?)(Fig. 3.1A). TheLsm1F*°F mutant expressed a small
amount of Lsm10 protein (Fig. 3.1C), suggesting that the G40E substitution disruptg foldi
of the SM1 domain resulting in reduced protein accumulation. LS 6> and
Lsm1&**" muytants did not show any reproducible reduction in Lsm10 protein compared to
wild type (Fig. 3.1D, lanes 1,2).

To test whether the accumulation of Lsm10 and Lsm11 are interdependent, virsegixam
Lsm10 and Lsm11 accumulationWy mutants, and Lsm10 accumulatiorLsm11lmutants.
Both Lsm10 and Lsm11 protein were present at wild type levels id#fenull mutant (Fig.
3.1B-D), indicating that a pool of these proteins can exist independent of U7 snRNA. In
contrast, Lsm10 protein was undetectable irLgma1£%** null mutant (Fig. 3.1B, right
panel). We previously obtained a similar result when Lsm11 was depleted byrRNA
culturedDrosophilaS2 cells (Wagner et al., 2007). These data indicate that Lsm10
accumulation depends on Lsml1, and suggest that a free pool of Lsm10-Lsm11 dimers exist
in cells. This is consistent with current models of ShRNP assembly, which stiggest
SmD1/SmD2 dimers are precursors for U7 snRNP assembly in the cytoplasmtdaditha
SmD1/SmD2 and Lsm10/Lsm11 are located adjacent to one another in the Sm ring of thei

respective snRNP particles (Schumperli & Pillai, 2004).
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FIGURE 3.1. Identification of Lsm10 and Lsm11 mutations. (A) Schematic diagram of thesm1landLsm10
genes. The black bars represent the coding seqaemntthe gray bars represent the 5’ and 3' UTNRste there
are no introns in these two genes. The positidh@Sml and Sm2 domains are marked with blackdizge

the coding sequence. The positions of the pBatiosis are indicated by black triangles. The timss of the
threeLsm10EMS alleles are indicated below the gene. (B-idtdin extracts of brain and salivary gland tissue
from third instar larvae or adult flies (D) of thdicated genotypes were probed with anti-Lsm21a&rdgr Lsm10
antibodies by Western blottingv'**®was used as a normal control here and in subsefigargs (+). a—Tubulin

is used as a loading control.

Lsm10 and Lsm11 mutantsfail to properly process histone pre-mRNA

We have previously shown that mutations in U7 snRNA prevent normal histone pre-
MRNA processing, resulting in aberrantly long histone mRNAs that are paolgatkdl due
to the use of cryptic polyadenylation signals downstream of the cleavageesitehi histone
gene (Godfrey et al., 2006). To test whether a similar phenotype occutssdtef Lsm10
and Lsm11, we used Northern blotting to hybridize total RNA samples preparetsnoh®
or Lsmllmutant third instar larvae with a histone H3 probe, and compared the results to a
U7%° null mutant (Fig. 3.2A). As witht7%°, we found that the stroigm1&“*°Fand

£920473lleles caused nearly complete misprocessing of H3 mRNA, with veeywitd-

Lsm1l
type H3 mRNA present in these mutants (Fig. 3.2A, compare lanes 1 and 4 with lades 3 a

5). In theLsm1®***®mutant, which expresses a small amount of Lsm10 protein, we

observed misprocessed H3 mRNA, but unlike the other mutants, we could also detect a small

amount of correctly processed wild-type H3 mRNA (Fig. 3.2A, lane 2). Thesendatate

that Lsm10 and Lsm11 are required for normal histone pre-mRNA proc&ssing.
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Lsm10 and Lsm1l are necessary for development

The strond-sm1G*°P andLsm1£%%°*"™ alleles cause lethality: the mutants progress
through larval stages and die as non-pharate pupae. This result was surprisrdj/ smic
mutants are fully viable yet display the same H3 mRNA misprocessing phe(Gygkey
et al., 2006). We therefore tested if ttmnl10andLsmllmutant phenotypes could be
complemented with P element transgenes containing a functional copy of théivespec
genes. We first engineered a transgene expressing ateMhinal V5 epitope-tagged
Lsm11 with the endogenolismllpromoter. Curiously, we could detect little if any
transgenic V5-Lsm11 in a wild type background using anti-V5 on a Western blo8 (Fig)
lane 2), immunoprecipitation (Fig. 3.2C, lane 1), or immunofluorescent staining of fixed
tissue (data not shown). In contrast, we readily detected V5-Lsm11 usinghesef

methods when the V5-Lsm11 transgene was present irsth&f?**4’

mutant background
(Fig. 3.2B, lane 1; Fig. 3.2C, lane 3; Fig. 3.7A,B). One explanation for this result \&5tha
Lsm11 is a poor substrate for U7 shRNP assembly relative to normal Lsm11, and the
resulting free V5-Lsm11 is degraded. In spite of this, V5-Lsm11 complestyied the H3

misprocessing defect and the lethality_efn1£%2°4’

mutants, indicating that V5-Lsm11 is
fully functional (Fig. 3.2D) and that Lsm11 function is necessar{pfosophila
development.

Because of theV5-Lsm11 results, we elected not to epitope tag Lsm10, and instead
generated a transgene carrying a genomic DNA fragment containingdhgpelLsm10

gene. This transgene completely rescued both the H3 misprocessing wefethality of

Lsm1G*° mutants (Fig. 3.2E). Note that we did not achieve wild type expression of Lsm10
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protein in this experiment because the genotype we constructed only contained eapggl
of the wild-type Lsm10 transgene (Fig. 3.2F). This suggests that Lsmafmslly present
in functional excess. These data show that reintroducing a functional copybd lemd
Lsm11 can rescue both the lethality and histone mRNA misprocessing phenotyped Of

andLsmllmutants, confirming that these phenotypes are a direct consequence of the loss of

each gene.
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FIGURE 3.2. Lsm10and Lsm11 mutantsfail to properly process histone pre-mRNA and are necessary for
development. (A) Total RNA isolated from whole third instaml@e of the indicated genotypes was subjected to
Northern analysis with ¥P-labeled H3 probe. Note that the severity ofrtiigprocessed H3 phenotype is similar in
U7%° Lsm1G*E andLsm1£%°*’ mutants while the terminal developmental phenotyidd7?°is different. (B)

Protein extracts prepared from embryos of the atéid genotypes were probed with anti-V5 antibodie®/estern
blotting. P[Lsm11] is a transgene expressing a V5-Lsm11 with thevgadoud.sm1lpromoter. “11” refers to the
homozygoud sm1£°?**’genotype. Lane 3 contains protein from a nonsienic control. Note that in a wild-type
Lsmllbackground there is very little accumulation ofM&m11 protein.o—Tubulin is used as a loading control. (C)
Protein extracts isolated from whole third instwhe of the indicated genotypes were subjected to
immunoprecipitation then Western blot analysis veithi-V5 antibody. (D and E) RNA isolated from viéaohird

instar larvae of the indicated genotypes was st Northern analysis withP-labeled H3 probe. “10” refers to
the Lsm1G*°®® mutant genotype. Note that there is very littisprocessed H3 ihothLsm1£°?**” pP[Lsm11] and
Lsm1&*°%™ P[Lsm10] genotypes (F) Protein extracts prepared from whole thirstan larvae of the indicated
genotypes were probed with anti-Lsm10 antibodNste that the lane 1 genotype contains a singlg obp

P[Lsm10], accounting for the reduction Irsm10 accumulation relative to wild-type (+).

Lsm1l mutant lethality isindependent of histone MRNA misprocessing

BecausdJ7 null mutants are viable, we were surprised to find that our strobgedtO
andLsm1l1lalleles caused lethality. We previously showed that a maternal supply of U7
SnNRNA is sufficient for normal histone pre-mRNA processing through thddmstl instar
stage of development, such thatii mutants misprocessed histone mRNAs first appear in
second instar larvae and wild type histone mRNA is undetectable by theativabtihstar
stage (Fig. 3.3A) (Godfrey et al., 2006). In contrast toSJa@pnull mutations cause lethality
in late larval or pupal stages, and this is likely due to an earlier onset oftthreehisRNA
misprocessing mutant phenotype: there is no functional maternal supply of 84BP a

misprocessed histone mMRNA can be detected as soon as zygotic transcriptiomt&dgms
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mutant embryos (Lanzotti et al., 2002). Based on these observations, we hypothesized that
an earlier onset of the histone mRNA misprocessing phenotysrnhOandLsmllmutants
relative toU7 mutants might account for thessml10andLsml11lmutant lethality. To test this

we examined histone mRNA processing at different stages of developni&haimd
Lsm1£%°’mutants (which also lack Lsm10 protein; Fig. 3.1B). Total RNA was extracted
from mutant embryos as well a& 2" and & instar larvae and hybridized with a histone

H3 mRNA probe. As we previously reported for histone H3 (Godfrey et al., 20067, in
mutants a small amount of misprocessed histone H2B mRNA was expressed ins&eond i
larva and only misprocessed histone mRNA was presefftimsgar larvae (Fig. 3.3B). In
Lsm1lmutants, the longer, misprocessed H3 mMRNA was not detected unflf tae/al

instar stage of development, and the correctly processed, wild-type H3 mR\zavedy
detectable by the third instar stage (Fig. 3.3A). Similar results wernaethtaith histone

H2B mRNA (Fig. 3.3C) as well as histone H2A, H4, and H1 mRNAs (not shown). For all of

these genes we could never detect an onset of misprocesksrgif®**’

mutants any

earlier than the" larval instar stage of development. Since this is a qualititative comparis
of the timing of the onset misprocessed histone mMRNA betW&amdLsml1lmutants , we

did a titration Northern blot on™instar larvae from wild-typd)7 andLsm11null mutants

for the H3 (Fig. 3.4 B) and H2B (Fig. 3.4 A) histone genes. Comparing the amount of
histone mRNA, which is all processed at this stage in both mutahig,nmutants versus
Lsmllmutants, relative to our Ul loading control, we did not detect any differencedretw
the two mutants (Fig. 3.4). Thussmllmutants do not begin to accumulate misprocessed

histone mRNA earlier in development thdi@ mutants and there is no detectable difference

in the amount of normally processed histone mRNA present. We conclude from tlaese da
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that the lethality caused by mutationLaiml1lprobably does not result from defects in
histone pre-mRNA processing. Because stisrglOmutants are also not viable, these data
suggest that Lsm10 and Lsm11 perform an essential function during development

independent of histone mMRNA metabolism.
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FIGURE 3.3. Lsm11 mutant lethality isindependent of histone mMRNA misprocessing.
(A-C) Total RNA was extracted from animals at diéfet stages of development of the indicated gemrstgmd
subjected to Northern analysis witfi’®-labeled probe to H2B (A,C) or H3 (B). Note ttts misprocessed

histone mRNA is first detectable in small amourtttha second larval instar stage and that wild-tyjséone

MRNA is absent by the third larval instar stage
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FIGURE 3. 4. Quantitative analysis of histone mMRNA levels between U7 and Lsm11 mutants. (A
and B) Total RNA was extracted frorff ihstar larvae of the indicated genotypes and strjeto
Northern analysis with ¥P- labeledorobe to H2B (A) or H3 (B) in titration amounts indted. U1 is

used as a loading control. Note that the levdlistone mRNA is not different betweé&ly andLsm11
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Hypomor phic Lsm10 alleles are viable with compromised fertility
Although U7 null mutants are viable, both males and females are completely sterile, and
defects during late stages of oogenesis prevémhutant females from laying eggs (Godfrey
et al., 2006). Since the hypomorphem1P*®*®andLsm1®*®N mutant alleles support

development to adulthood when in trans to a deficiency, we assessed whether the sglults we

6)6616/Df (5)46N/Df

fully fertile. Lsm1 andLsml trans-heterozygous males are fertile, and the

females of the same genotype are capable of laying eggs. We thersatfdcsm 1010

andLsm1®46Nof

mutant males to the correspondlrggn10mutant virgin females, and
determined the fraction of eggs that would hatch into larvae as an assessmerelafitiee
fecundity. We found that 30% of the progeny fromlthm1(P*®*°cross hatched, which was
significantly reduced relative to the 85% hatching of wild type controls (p<0.00641) a
significantly less than the 75% expected to hatch if Lsm10 was not required for
embryogenesis (p<0.005) (tb4/Df genotype is embryonic lethal and expected to be 25% of

progeny) (Fig. 3.5A). Eggs from them1G*V™"

self-cross also had reduced hatching
relative to wild type (70%, p<0.02), and this was slightly less than the 75% expected
(p<0.05). DAPI staining of mutant embryos revealed that these decreasesinghatre
not due to a failure of fertilization (not shown). These results are consisterduwi
Western data, which indicate that tem1®***®mutant has a much larger reduction in
Lsm10 protein levels compared to ttem1*®N mutant (Fig. 3.1C, D). We also found that

placing theLsm1(P°®** hypomorphic allele in trans to our strongestn10mutant allele,

Lsm1G*°E results in viable adults, and that eggs flesm1®1¥¢*%*males and females
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hatched less than wild type controls (75% hatching; p=0.048). Because this hatehisg ra
significantly greater than that obtained frausm1°***®"'males and females (p<0.00005),
we conclude that thesm1&*°F mutation is not null and can be characterized as a strong
hypomorph (i.eLsm1§*Fis not equivalent to Bf in this assay). This is consistent with our
detection of a small amount of Lsm10 protein inlte1&*°F mutant (Fig. 3.1C).

To determine whether these changes in fertility correlate with tdafebistone pre-
MRNA processing, we extracted total RNA from adult females of eacninggnotype and
hybridized it with a histone H3 mRNA probe. The mutants of gendtgpel (7°** ' and
Lsm1(P%6¥¢4%Econtain the longer, misprocessed histone H3 mMRNA that we detd@trinll
mutants (Fig. 3.5B, lanes 1 and 2 compared to lane 5). These mutants also contaiy correct
processed H3 mRNA, consistent with a hypomorphic condition that is not completely
defective in histone pre-mRNA processing. Interestingly, we detectediamhal H3
mRNA and no misprocessed H3 mRNA in trm1¢*®VP" allele combination (Fig. 3.5B,
lanes 3 and 4 compared to lane 6). This indicates that Asn substitution of the highly
conserved Asp46 does not affect U7 snRNP function. This further suggests tlieittilyy

defects in this mutant are likely not caused by aberrant histone pre-mRNAsmmgces
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FIGURE 3.5. Hypomorphic Lsm10 alleles are viable, with some fertility defects. (A) The average and
standard deviation of the percent of hatched entbfyothe indicated genotypes. Measurements weaeron 6
collections of 100 eggs. (B) RNA isolated from #&y old adult females of the indicated genotypes wa
subjected to Northern analysis witfi’R-labeled H3 probe. Note misprocessed H3 mRN/isdaled in only two

of theLsm10mutant genotypes, and that these hypomorphic rtaugdso contain wild-type, processed mRNA.

U7 snRNA ispresent in a snRNP particlein Lsm11l mutants
Previous studies suggest that U snRNAs, including U7, that cannot bind Sm proteins are
unstable and do not accumulate in the cell (Jones & Guthrie, 1990; Grimm et al., 1993). We

therefore hypothesized that a U7 snRNP would not form in the absebss10 and Lsm11,
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and that we consequently would not detect any U7 snRNA isiendi 1mutant. To test this
we used Northern blotting to measure the accumulation of U7 snRNgwia £°2°*’ mutants
compared to wild type throughout development. Total RNA was extracted fromandsy
well as £, 2" and ¥ instar larvae and hybridized with a U7 probe. We found that in
Lsm1£°%**"mutants the U7 snRNA levels begin to drop compared to wild type at the first
instar stage (Fig. 3.6A, compare lanes 3 and 4). Surprisingly, we repeatedted&l7
snRNA inLsm1£°°*"mutant ' instar larvae (Fig. 3.6A, lane 8), a stage at which all histone
MRNA is misprocessed in this mutant (Fig. 3.3B-C, lane 4). Using densitometry
determined thatsm1£°***’mutants have 60% the amount of U7 snRNA compared to wild-
type at this developmental stage (data not shown). We considered two interpretatans of
result: either the U7 snRNA is stable in the absence of a bound Sm protein ring, @r the U
SNRNA assembles into a snRNP particle lacking Lsm10 and Lsm11.

To distinguish between these two possibilities, we determined whether the UA snRN
observed in thesml1llmutant contains a 5’ trimethylguanosine (TMG) cap. During ShnRNP
assembly, the canonical’® cap of newly transcribed snRNAs is hypermethylated to a TMG
cap, and this requires Sm protein binding to the snRNA (Mattaj, 1986). Thus, if the U7
SNRNA present in thesml11lmutant has a TMG cap, we would infer that it had assembled
into a sNnRNP particle. To test this, we developed an assay that couples immunapaegcipit
with reverse transcription (RT)-PCR. Total RNA was prepared from yplel Lsm11
mutant orU7 mutant & instar larvae and incubated with anti-TMG antibodies that were
coupled to agarose beads. Precipitated RNA was extracted from the beads antlA7 snR
was detected by RT-PCR. We found that anti-TMG antibodies could precipitate UAsSnRN

from wild-type control samples, but not frddY mutant samples which lack U7 snRNA (Fig.
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3.6B, top panel, lanes 7 and 11). The anti-TMG antibodies precipitated U1 snRNA from all
samples (Fig. 3.6B, middle panel), and did not precipitate rp49 mRNA, which contains a

m’G cap rather than a TMG cap, indicating that the antibody was specifi®(6Rybottom

panel). No U snRNA was precipitated when a non-specific antibody was use8.GHg

lanes 13 and 14). Thus, our assay specifically detects U7 snRNAmikilmutant samples

we reproducibly detected U7 snRNA with the anti-TMG antibodies (Fig. 3.6B, Jane 9

These data indicate that even in the absence of Lsm10 and Lsm11, U7 sSnRNA can assemble
into a sNnRNP particle.

We considered the possibility that this aberrant U7 snRNP patrticle, which is not
functional in histone pre-mRNA processing, could be toxic and thus account for thigylethal
of Lsml10andLsmllmutants. This hypothesis predicts that removing U7 snRNA from an
Lsm1lmutant will suppress lethality. To test this we constructd@dLsm1£°**double
mutant strain We found that this double mutant was still lethal, indicating that eliminating
the U7 snRNP formed in drsm11lmutant could not rescue the lethal phenotype, and that the

non-functional U7 snRNP ibsm11mutants was not the basislafml1imutant lethality.
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FIGURE 3.6. U7 snRNA can form a snRNP particlein Lsm11 mutants. (A) U7 Northern analysis of RNA
isolated fromLsm1£%2%*"® mutant (Lsm11) ow'** control (WT) embryos and®43" instar larvae. Note that in
theLsmllmutant U7 snRNA is detected iff fstar larvae when all the histone mRNA is mispssed. A U1l
probe was used as a loading control. U7 snRNAategras a doublet as described previously (Dometsii,
2003). (B) Reverse transcriptase (RT)-PCR anabfsRNA extracted from anti-TMG immunoprecipitates o
whole third instar larvae RNA samples of the intikdagenotypes. Lanes 1-6: 10% of total input RNLAnes 7-

12: anti-TMG IP. Lanes 13 and 14: mock IP negationtrol. Upper panel: U7 snRNA primer pair. éltiat

there is no U7 present in thir="**®mutant or in the control IP lane, but U7 is detddn both WT and
Lsm1£%2%"P'TMG IP samples. Middle panel: U1 snRNA primer pdiote that U1 is present in all three TMG IP
samples, but not in the IP control. Bottom pan@9 (ribosomal protein 49) primer pair. Note ti9 mRNA is

not precipitated by anti-TMG antibodies becausentif®RNA lacks a trimethylguanosine cap.



The U7 snRNP formed in an Lsm11 mutant does not localize to the histone locus body

In mammalian cells, U7 snRNP localizes to Cajal bodies (CBs), whechuatear
structures involved in the assembly and modification of the machinery needed faR Ni&e-m
splicing, pre-ribosomal RNA processing, and histone pre-mRNA processingfawsesee
(Gall, 2000; Carmo-Fonseca, 2002; Gall, 2003; Matera, 2003; Cioce & Lamond, 2005).
Some of these Cajal bodies are associated with histone genes, and maytrejpessen
histone mRNA biosynthesidrosophilacells also contain a Cajal body, but the Cajal body
lacks U7 snRNP (Liu et al., 2006prosophilacells have a distinct body termed the histone
locus body (HLB) which is invariably associated with the histone gene locushaand the
U7 snRNP localizes (Fig. 3.7A-C) (Liu et al., 2006; White et al., 2007). HLBs ldaaitain
all of the factors necessary for histone mRNA transcription and pre-npRdb&ssing
(Marzluff et al., 2008). Our observation that a non-functional U7 snRNP particle iforms
Lsmllmutants provided an opportunity to determine if U7 snRNA localization to the HLB
depends on Lsm11 and Lsm10. We used fluorescent in situ hybridization (FISH) to detect
U7 snRNA, and MPM-2 antibodies to detect HLBs independently from U7 snRNP. The
MPM-2 monoclonal antibody recognizes a cell cycle-regulated, Cyclin E/@ée&ndent
phospho-epitope that localizes to HLBs during S phase (White et al., 2007). We stained 3
instar larvae brains, because HLBs are easy to identify in this tisdubel. sm1lmutant
phenotype is fully expressed at this developmental stage. In wild-typeHieBs were
clearly detected by the co-localization of MPM-2 staining, anti-Lsmifista and U7
snRNA FISH (Fig. 3.7C). The lack of U7 FISH signal in MPM-2 positive HLBd7mull
mutant cells confirmed the specificity of our U7 probe (Fig 3.7D). As we preyiousl

observed for Lsm11 (White et al., 2007), we could not detect Lsm10 signal in the HLBs of
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U7 null mutants, indicating that neither Lsm10 nor Lsm11 accumulate in HLBs in the
absence of U7 snRNA (Fig. 3.7D). Usml0andLsmllmutants we failed to detect U7
SnRNA in the HLBs, and with respect to FISH signal for the U7 snRNA these grepara
were indistinguishable from thé7 null mutant (Fig. 3.7E, F)This indicates that in the
Lsml10andLsmllmutants, the aberrant U7 snRNP does not localize to the HLB. We know
that in these mutants other proteins can correctly localize to the HLB, bétBise

staining is similar to that in wild-type contrdlsig. 3.7E,F). Finally, we did not detect

Lsm10 protein in HLBs oEsml1lmutants, consistent with our Western blot results showing
a lack of Lsm10 protein accumulationlism11null mutants (Fig. 3.7F). Together these

results indicate that Lsm10 and Lsm11 are required for U7 SnRNA localizatibe HLB.

91



url.‘r'n 1S

92



FIGURE 3.7. TheU7 snRNP formed in an Lsm11 mutant does not localize to the histone locusbody. (A)
Stage 5 Lsm1%?**" P[Vv5-Lsm11] homozygous embryos were stained with anti-Disngje antibodies, to
visualize cell boundaries, and anti-V5 antibodle& panels, both red in merge). Anti-mouse seeondntibodies
were used to simultaneously detect V5-Lsm11 anddlisirge. Embryos were also stained with DAPI€biu
merge). Note that V5-Lsm11 localizes to one or iwiolear foci just like endogenous Lsm1l. Arrondi¢ate the
same cell in A (2Qum scale bar) and B (4m scale bar). (C-F) Brains dissected fraf*8 U75Y11%%% | sm1F4E>!
andLsm1£%2%*"®%hird instar larvae were stained with MPM-2 (ficsiumn; green in merge), hybridized with a
fluorescent probe recognizing U7 snRNA (secondroolumagenta in merge), anti-Lsm10 antibodies (tbaidimn;
red in merge), and DAPI (blue in merge). Arrowsidatie a histone locus body that contains MPM-2gamtfs), U7,
and Lsm10Arrowheads indicate a histone locus body lack#fgM-2 staining. This nucleus is likely not actively
dividing, and therefore lacks the Cyclin E/Cdk2idtt necessary to produce the MPM-2 epitope. Nbég both U7
and Lsm10 are undetectable in histone locus bad@é&ed by MPM-2 staining in bottsm10(E) andLsm11(F)

mutant brains. Bar, 10m.

DISCUSSION
Recent studies of SnRNAs and their associated Sm proteins have revealed new snRNP
particles and novel functions for existing particles (Beggs, 2005). Herepme tige first
genetic analysis of Lsm10 and Lsm11, which are both components of the Sm protefn ring
the U7 snRNP particle. Our data indicate that, like U7 ShRNA, Lsm10 and Lsm11 are
essential for histone pre-mRNA processimgivo. Surprisingly, our data also suggest that
these Lsm proteins play an essential role in development that is likelyemadkag of U7

snRNA and histone mMRNA metabolism.
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Genetic evidencefor a novel function for Lsm10 and Lsm11

As predicted from previous studies of U7 snRNP (Pillai et al., 2001; Azzouz &
Schumperli, 2003; Pillai et al., 2003; Azzouz et al., 2005; Wagner et al., 2006), including our
phenotypic analysis of U7 snRNA mutationddrosophila(Godfrey et al., 2006), we find
thatDrosophilaLsm10 and Lsm11 are both essential for normal histone mRNA biosynthesis
during development. The longer, aberrant histone mRNAs produtsdibOandLsm11
mutants are identical to those we previously described in mutad®@ fRNA and other
components of the histone pre-mRNA processing machinery, and arise frore tife us
cryptic downstream polyadenylation signals located within each histoné$dhean et al.,
2001; Lanzotti et al., 2002; Godfrey et al., 2006; Wagner et al., 2007). Thus, as expected,
loss of Lsm10 and Lsm11 results in the same molecular phenotype as loss of & snRN
However, unlike viabl&J7 snRNA mutants, bothsm10andLsmllmutants die as non-
pharate pupae. This is reminiscenStiipmutants, which also die as larvae or pupae
(Lanzotti et al., 2002). We attribute the lethalitySthpmutants to an earlier onset of
histone pre-mRNA misprocessing during development (i.e. embryonic st84gpmutants
versus 8 instar larval stage ib7 mutants) resulting from the lack of maternal SLBP and a
large store of maternal U7 shnRNA. However, this model cannot explain the jettalit
LsmllandLsml1lOmutants, since the timing of onset of histone misprocessing during
development i.sml1landU7 mutants is identical for each of the five replication-dependent
histone mRNAs and there is no difference in the amount of histone mMRNA presentbetwee

the two mutants.
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What might cause tHesml10andLsmllmutants to die? Surprisingly, there is still U7
SNRNA present i.sm10andLsml1lmutant third instar larvae. One possibility is that an
aberrant U7 snRNP particle assembles in the absence of Lsm10 and Lsm11, péhhaps wi
SmD1 and SmD2 replacing Lsm10 and Lsm11 in the Sm protein ring that binds U7 snRNA.
This aberrant U7 snRNP particle may be detrimental and result in a dominanteneffatt
on some essential process. However, this model is not supported by our observation that
Lsm11 U7double mutants are not viable, because it predicts that removing U7 ShRNA
should suppress the lethality of Lsm11 mutants. Therefore, we interpret our data as
indication that Lsm10 and Lsm11 are involved in a U7-independent function that iedequir
for viability.

Since Lsm10 and Lsm11 are binding partners in the U7 Sm ring, it is possible yhat the
could both be part of another Sm or Lsm ring. Lsm proteins participate in s@ests0f
RNA metabolism, and the full repertoire of Lsm complexes that @risigois not known
(Beggs, 2005). The best understood Lsm complexes are the heptameric Lsniekcom
which binds U6 and functions in the nucleus during pre-mRNA splicing, and the heptameric
Lsm1-7 complex, which functions in cytoplasmic mRNA decay (Beggs, 2005). There is
evidence for other novel Lsm complexes whose composition remains incompletely
understood. For instance,$accharomyces cerevisiaecomplex containing Lsm2-7 that
resides in nucleoli associates with the small nucleolar RNA (snoRNA) snR% isfac
member of the box H/ACA class of snoRNAs that function in pseudouridylation of rRNA
(Fernandez et al., 2004). This Lsm complex is likely distinct from the Lsno2alex
(Fernandez et al., 2004). Xenopusa complex containing Lsm2, -3, -4, -6, -7, and -8

associates with the U8 snoRNA, which is a member of the box C/D class of shoRNAs
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(Tomasevic & Peculis, 2002). It is unclear whether this is the sam2-8stomplex that

binds the U6 snRNA or whether an unidentified Lsm protein binds only to U8 (Tomasevic &
Peculis, 2002). In neither the yeast nor the frog complex have all the Lsm conspuermt
identified. Thus, in principle, Lsm10 and Lsm11 could be part of an uncharacterized Lsm
ring that can transiently bind to any of the many snRNAs or snoRNAs.

There is recent evidence that Lsm10 and Lsm11 could function in aspects of RNA
metabolism other than histone pre-mRNA processing. Park et al. (2004) reporteNAat
mediated depletion of Lsm11 DrosophilaS2 cells causes a shift from one alternatively
spliced variant of th®rosophilaparalytic gene to another (Park et al., 200garalytic
encodes a neuronal sodium channel that is essential for developement (Lougthney et
1989). Therefore, ihsmllmutants a shift iparalytic splice variants may disrupt
expression of the sodium channel in a way that causes lethality. However, we videdana
detect any significant difference in accumulation of paralytic spheciants between wild-
type and.smllmutants (data not shown). Nevertheless, there are many altelyapliced,
essential genes Drosophila Disruption of normal expression of even a single one of these
by loss of Lsm10 or Lsm11 may be sufficient to cause the lethalitgrolOandLsm11
mutants. Our future work will involve testing whether we can identify a nowekibn for

Lsm10 and Lsm11.

U7 snRNA assemblesinto a snRNP without Lsm10 and Lsm11
During the biogenesis of sSnRNP particles, newly transcribed snRNA is expotted t
cytoplasm where it is bound by the Survival Motor Neuron (SMN) Complex, which then

assembles the Sm ring onto the snRNA (Matera et al., 2007). Based on previous work
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indicating that snRNAs which are incapable of binding Sm proteins do not accuniolads (

& Guthrie, 1990; Grimm et al., 1993), we did not expect to detect U7 snRN#mAd 1

mutants (which also lack Lsm10). Instead, we readily detected trimesimggune cap-

modified U7 snRNA irLsmllmutant larvae when histone pre-mRNA processing was
completely defective. Because the 5’ cap of SnRNA is hyper-mettiydatg after assembly

into a snRNP particle (Mattaj, 1986), we infer that the U7 snRNA presentisnahl

mutant is part of an intact snRNP. The composition of such an aberrant U7 snRNP is not
known. However, we speculate that SmD1 and SmD2 inappropriately bind U7 snRNA in the
absence of Lsm10 and Lsm11. There is some precedence for this possibility. nG tiaegi

U7 Sm binding site to the canonical site found in spliceosomal snRNPs results in U7 snRN
particles that can not function in histone 3’ end processing and that contain SmD1 a&d SmD
instead of Lsm10 and Lsm11 (Stefanovic et al., 1995; Pillai et al., 2003). In the protozoan
parasitelrypanosoma brucdwo novel Sm proteins, Sm15K and Sm16.5K, replace SmB

and SmD3 in the U2 snRNP. The Sm sit&igpanosomdJ2 snRNA differs by one base

pair from the consensus Sm site in othepanosomd) snRNAs, and a single base pair
change in the U2 Sm site can convert the special Sm ring containing Sm15K and Sm16.5K to
the canonical one containing SmB and SmD3 (Wang et al., 2006). Since the SmD1/SmD2
heterodimer is very similar in structure to the Lsm10/Lsm11 heterodimerpgerhdahe

absence of competing Lsm10 and Lsm11 protein, SmD1 and SmD2 bind to the non-
consensus Sm site in wild type U7 snRNA. Further studies are needed to tegidthesis
directly. An alternative possibility is that in the absence of Lsm10 amd 1.&n

intermediate in the U7 snRNP assembly pathway accumulates suffi¢@b#ydetected.
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The aberrant U7 snRNP we detect.smllmutants is non-functional in histone pre-
MRNA processing, presumably because it lacks both Lsm10 and Lsm11 proteins, which
contribute to U7 snRNP function in at least two ways. First, we cannot detect UASNRN
and by inference the aberrant U7 snRNP particle, at the histone Idegmlior Lsm10
mutants. Thus, Lsm10 and/or Lsm11 are required for the proper localization of U7 sSnRNP to
the sites of histone mMRNA biosynthesis. Second, Lsm11 plays a direct role in histone pre
MRNA processing by interacting with other components of the processitnnegc For
instance, in human cells Lsm11 interacts with ZFP100, a zinc finger protein {bst hel
coordinate the processing machinery on nascent histone mRNA (Dominski et al., 2a02; Pil
et al., 2003; Wagner et al., 2006). This interaction requires a unigeteihinal domain of
Lsm11 that is not found in other members of the Sm/Lsm protein family. Consequently,
even if the aberrant U7 snRNP localized correctly to the HLB, histone pre-mRi¢Agsing
would likely remain defective.

In summary, our genetic analysis of Lsm10 and Lsm11 provide the groundwork for
exploring novel roles for these two proteins in both histone pre-mRNA processing and oth

aspects of RNA metabolism.
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CHAPTER IV

STRUCTURE FUNCTION ANALYSISOF LSM11

Preface
This chapter presents work | did to try to create a separation of funcedndll

DrosophilaLsm11 by making and analyzing N-terminal deletions of the protein. This work
did not lead to a publication, but did create reagents that will be used by other me&mbers o
the lab. Robert J. Duronio, my thesis advisor, and | conceived this project and | did most of
the experimental work described in this chapter. Jeff Simms, a formerctessanician in

the lab, taught me how to inject cloned constructs to make transgenic fly lines Whitee

a graduate student in the lab, did the confocal imaging of my deletion lines looking for V5

expression in third instar larval brains (data not shown).



ABSTRACT
Both Lsm10 and Lsm11 are only known to bind to the U7 snRNA and there is no

evidence that the U7 snRNP is involved in any process other than histone pre-mRNA
processing. In spite of thissm11null mutants do not survive to adulthood whilé null
mutants do. Both mutations however, result in the production of Pdhjsfone mRNA.
Lsm11 has a long N-terminal domain that is not present in other Sm or Lsm proteins and
contains regions of high conservation from vertebrates to invertebrates. drbatex N-
terminal deletions in this region to try and separate Lsm11’s two functictenai
processing and viability. | have created transgenic flies with thesedslan order to ask
if I could rescue the lethality of Lsm11 mutants or the misprocessed hisRNA M
phenotype of Lsm11 mutants. | was able to rescue both the lethality and misgmtocess
MRNA phenotype with a wild-type copy of Lsm11, but was unable to rescue either the
lethality or the misprocessed mRNA phenotype in my three deletion lines. Iduadethat
this is due to the inability of these lines to accumulate truncated versions i [psatein to

any measurable level in the fly.

INTRODUCTION

The U7 snRNP is required for histone pre-mRNA processing and is related to the
spliceosomal snRNPs, which cleave out the introns of MRNAs. The U7 snRNP has been
shown to contain two unique proteins, Lsm10 and Lsm11, named for being Likee8ms,
which contain the two Sm binding domains and are therefore similar in structure to Sm
proteins These two proteins replace the Sm proteins D1 and D2, respectively, in the 7

member Sm protein ring which binds to the U7 shnRNA. Both Lsm10 and Lsm11 are only
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known to be part of the U7 snRNP and are not known to bind to any other snRNA or other
Lsm proteins.

Lsm10 is very closely related to Sm D1 while Lsm11 is much more divergent from
Sm D2 (Pillai et al., 2003) (Pillai et al., 2001). Lsm11 also contains a unique stiietiie
not present in any other Sm or Lsm protein. The two Sm motifs of Lsm11 aretsdmgra
long linker sequence, 138 amino acids in human and B8asophila The Lsm11 protein
also contains a long N-terminal extension that is not seen in any other Snbeaoiifg
protein, and Lsm11 does not contain a C-terminal tail after Sm motif i @ikhl., 2001,

Pillai et al., 2003). It is known in mammalian cells that the unusually longnNres of

Lsm11 is directly required for histone pre-mRNA processing and when the hwisria
deleted, cleavage of a synthetic histone pre-mRNA injecteXigiopusoocytes is

abolished completely (Pillai et al., 2003). A likely candidate for binding to LsnN-1's
terminus in histone pre-mRNA processing in mammals was ZFP100, a novel 100-kDa Zn
finger protein which bound to the SLBP/SL complex. Antibodies to ZFP100 were found to
precipitate U7 sSnRNA from nuclear extracts (Dominski et al., 2002). It wersslaown that
ZFP100 binds directly to Lsm11 (Azzouz et al., 2005) (Pillai et al., 2003) and it is believed
that this binding helps to stabilize the complex on the histone pre-mRNA and teeruit t
cleavage endonuclease, CPSF73 (Dominski et al., 2005).

Lsm11l’s N-terminal domain contains four regions of amino acids which are
conserved from vertebrates to invertebrates(Azzouz & Schumperli, 2003). Figunewsl s
an alignment of Lsm11s N-terminal region. The black lines numbered 1-4 show the four
regions of conserved amino acids. The specific function of these regions is not known

although the binding of human Lsm11 to ZFP 100 occurs via a specific region which is not
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conserved in invertebrates (Wagner et al., 2006) (Fig 4.1 black arrow). It has been shown
that some amino acids of these conserved regions are necessary for Lsmiibs iiainc
histone pre-mRNA processing, since these point mutations impair processing but not
Lsml11l’s binding to ZFP100 (Azzouz et al., 2005), but exactly how these regions megliate t
function of Lsm11 is currently unknown. It is very interesting to note that the oy li
sequence in Lsm11 does not contain any regions with such high conservation from
vertebrates to invertebrates, but instead is only highly conserved in vertebratesZ At al.,
2005).

Our results indicate that thesm11null mutant flies do not survive to adulthood,
whereas homozygouws$7 mutants are viable, but male and female sterile (chapter IlI).
However, the developmental onset of misprocessed histone mRNA is the same for both
mutants as measured by northern blots of all five cell cycle regulateddgtnes (Fig 3.2,
3.3, 3.4 and data not shown). This suggests that Lsm11 is participating in a process outside
of histone pre-mRNA processing, and this process is essentixidsophilaviability. If
this is the case, then we might be able to separate those two distinct functismeld@f We
hypothesize that one or more of these regions might be necessary for Lsmdli/ement
in histone pre-mRNA processing while another region might be involved in a different
essential process. To test this, | have made three V5 N-terminal taggezhdslastructs as
well as a wild-type V5 N-terminal tagged construct of Lsm11 protein and maagsgénic
fly lines carrying these constructs. | then tested each transgene ta seeald rescue the
misprocessed histone mMRNA phenotype and the lethality caused by the loss of Lsm11. |
found that the wild-type copy of Lsm11 could rescue both phenotypes, but the other three

deletions lines could not rescue either phenotype. This is due to the fact thag¢ehd-t
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terminal deletion lines were not stably expressed in both the fly and in S2 cells ra@fokéhe

they were not able to rescue either phenotype caused by loss of Lsm11.

1,36
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Figure4.1. Lsm11 N-terminal alignment. The species used are named on the TEfie numbered black lines
show the conserved regions named region 1-4 ragplct The black arrow points to the conservedargn
mammals that lies within the ZFP 100 binding sitéa@iner 200Y. Note this area is also part of region 2. The
dashed vertical lines are the amino acids numbebegie inDrosophila melanogasterThese amino acids show

the boundaries that outline the three deletiontroots described in figure 4.2.

Material and Methods

Western Blots and | mmunopr ecipitations
Protein lysates were prepared in NET buffer (.05 M Tris pH 7.5, .4 M NaCl, .005 M

EDTA, and 1% NP40) with 100mM PMSF, 1mg/ml Leupeptin, and .5mg/ml Pepstatin at 1-

100 and 1-1,000 final concentrations respectively. Homozygous mutant larvae were
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identified as the GFP negative class from heterozygous parents con@y@ftwi-GFP]
balancer chromosomes. Whole third instar homozygous mutant larvae wereedaliedt
homogenized using a tissue homogenizer or transiently transfected S2 celteeeted

and lysed in NET buffer. The lysates were cleared by centrifugation &00i@ 10 min at
4'C. For the V5 IP the lysates were incubated with 1° antibody, mouse anti-V5 (1:500 from
Invitrogen), at 4° C for 2 hours on a nutator.u4@f washed and resuspended protein G
beads were then added and samples were incubated at 4° C on a nutator overnight. The
samples were then spun at 10,000 rpm for 10 sec and allowed to sit on ice for 5 min. The
supernatant was then removed and the beads were washed 3X with 1mL of NET buffer.
40uL of SDS loading buffer was then added and samples were boiled for 5 min. and then
loaded onto a 15% Tris-HCI gel (BIO-RAD Ready Gels). Samples were run in IX TR
GLYCINE and transferred to a .4%n Pure Nitrocellulose Membrane (BIO-RAD Trans-Blot
Transfer Medium) in 1X Transfer Buffer (2 M Glycine, .125 M Tris Base, and .2%
Methanol). Membranes were then probed with mouse anit-V5 (1:1,000 from Invitrogen)
Horseradish Peroxidase linked secondary (Amersham Biosciences) was usedj1with

ECL (Amersham Biosciences) to visualize. For straight V5 and GFP \Wégtates were

run on the same % gel and blotted the same as above. Rabbit anti-GFP (Abcamyl\aas use

1:10,000.

Northern Analysis
For Northern blots, total cellular RNA was isolated using TRIzol Reageéntdi>
For the analysis of Histone H3 mRNApg@/lane of RNA were subjected to electrophoresis

in 1XTBE through a 1% agarose gel containing 0.01 M MOPS (pH 7.0) and 6.75%

109



formaldehyde. Separated RNAs were transferred via the wick method in 20XCB6C
containing the histone H3 coding region was labeled ufitfP]-dCTP using a random
primer labeling kit (Stratatene). Hybridizations were performed at 60° C.

Homozygous mutant larvae were identified as the GFP negative cass fr
heterozygous parents containi@y O P[twist GFP] balancer chromosomes. For the analysis
of the WT V5 construct homozygod4°>third instar larvae mutants were collected from

homozygous parent since the flies are carried as a healthy stock.

Cell Cultureand Transfection

Schneider S2 cells were provided by Shusaku Shibutani. Cells were routirvety gro
at room temperature in Schneidddsosophilamedium (Gibco). For transfection, S2 cells
diluted to 5x16 cells/ml were plated in 6 well plates (1.6 ml culture per well) and grown for
a day until transfection. For transient transfection with pCaSpeR 4 construdts=6r a
expressing construct (provided by Shusaku Shibutani), cells were transfetti€@ddwg per
well of plasmid using EffectefigQiagen), and subjected to analyses at 2 or 3 days after

transfection.

Transgenic Flies

Cloning of Lsm11’s entire genomic locus including its promoter and 3’ end is
described in chapter Ill. This clone in Pcasper4 was used as a templat®for PC
amplification of the four tagged lines. The V5 epitope was added to the 5’ end of each
construct by PRC primer so that it was in frame with Lsm11’'s ORF and ended thefor

first codon in Lsm11. The deletions were made in the same way except ppeafic $or
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each deletion were generated to make the desired PCR product and then the PCR product
was subcloned into the existing Lsm11 genomic construct in Pcasper4.

Transgenic fly lines were generated from each construct and for @astinuct
different insertions on different chromosomes were mapped and kept as a balaciced st
Lsm11 mutant/V5 construct stocks were made from insertions on the third chromosome by
crossing [Lsm11 V5]/[Lsm11 V5] ta1°°***7CYO Pjwist GFP] and from here males that
were11°%%47+:[Lsm11 V5]/+ were crossed to W§YCYO Pfwist GFP] virgins to get
11°°%°*7CYO Pjwist-GFP]; [Lsm11 V5]/+ males and virgin females that were then crossed
to each other to get a balanced stock15f***/CYO Pjwist GFP]; [Lsm11 V5]/[Lsm11 V5].
The presence of both the Lsm11 P-bac and the V5 construct were checked byrR&R pri
specific to each. For the rescue of lethality males that $/8*7CYO PRwist-
GFP];[Lsm11 V5]/+ were crossed to virgins that were Df2RMO73/CYO BftGBFP] and
from here the progeny were checked for the presence of non-CYO wingsghea
11°0%°*1Df2RMO73 [Lsm11 V5]/+ flies were able to survive to adulthood. Making of the
WT V5 second chromosome recombinant was described in Chapteffiflies were used

as a positive control throughout and 1HE°2%*"Pllele was described in chapter I11.

Results

WT V5 tagged Lsm11 constructsrescue both histone mMRNA misprocessing and
lethality

In order to try to create a separation of function mutant and to study the function of
Lsm11’s uniquely long N-terminus | made four constructs, three which del&teedif
regions of Lsm11’s N-terminal region and one encodes wild-type Lsml1lrprdibe first

was a V5 tagged wild-type copy of the Lsm11 genomic locus including its own endogenous
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promoter and 3’ UTR (Fig. 4.2). This serves as our positive control. The second and third
were both tagged with the same V5 epitope tag as the first and included the same 5’ and 3’
sequences as the first, but each one deletes a different region of consgngedads. The

first deletes the first 36 amino acids which includes region 1 of conserved arcisi¢Fag.

4.2). The second deletes amino acids 36-72, which is region 2 of conserved amino acids
(Fig. 4.2). We chose only these two regions to start with because region 1 hasdke high
amount of conservation among invertebrates of the 4 regions, and region 2 is near¢a the
of conserved amino acids in vertebrates that has been shown to bind ZFP 100 in vitro
(Wagner 2007) (Fig. 4.1). The fourth construct deletes the first 150 amino acids whieh is t
entire N-terminus up to the beginning of the first Sm domain (Fig 4.2) and it seroes
negative control since the N-terminus is known to be required for histone pre-mRNA
processing. | generated transgenic lines of flies carrying eaabf timese constructs and

used these flies to test for rescue of the misprocessed histone mMRNA phendtypscae of

lethality.

1 2 3 4 Sml Sm?2
WT V5 (TP R T O R | ||

2 3 4 Sml Sm2
2\ 36 V5 (I | ||

1 3 4 Sml Sm2
A 36-72 V5 (I | |
A 150 V5 e oo

B V5 Tag
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Figure4.2 V5tagged Lsm1l constructs. Representation of the four Lsm11 constructs made

black boxes represent the four regions of amindsacbnserved from vertebrates to invertebrates and
the blue boxes represent the two Sm domains. ikebpx at the beginning of each construct
represents the V5 tag put on the beginning of ther’inus right before the ATG start site. The

triangle and numbered name of each construct repiethe number of deleted amino acids.

| first checked the WT V5 line for rescue of the misprocessed histone mRNA phenbtype
made a second chromosome recombinant between a WT V5 construct that was inserted ont
the second chromosome and tsen1hull mutant,11°°*°*’ (chapter 111) which was also

located on the second chromosome. | then did an H3 northern blot on this recombinant line
compared to my null mutant and a wild-type positive control. | was able to see @mmplet
rescue in the recombinant lane with none of the longer, misprocessed bands tlestesrte pr

in the null mutant lane (Fig 3.4 A, lane 1 compared to lane 3). | also crossed one of my WT
V5 constructs inserted on the X-chromosome tausipl1null mutant line and did an H3
northern blot to make sure that the rescue was not specific to one transgenic insertion |
found that again | got rescue of the misprocessed histone mMRNA phenotype (Fig¥s3). T
shows that my WT V5 construct is able to fully rescue the misprocessed historie mRN
phenotype caused by the loss of Lsm11. Both the second chromosome and the X-
chromosome construct were also able to fully rescue the lethality asmnekhre both able to

be carried as a stable stock in teen11null mutant background, meaning that they can not
only rescue the lethality all the way to adulthood, but both WT V5 constructs redditg fer

enough to produce healthy progeny (data not shown).
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mis-proc
H3

Figure4.3. H3 Northern on WT V5 construct. RNA isolated from whole third instar larvae wasjsgked to

50-3
1

Northern analysis witf?P-labeled H3 probe. (Lanes 1 and 2) indicated types. 1 is an X-chromosome

line carrying a V5 N-terminal tagged wild-type copfyLsm11 under it endogenous promoter that has bee
crossed td 1°°%**'flies. (Lane 3W** positive control. Homozygoukl**®*mutants collected from homozygous
parents since the flies are viable and can beethas a healthy stock. Homozygdi&?**"®mutants collected
from 11°°°*ICYO Pjwist GFP] xDf2RM073CYO Pfiwist GFP]parents. Note that there is almost no detéeta
misprocessed H3 in lane 1. The dark spot in laisenbt a misprocessed band, but a smudge presyrinabi

the hybrization process.

V5 tagged Lsm11 deletion lines do not rescue histone mMRNA misprocessing or lethality
The WT V5 construct was acting as expected for my positive control so leséed t

whether the three deletion lines could also rescue the misprocessed histéAgpheRotype.

If my hypothesis is correct then | expected to see thatntire é&\-terminal deletion construct,

A150 V5, would not rescue the misprocessed histone mRNA phenotype since it is known that
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the N-terminus of Lsm11 is required for this function (Pilladlet 2003; Azzouz et al., 2005).

If either region 1 or region 2 of conservation was required for histone pre-mRi¢Assing

then | would expect the construct which deletes the necessary region to nothiescue
misprocessed histone mRNA phenotype while the other construct which contairgidhe re
required for histone pre-mRNA processing should be able to rescue. | choskdifeezat
insertion lines that were mapped to the third chromosome for each of the remaieéng thr
contructsA150 V5,A36 V5, andA36-72 V5, and crossed them all to igm11null mutant,
11°°%%*7CY O P[twist-GFP] and made a stock for each one that bem1£**ICYO
PltwistGFP} V5 construct/V5. | then took RNA from third instar larvae that had two copies
of the V5 construct and were null for the wild-type Lsm11 gene and did H3 Northermadblots
look for rescue of the misprocessed histone mRNA phenotype. | found that all three of the
A150 insertion lines failed to rescue the misprocessed histone mRNA phenotypel (Kig
lanes 1, 3, and 4 compared to lane 6). This was what | expected and suggests that the entire
N-terminal extension of Lsm11 is necessary for histone pre-mpidéessing ifbrosophila

The other two deletion constructs36 andA36-72, which delete regions 1 and 2 respectively,
also did not rescue the misprocessed histone mRNA phenotype. For both constretds | test
several different insertion lines, all on the third chromosome; none of them wette abl
produce any correctly processed histone H3 as measured by Northern blot (Figathel 2
compared to lane 6 and B, lanes 1-6 compared to lane 8). None of the different third
chromosome insertion lines faB6,A36-72, and\150 rescued the lethality of Lsm11 null
mutant,Lsm1£°2°*”®" This means that all three deletion lines did not rescue the lethality
caused by loss of Lsm11. Since #&#50 V5 construct could not rescue the lethality seen in

Lsm11null mutants, this supports the idea that the entire N-terminal region of Lsm11 is
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necessary for its essential function as well as its function in histone pxé-pRcessing.

In addition neither tha36 orA36-72 V5 construct was able to rescue either the lethality or

the misprocessed histone mRNA phenotype seeanmllnull mutants. This could be due

to two things. One is that both region 1 and region 2 are required for both functions of
Lsm11 protein, and the second is that both of these mutant proteins do not stably accumulate

and are therefore unable to rescue either phenotype.

is-proc
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Figure 4.4. V5 tagged L sm11 deletion lines do not rescue histone mMRNA misprocessing or lethality.

RNA isolated from whole third instar larvae wasjsated to Northern analysis witfP-labeled H3 probe. (A)
(Lanes 1-5) indicated genotypes. Each number septs a different third chromosome inserted limeefch V5
construct. (Lane 6)V**® positive control. Each transgenic line was crdgsé.sm1£°?**7CYO Pfwist GFP]and a
stock was made carrying two copies of V5 constristtmozygous Larvae that werem1£°%°*7Lsm1£%2°4% v5
construct/V5 construct were selected from heteromgysm1£°°**ICYO PRwist GFP];V5 construct/V5 construct
parents. Homozygoukl®?**"®mutants collected from1°**/CYO Pwist-GFP] xDf2RM073CYO Pfwist
GFP]parents. Note that none of the differentcd@bstructs contain any correctly processed histthe (B) (Lanes
1-7) indicated genotypes. (Lane\®}'® positive control. GFP negative larvae for eachstuct genotype was
collected the same as in A. Homozygdd®?**"*'mutants also collected the same as in A. Agaie tiwit none of

the different V5 constructs contain any correctiggessed histone H3.

Thethree V5 deletion constructs did not accumulatein either wholefliesor S2 cells

To make sure that the lack of rescue was not due to a lack of expression in the fly, |
first measured the expression of the V5 tag in all of my transgenic fly lirted.western
blots using the V5 antibody to detect the N-terminal tag, in protein from embigotmois
taken from my transgenic fly lines which had two copies of each construct in awis¢her
wild-type background. | was unable to see any expression of the V5 tagged qano&ein f
of my four constructs (data not shown). This included the two WT V5 lines that écescu
the misprocessed mMRNA phenotype and lethality (Fig 3.4 A and Fig 4.3). | atbeetrie
blotting my western blots using an antibody for Lsm11 to try and see the largery tamid
for Lsm11 due to the V5 N-terminal tag and was again unable to see anythatigpfany
constructs (data not shown). This could mean that the four V5 constructs do not stably

accumulate in the fly. However, at least for the WT lines | know thatrthesy be expressed
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since they can rescue both phenotypes caused by loss of Lsm11 protein. Sindaée weas a
make a stable stock of flies that were carrying two copies of the WT V5ecnist my

Lsm11null mutant background | took embryos from this stock and did a V5 Western blot on
that sample compared to the WT V5 construct alone in an otherwise wild-tyqogduaad.

| was able to see expression of the V5 tag from the stable stock carryingpies of the

WT V5 construct in asm11null mutant background compared with almost none from the
construct alone in a wild-type background (Fig 3.4 B, lane 1 compared to lane 2 and 3). This
suggests that the WT V5 construct only stably accumulatedlisratlnull mutant

background where the V5 construct is the only copy of Lsm11 protein. This could be the
reason why | was unable to see any V5 expression for the deletion constcethsy were

not in anLsm11null mutant background. Since | had already made stocks carrying two
copies of each V5 construct on the third chromosome with my Lsm11 mutant on the second
chromosome for my northern blot analysis, | took protein samples from third ingtee lar

and used the V5 in immunoprecipitation down with and then blotted for V5 with a Western
blot. Again | was able to see the WT V5 construct in my second chromosome recus)bina
11" and11* 1 (Fig. 4.5 A, lanes 6 and 7 compared to lane 9), but was unable to see any
accumulation of the twa36-72 V5 constructsy36-72 11*andA36-72 11%*compared to

my non-transgenic, negative control (Fig. 4.5 A, lanes 1 and 3 compared to lane 5). | was
also unable to see any accumulation of the second chromosome WT V5 line in wild-ty
background (Fig. 4.5 A, lane 2). | performed the same experiment on all the resthafdmy t
chromosome V5 deletion constructs that | had crossed intosmg 1null mutant

background and was unable to see any accumulation of any of my three V5 tagged deletion

constructsA36,A36-72 andA150 (data not shown). | expected once | had crossed all of my
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constructs into ahsm11null mutant background | would be able to finally see accumulation
of the V5 tagged deletion lines, but this was not the case. We also stained thirdinsta
brains from the three deletion lines inlssm11lmutant background to visualize V5 tagged
protein and were also unable to see anything above background for all threa dieles
(data not shown). This result does however explain why only the WT V5 construct was able
to rescue both the misprocessed histone mRNA phenotype and lethality causedoby los
Lsml11l and the three V5 deletion constructs were not able to rescue either phenotype

Just to be sure that | was really unable to get stable expression of my%hree
deletion constructs | transiently transfected all four V5 constructg aldh empty vector
(negative control) and a GFP expressing vector (positive transfection gamttvol
DrosophilaS2 cells and did a Western blot to look at both V5 expression and GFP
expression. | was able to see a band that ran at the correct size for the \WisW&aot in
that sample that was not present in my empty vector negative control (Fig. d&re &, |
compared to lane 5). | was unable to see any bands of the correct size for eashtbete
were not also present in the negative control (Fig. 4.5 B, lanes 1, 2, and 3 compared to lane 5)
So in both the whole animal an in cell culture, | was unable to see stable accumufiitie

three V5 deletion construc86, A36-72 andA150.
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Figure4.5. ThethreeV5 deletion constructsdid not accumulatein either wholefliesor S2 cells. (A) Protein lysates
isolated from whole third instar larvae was sulgddb immunoprecipitation then Western blot analygth a V5
antibody. (Lanes 1-3 and 5-7) indicated genotyfds$'?is a second chromosome insertion of WT V5 not @dssto the

11-1

11" hackground and1**°and11****are two second chromosome recombinants made bsigds**transgenic

flies to 11502047

mutant flies. The twa36-72 stocks are the same as used in figure 4.4 &es 4 and 8) V5 positive
control. (Lanes 5 and 9) Negative, non transgeoitrol. Homozygous1***°and11**"** mutants collected from
homozygous parents since the flies are viable ance carried as a healthy stock. Homozygous kathat were
Lsm1E%2%47.sm1£°2%4* A36-72 V5 construch36-72 V5 construct were selected from heterozydsnsl £°2°*7CYO
Pltwist GFP]; A36-72 V5 construc¥36-72 V5 construct parents. Note that there ig erpression of the WT V5 second
chromosome recombinant lines and nonelfdt or two A36-72 stocks. (B) Protein lysates were prepareuh fr
DrosophilaS2 cells that had been transiently transfectedsabiected to Western blot analysis using indicatgibodies.
(Lanes 1-4) indicated V5 construct. (Lane 5) enyagtor negative control. (Lane 6) GFP expressaxjor, positive

transfection control. Note that only the WT V5 stract shows any expression over the empty veetokdround and that

the GFP expressing vector shows good expressi@if
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Discussion

Our analysis of.sm11null mutants irDrosophilacompared to null mutants in the U7
SnNRNA has revealed a surprising difference in their terminal phenotype. We havehaund t
while both mutants disrupt the normal processing of histone mRNA at the sancritinge
development (Fig 3.3, 3.5 and data not showsim11null mutants do not survive to
adulthood andU7 null mutants do. We hypothesize this is evidence for a novel function of
Lsm1l1l that is independent of the U7 snRNP and is required for viability. We hypothesize
that regions of high conservation in the unique N-terminal extension of Lsm11 (Fig 4.1)
(Pillai et al., 2003) are required for its novel essential function and so we madgget ta
deletion constructs to try and separate Lsm11’s histone pre-mRNA processitigrf from
its essential function. However all of the deletion constructs we madelefexive in both
functions of Lsm11 and we were even more surprised to find that the three detetson li
were not stably expressed in both the fly anBriasophilaS2 cells.

We have found that our positive control, which is a V5 N-terminally tagged copy of
full length Lsm11 protein under its endogenous promoter, is able to fully rescue both the
production of Poly A+ histone mRNA and the lethality caused by the loss of Lsm1B&ig
A, 4.3 and data not shown). This result was not surprising however we were surprised to find
that the WT V5 tagged protein did not accumulate in a background that is wild-type for
Lsm11 protein (Fig. 3.4 B and 4.5 A). Instead we had to put the WT V5 constructs in a
background that was null for Lsm11 protein before we could see any measurable
accumulation (Fig. 3.4 B and 4.5 A). We were also surprised to find that none of our three of
our deletion linesA36,A36-72 andA150, were able to rescue the misprocessed histone

MRNA phenotype or the lethality caused by the loss of Lsm11 ( Fig. 4.4 and data not show
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This is likely due to the inability of the three deletion constructs to accusatiainy
measurable level, even in a background null for Lsm11 protein where we were &de to s
accumulation of our WT V5 construct (Fig. 4.5 A and data not shown). This was true even
when we transiently transfected the three deletion constructs into S2nckeliéooked for
accumulation of the V5 tagged protein. We were able to see accumulation of the WT V
construct and a positive transfection control (Fig. 4.5 B).

We did not expect to find that an N-terminally tagged wild-type copy oflilsumder
its endogenous promoter could only accumulate to measurable levels when put into a
background that is null for Lsm11. We know from previous data that an N-terminalgdtagg
YFP-Lsm11 accumulates in the fly in an otherwise wild-type background and caenbeyse
staining for YFP, but this construct is not under the control of Lsm11’s endogenous promote
but is driven by a constitutively active driver. This means that in this parttcateagenic
line the YFP-Lsm11 protein is being over expressed (Liu et al., 2006). This is a key
difference between the two constructs and this could explain why wedgeerid of the
endogenous Lsm11 before our WT V5 construct can stably accumulate to measurable level
It is possible that the N-terminal V5 tag somehow makes the Lsm11 proteiraldssost
reduces its affinity for binding to its partners in the Sm ring. If this is&lse then the cell
will preferentially use the endogenous untagged Lsm11 protein first in assentiyidr t
snRNPs, any leftover V5 tagged Lsm11 protein may then be degraded by theaediebie
is not stably bound by the Sm ring or Lsm10 protein. When you remove the endogenous
Lsm11 protein the cell has no choice and incorporates the tagged protein into all the U7
snRNPs. When the tagged Lsm11 protein is over expressed it is likely that itrcan the

outcompete the endogenous protein and will get incorporated into the Sm ring of most U7

122



snRNPs first and that is why stable expression can be seen. As far as wh&kidndagged
Lsm11 protein functions as well as wild-type protein once it is in the U7 snRNPbsitice
Lsm11null phenotypes are rescued fully by this construct.

Even in a background that is null for Lsm11 protein, all three of our deletion lines
could not accumulate to high enough levels to detect by western blots or by inteimings
(Fig. 4.5 and data not shown). After transient transfectiorDndgophilaS2 cells we were
only able to detect the WT V5 construct by V5 Western blot and none of our deletion
constructs. This could mean that any deletion mutant of Lsm11’s N- termiBussaphila
is unstable and is degraded by the cell. This could be due to the inability of thesasiebet
stably bind to Lsm10 and the rest of the Sm ring or it could be due to their inabibty to f
correctly, but we favor the former idea. We hypothesize that the four regfibrgh
conservation in Lsm11’s N-terminus are necessary for its function in histoneRivé:
processing. We also hypothesizédrosophilathat region 1 and region 2 as well as all four
regions together are necessary for its stability and losing either regmmh2lsgparately or
all four together destabilize the protein. Because we only deleted region himmd2re
separately we can not say if this is true as well for deleting region 3 and regeparately
or any combination of two or three regions at the same time, but we think it isthikély
made those proteins would be unstable as well. While this work did not lead to a eeparati
of function mutant for Lsm11, it did give us the WT V5 tagged transgenic lines which are a
very powerful reagent for looking at Lsm11 protein under it endogenous promoter by use of
the V5 tag. In the future those transgenic lines could be used as tools for isolatateiaf pr

or RNA complexes that are binding to Lsm11.
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CHAPTER YV

DISCUSSION AND FUTURE DIRECTIONS

Histone biosynthesis is an important and necessary process in all cellsverdve
study of this process and the unique machinery that is needed for it has been done mostly
through the use of nuclear extract systems that support the processing of shrdtmete
pre-mRNAs and by examining the processing of histone pre-mRNAs injeateeinopus
oocytes( reviewed inDominski & Marzluff, 1999). In this thesis, we started withuéstion
of what role does U7 snRNA play in histone pre-mRNA processing dDrogpphila
development. We found the U7 snRNA is required for correct processing of all five
replication dependent histone mMRNAs. We also found that the U7 snRNA is not required for
viability in Drosophilg but is required for oogenesis (Chapter 1l). We then focused on
studying the two proteins which are unique to the U7 snRNP, Lsm10 and Lsm11, and what
role they play in histone pre-mRNA processing during developménhtasophila During
the course of our study of these two proteins we found that unlike the U7 snRNA, they are
both required for viability irDrosophila and this in turn led us to the idea that they may
have a function that is independent of the U7 snRNA. We further showed that in the absence
of both Lsm10 and Lsm11 the U7 snRNA can form a snRNP particle which is non-functional
and does not localize correctly (Chapter Ill). In addition, we created trangtesicarrying

tagged constructs which deleted parts of Lsm11’s N-terminal domain in anteffoeate



separation of function mutants in this protein. This revealed that the N-terminaindoim
Lsm11l is essential for protein stability. We have also created traosbesicarrying a
tagged wild-type copy of Lsm11 protein which has become a very useful tesaarm my

laboratory (Chapter V).

The U7 snRNA isnot required for viability in Drosophila

It has been shown through mutations in the HDE and compensatory mutations in the
U7 snRNA that in mammals the U7 snRNA acts as a molecular ruler guidingrtbetsite
of cleavage in the histone pre-mRNA(Schaufele et al., 1986; Bond et al., 1991). There is
also much evidence showing that in mammalian cells the U7 snRNP is dssdnsione
pre-mRNA processing while SLBP is only essential in processing the RMAs1that do not
form stable duplexes with the U7 snRNA (Streit et al., 1993; Spycher et al., 19%pjiteDe
everything that is known about the U7 snRNA from extracts and mammalian cells, no one
had examined what will happen to the whole animal when the U7 snRNA is knocked out.
We hypothesized that the U7 snRNA is also required for histone pre-mRNA prodassing
Drosophila,as it is in mammals. To test this hypothesis, we created null alleles of the U
SnRNA inDrosophilaand analyzed the effect this mutation had on development of the whole
organism (Chapter II).

Based on U7 snRNA’s known role in histone pre-mRNA processing and previous
data from our lab showing loss of SLBP caused lethalirosophila(Lanzotti et al., 2002),
we expected to find the loss of U7 snRNA to also cause lethality. This however, is not the
case as, U7 snRNA null mutants survive to adulthood (Chapter Il results). Hdvesee t

flies surviving all of development through to adulthood without any U7 snRNA? The answer
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could simply be that durinDrosophiladevelopment U7 snRNA is not required for proper
histone pre-mRNA processing. This however, is not the answer, since we have shown that
loss of U7 snRNA causes all five of the replication dependent histone mRNAs to be
improperly processed (Fig. 2.3) consistent with our previous débpmull mutants where
polyadenylation of the histone pre-mRNAs occurs through the use of cryptic downstrea
polyadenlylation signals present in the 3’ region of each histone gene (Sullalar2€01)
(Lanzotti et al., 2002). Since we see the same molecular phenotypdli oull mutants as
we see irSlbpnull mutants, what then accounts for the different terminal phenotype seen in
those two mutants, i.e. deathSibpmutants compared with survival to adulthoodJin
mutants? We have shown that unlike SLBP, which has little to no maternal supply of the
protein (Lanzotti et al., 2002), U7 snRNA has a large maternal store which leads to a
developmental delay in the onset of the misprocessed mRNA phenotype (Fig. 2.4 B)
compared t®lbp This data led us to the idea that although the U7 snRNA is essential in
Drosophilafor histone pre-mRNA processing, it is not required for viability due to the
overwhelming amount of maternal U7 snRNA (Fig. 2.4) which allows the animal toitnake
though embryogenesis® and 29 instar larval stages with little to no defect in histone pre-
MRNA processing (Fig. 2.4). Based on our double mutant synthetic lethality between U
null mutants and a hypomorphic SLBP allele (Fig 2.6) this idea seems to fawvittata

very well. The best way to really test this idea would be to make U7 snRNA nalhimut
germ cells that do not have any maternal supply of U7 by using the FLP/ERiated

mitotic recombination (explained in Chapter Il material and methods). We knothéhd?
SnRNA is necessary for oogenesis (Chapter 1) and when we $filagmutant germ cells

there are no eggs produced and the few clones that are made contain completely
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misprocessed histone mRNA and do not make it through oogenesis (Figure 2.7 ahi¥ 2.8).

null mutant germ cells would probably also be unable to produce any eggs due to their
inability to make it through embryogenesis, and this would preclude our abilgkdaway

the maternal supply of U7 snRNA. However, this experiment would still be useftd, si

some germ line clone cells might be able to make it through embryogenesis agdday

devoid of any U7 snRNA. It would be interesting to then look and see if those eggs can
survive though embryogenesis. Our data would predict they would not assuming there wil
be no U7 snRNA present and complete misprocessing of the histone mRNAs, but it would be
very exciting if they did because this would point to another idea as to why7ourll

mutants survive to adulthood whibpnull mutants do not.

SLBP may berequired for an essential function along with itsfunction in histone pre-
MRNA processing

As discussed in Chapter Il, even though all of our data strongly support thibatiea
the difference in terminal phenotypes betwe&@mull mutants an&lbpnull mutants is
simply due to differences in maternal supply of each gene product and therefoenddse
in the developmental onset of the misprocessed histone mRNA phenotype, we can not rule
out the idea that SLBP is necessary for another functibmasophilawhich is essential for
development, while the U7 snRNA is only required for histone pre-mRNA processing whic
is not essential for viability iDrosophila This also would explain whglbpnull mutants
die, butU7 null mutants do not. We know that SLBP stays bound to the mature histone
MRNA and accompanies it to the cytoplasm (Erkmann et al., 2005) where it promotes the

translation of histone mRNA (Sanchez & Marzluff, 2002) (Whitfield et al., 2004), angl the
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is recent evidence from mammalian cells that a 15 amino acid region imith@t@rminal
portion of SLBP is required for translation by binding directly to SLIP1 (SLB&awting
protein 1) a protein shown to stimulate translation of histone mRNAs in coordination with
SLBP(Cakmakci et al., 2008). It would make sense thé&ro$ophilaSLBP is required for
both the processing of histone mMRNAs and for their efficient translation, but the IAsSnR
is only required for the correct processing of histone pre-mRNAs, that Biig# be
essential for viability while the U7 snRNA is not. Of course, more evidencededdo

show that the presumed homologue of SLIPDiiasophilaalso binds to SLBP and that this
interaction is necessary for translation of histone mRNAs. Our lab, in coll@monath the
Marzluff lab, is working on separating the two functions of SLBP and it will bg ver

interesting to see the results.

Drosophila Lsm10 and Lsm11 may have a novel, essential function independent of
histone pre-mRNA Processing

In mammals the two U7 snRNP specific proteins, Lsm10 and Lsm11, are also
necessary for histone pre-mRNA processing, and the Lsm11 N-termiiced i2gequired
for this reaction to occur (Pillai et al., 2003; Schumperli & Pillai, 2004). From thasaahak
our previous analysis &7 null mutants irDrosophilg it was no surprise to us that both of
these proteins are also required to correctly process histone pre-mRNAsaphila
(Chapter Il results) What did surprise us was our finding that despite having the same

degree of misprocessed histone H3 mRNAJAswull mutants at the third instar larval stage
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of developmentl. sm10andLsml1mutants do not survive to adulthood (Fig. 3.2 A). We
next tested whether this could simply be explained by a difference in the rhatgply of
U7 versus Lsm10 and Lsm11, causing an earlier onset of the misprocédsédpinenotype.
However, this is not the case since we are unable to detect any differencenthétvead
Lsmllmutants in the timing ordegree of misprocessed histone mRNA (Fig. 3.3, 3.4, and data
not shown). This data led us to the tantalizing idea that Lsm10 and Lsm11 perform a
function outside of the U7 snRNP, which is essential for developm@&rbsophila We
hypothesize that Lsm10 and Lsm11 may be part of another shRNP particta ooirgplex;
this would fit well with the recent evidence showing that Lsm proteins caorped wide
range of functions in RNA processing. New complexes and new roles for thgsiexesn
are being discovered at a rapid rate (reviewed in Matera et al., 200 Begygs$, 2005).

We have begun to search for this novel role of Lsm10 and Lsm11. A recent reportin
DrosophilaS2 cells revealed that RNAi knockdown of Lsm11 affects the ratio of dite¥na
splice variants of thBrosophilaparalytic gene (Park et al., 2004). Although we were unable
to verify this result, we have used deep sequencing technology through the nituaiiaa
sequencing facility on our campus to look for any differences bethsathlmutants and
Wild Type. We used RNA from whole third instar larvae frioem11null mutants versus
Wild Type, and also RNA from RNAi knockdown of Lsm11 and conbdsophilaS2 cells,
and made cDNA from all the poly A+ transcripts, ensuring that we are seqgientyn
transcribed regions of the genome. We now have the entire transcribed genonmacfrom e
sample ready to be mined for data. It will be very interesting to see witaindearn from

this vast amount of data.
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In an effort to further explore the hypothesis that Lsm11 may perform a novel
function outside of the U7 snRNP, we tried to create a separation of function allslabi
by deleting parts of its N-terminal region and assaying each deletlalitg o rescue
histone mRNA misprocessing and lethality in Lsm11 mutants (Chapter 1V).e\tiisl data
did not give us a clear separation of function mutant (data and conclusions discussed in
Chapter V), it did reveal an unexpected role for the N-terminal domain in Lsiatdility.
It also gave us another useful tool for helping us discover Lsm11’s novel idtesophila
a transgenic line of flies where the only available copies of the LsnmElage tagged with
the V5 epitope which we can easily detect by immunoprecipitation, western blot, and
immunoflourescence (Fig. 3.2, 3.6 and 4.5). This tagged Lsm11 functions well enough to
rescue both misprocessing and lethalit$m11null mutants (Fig 3.2 and Chapter IV
results). Our dream experiment would be to use this tagged Lsm11 to pull down any
interacting proteins or RNAs that bind to Lsm11 independently of the U7 snRNA. Since we
also havedJ7 snRNA null mutants we can enrich for U7 snRNA independent proteins and
RNAs. It will be interesting to see what data we can get from this and alsewvith@nce we
can gather in the future which helps support our idea that Lsm10 and Lsm11 may be part of

another Lsm or snRNP complex.

Does Polyadenylated histone mRNA directly cause lethality in Drosophila?

It was previously shown in our lab that mutatiorDobsophilaSlbpcauses a unique
phenotype where histone pre-mRNAs, which are not normally polyadenylated, haye a pol
A’ tail added in lieu of not making any histone mRNA at all (Sullivan et al., 2001; Lanzotti

et al., 2002). We have further shown that this interesting phenotype is not linfikb to
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mutants, and that loss of any part of the processing machinBrpsophilaleads to
polyadenylation of histone mRNAs (Chapter 1l and Chapter Il resultsi)s dbservation

was used to design a screemosophilaS2 cells to search for novel factors involved in
histone pre-mRNA processing (Wagner et al., 2007), but it has also left us with shiergque
as to why this might happen Brosophilawhen it has not been seen in other species? There
is evidence that a low level of polyadenylation of histone genes occurs nommally
Drosophila specifically in the male testis, but the purpose of these transcripts is unclear
(Akhmanova et al., 1997). This low level of polyadenylation could be the result of aelecti
in Drosophilafor some function, possibly specifically in the testis, but it could also be the
result of a low level of inefficient processingbmosophilain that specific tissue. Our data
does not show a direct connection between polyadenylation of histone pre-mRNAs and
lethality in Drosophila Since the loss of correctly processed histone mRNA is always
connected with the gain of misprocessed histone mRNA (Chapter Il and Chiagsults),

we can not say that one or the other is the reason for lethaBtippn_Lsm10andLsm11
mutants. Harmony Salzler, a graduate student in my lab, has examin&ldpathdU7
mutants and found that while histone proteins appear to be made at normal levels in these
mutants, there are chromatin defects which are seen in both mutants@ibg nmutants

there is a slowed growth rate (Salzler et. al., unpublished results). Thes¢ypks, which
are presumed to be caused by the polyadenylation of all five replication depestiard hi
genes, could account for the lethality see8llbpmutants, but in order for us to really be
able to conclude that polyadenylation of histone mRNA directly causestietia need to
conduct an experiment where we introduce the polyadenylated transcripts inte raviset

wild type animal and examine the consequences this has on development. It would be
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interesting to examine whethBrosophilacan actually tolerate the misprocessing of its
replication dependent histone mRNAs, especially since this does not seensttthaffe
production of histone proteins. This would lend further evidence to the idesllthdtsm10
andLsm11s null mutant lethality is due to each proteins role in an essential process outside
of histone pre-mRNA processing and not directly linked to the misprocessed mRNA

phenotype seen in each mutant.

Concluding remarks

The work presented in this thesis has helped to further our understanding of the
processing of replication dependent histone mRNAs. We have found that polyadarofiati
histone mRNAs is a phenotype that occurs from the mutation of any factor thatdsamgce
for the unique process of histone pre-mRNA processiyasophila This observation was
used to design a screen that will further advance our understanding of histoneNke-mR
processing by finding novel factors involved in this process. Our data hati@so that
there are different outcomes seen from mutating separate parts of thBNF? particle, and
we have used this evidence to validate searching for a novel function for its two unique
proteins, Lsm10 and Lsm11. It should also be noted that we have created a very useful tool,
V5 tagged Lsm11 transgenic flies, for both general use in studying the structuoeetiahf
of HLB’s in Drosophilaand also for use in searching for Lsm11’s novel function in
Drosophila Our data has also shown that we can gain powerful new insight into the function
of a gene, such as U7, that has been studied previously but not knocked out and studied in a

whole organism such &rosophila
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