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ABSTRACT
Anne E. White: Mechanisms mediating Cyclin E/Cdk2-regulated replicatiomdepe
histone mMRNA biosynthesis
(Under the direction of Dr. Robert J. Duronio)

Nuclear organization is a dynamic modulator of gene expression. Subcellular
compartments called nuclear bodies concentrate factors regulating geessen and
change in size, composition, and activities in response to cellular inputs. Thus,
understanding the mechanisms that assemble and organize nuclear bodies is ifoportant
appreciating how they contribute to genome function. We explored the relationship
between histone locus bodies (HLBs) and replication-dependent histone mRNA
biosynthesis as a model for understanding nuclear body function. HLBs arecldcaliz
near the histone genes and are enriched with factors required for histone mRNA
biosynthesis. Cyclin E/Cdk2 is necessary for cell cycle-dependent histdd& mR
biosynthesis. However, the molecular mechanisms of this regulation are néhfuy.
Using the MPM-2 monoclonal antibody as a tool for exploring cell cycle-neztlia
control of HLB function, we show that Drosophilacells MPM-2 detects Cyclin
E/Cdk2-dependent nuclear foci that co-localize with nascent histone tranacdpdse
coincident with HLBs. To identify MPM-2 reactive HLB proteins, we performed a
genome-wide RNAI screen and used mass spectroscopy to identify novel HLBgrotei

We show that one of these factors, Mxc, is MPM-2 reactive. We propose that Cycli

E/Cdk2 regulates histone mRNA biosynthesis by modulating the activity of Mxc



Interestingly, Mxc is required for HLB assembly and efficient histoeenpRNA
processing. These results suggest that Cyclin E/Cdk2 employs multipledeeetdrol

to ensure that histone gene expression and DNA replication are properly ceardinat

during cell division.
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CHAPTER |

INTRODUCTION

The set of genes expressed and silenced by a cell is fundamental to deteitsini
identity. In order to better appreciate how cellular identity is actiaves essential to
understand the mechanisms controlling gene expression. Broadly, genome function is
organized on three major levels: the spatial and temporal coordination of gene erpressi
events, the organization of chromatin environments, and the arrangement of genes and
chromosomes within the nucleus (Misteli, 2007). The spatial and temporal organization
of interactions between proteins modulating gene expression and chromhimtket
nucleus is predominantly influenced by nuclear architecture (Matera 20@9., Misteli,
2007). The nuclear landscape is comprised of nuclear compartments called nuclear
bodies that concentrate factors regulating gene expression. Nuclear bodiesiginé to
facilitate the assembly of macromolecular complexes necessamrferegpression.

Some are located near the genomic locus that they regulate, such as nucléoli, Caja
bodies, and histone locus bodies (HLBs) (Matera, 1999; Matera et al., 2009). Nuclear
bodies are very dynamic structures that can modulate gene expressi@onsess
changes in cellular signals through changes in their size, composition, astceacti
(Matera et al., 2009). For example, nucleoli closely associate withnles gacoding

the 35S pre-ribosomal RNA and their size is a function of rRNA transcriptiomatyact

(Haaf et al., 1991; Scheer et al., 1984). Nuclear body activity can be also regylated b



the cell cycle. For example, mammalian HLBs and nucleoli disassemliig doitosis

and reform during the subsequent interphase (Hernandez-Verdun, 2006; Ma et al., 2000;
Zhao et al., 2000). Thus, understanding how nuclear bodies control gene expression by
responding to various cellular inputs, such as cell cycle inputs, will increase our
understanding of how genome function is modulated. This dissertation uses histone locus
bodies (HLBs) as a paradigm of nuclear body function to explore how nuclear bodies are

regulated by the cell cycle, assemble, and contribute to gene expression.

Histone locus bodies as paradigms of nuclear bodies

Histone locus bodies (HLBs) were first discovere®imsophilaas nuclear bodies
enriched with factors necessary for efficient histone gene expressionssuzhsaRNP
and FLASH (Liu et al., 2006; Yang et al., 2009). HLBs associate with theatqptie
dependent histone genes, which are encoded in a 5-kb repeat present in approximately
100 tandem copies Drosophila(Liu et al., 2006). They are distinct from and
frequently situated next to Cajal bodies (CBsPmosophila(Liu et al., 2006; Liu et al.,
2009). CBs are involved in many aspects of RNA metabolism, including small nuclear
ribonucleoprotein (SNnRNP) maturation (Cioce and Lamond, 2005; Kiss, 2004; Matera and
Shpargel, 2006; Stanek and Neugebauer, 2006). In mammalian ceflsraojmlis
oocytes, CBs contain the U7 snRNP and can transiently associate with the sniRINA, s
nucleolar RNA (snoRNA), and histone genes (Matera et al., 2009).

The presence of U7 snRNP in human CBs and fly HLBs initially gave the isnumes
that HLBs were a unique feature@fosophila However, recent emerging evidence

suggests that human cells also possess HLBs that are distinct from CBs. Studies



performed in primary human cells revealed that U7 snRNP co-localizesisione gene
expression-specific factors FLASH and NPAT (Ghule et al., 2008). The udiquit
presence of U7 snRNP in CBs seen in human cancer cell lines, therefore, may be a
consequence of transformation and an exception to the norm.

HLBs serve as a good model for understanding nuclear body function, because they
assemble at a discrete nuclear location, the histone genes, and are ldredgraed
feature of the metazoan nucleus. In addition, the cell cycle is a crititdacaiput
regulating HLB function, which limits replication-dependent histone gepeessgion to S
phase when DNA is being replicated. For these reasons, studying HLBs Will bot
increase our understanding of nuclear body function and how the cell cycle modulates

gene expression.

. :  Lsm1]| === DAP]Merge
Figure 1.1. Histone locus bodies iDrosophila Syncytial blastoderm (cycle 13) embryos were tdibed

with an H3/H4 gene probe (red in merge) and stawigid anti-Lsm11 (green in merge) antibodies are th

DNA labeling dye DAPI (blue in merge). Arrows indie a single histone locus body. Scale bar:r20

Cell cycle regulation of replication-dependent histone biosynthées
Replication-dependent histone production is under tight cell cycle control, such
that most histone biosynthesis occurs only during S phase. This ensures that nascent

DNA is correctly assembled into chromatin and will be faithfully segrelgateen the



cell divides during mitosis. The coupling of histone biosynthesis to S phase is aucial f
cell viability. DNA replication without concomitant histone protein synthedetisl in
budding yeast (Han et al., 1987; Kim et al., 1988). Furthesifro reconstitution
experiments have shown that production of histones in excess to DNA can cause
insoluble histone-nucleic acid aggregates (Carruthers et al., 1999; Detkd @79,

Dyer et al., 2004), which could lead to incorrect DNA segregation should these
conditions arise in the cell. Thus, the timing and amount of histone protein biosynthesis
must be carefully controlled to ensure that cell division is successful.

Cyclin-dependent kinase (Cdk) complexes coordinate the major events of cell
division. In animal cells Cyclin E/Cdk2 phosphorylates proteins, such as pRb, that
mediate changes in gene expression associated with the onset of S phase, including
proteins that regulate histone gene expression (Du and Pogoriler, 2006). Two Cyclin
E/Cdk2 substrates, NPAT and HIRA, activate and repress, respectively, hist@ne g
expression in human cell culture (Hall et al., 2001; Ma et al., 2000; Miele et al., 2005;
Nelson et al., 2002; Zhao et al., 2000). How the activity of such factors is modulated by
Cyclin E/Cdk2 and integrated into cell cycle-regulated histone gene expression is
incompletely understood. Even less is known about how histone gene expression is
regulated during animal development, because studies have mainly been done in cell
culture.

For most organisms the amount of replication-dependent histone protein
synthesized depends almost entirely on the rate of histone mMRNA biosyntheskiff
and Duronio, 2002). Histone mRNA levels increase 35-fold as mammalian cells enter S

phase (Borun et al., 1975; Breindl and Gallwitz, 1973; DeLisle et al., 1983a; Detke et a



1979; Harris et al., 1991; Heintz et al., 1983; Parker and Fitschen, 1980). This sharp rise
in MRNA levels is achieved by increases in the rate of transcriptioniontigre-mRNA
processing, and half-life of the mature mRNA (Marzluff and Duronio, 2002). Whether
all of these mechanisms are under cell cycle control is unknown.

Transcription of the histone genes in mammalian cells is stimulated by the Cy
E/Cdk2 substrate NPAT (Ma et al., 2000; Wei et al., 2003; Ye et al., 2003; Zhao et al.,
2000). NPAT is found in HLBs associated with the histone genes in both primary human
cells and cancer cells (Ma et al., 2000; Zhao et al., 2000). Phosphorylated NPAT acts
with histone subtype-specific transcription factors, such as HINF-P and Q@AkS$
bind subtype-specific regulator elements in the promoters of the histone H4 and H2B
genes, respectively (Miele et al., 2005; Mitra et al., 2003; Ye et al., 2003; £hahg
2003). While several phosphorylation sites on NPAT have been mapped, how this
phosphorylation regulates NPAT activity is incompletely understood (Ma, 08I0;

Zhao et al., 2000). It was recently proposed that NPAT plays a role in promotorgghist
H4 acetylation by recruiting the TRRAP-Tip60 complex to the histone gen&a(Det

al., 2008). A connection between NPAT and histone pre-mRNA processing has also
been made, whereby NPAT interacts with CDK9 at the histone genes. CDK9 is a
component of the P-TEFb transcription elongation complex that also monoubiquitinates
histone H2B, which in turn recruits the histone pre-mRNA processing machinery
(Pirngruber and Johnsen, 2010). Cyclin E/Cdk2 could also promote histone mRNA
biosynthesis by regulating HLB dynamics as well as the activityh&frdiLB proteins.

Cyclin E/Cdk2 might also regulate the histone pre-mRNA processing reaction.

Replication-dependent histone mRNAs are the only eukaryotic mRNAs that are not



polyadenylated (Marzluff and Duronio, 2002; Marzluff et al., 2008). Instead they end in
a conserved stem loop structure that regulates all aspects of replicggendest histone
MRNA metabolism, including biosynthesis, translation, and stability (MarZ2065).
Binding of Stem Loop Binding Protein (SLBP) to the stem loop in the 3' UTR and
U7snRNP to the purine-rich downstream element recruits a cleavage endsaucle
complex. This complex cleaves the histone pre-mRNA 4-5 nucleotides aftégrthe s

loop producing the unique 3’ end of the mature histone mRNA (Dominski and Marzluff,
1999; Marzluff, 2005). In mammalian cells SLBP protein levels are cell cygldated,

yet this mode of regulation is not universal as SLBP protein is expressed uniformly
through the cell cycle iDrosophilacells (Lanzotti et al., 2004b; Marzluff et al., 2008).
Moreover, it is uncertain whether other components of the histone pre-mRNA prgcessin
machinery are cell cycle regulated. Cyclin E/Cdk2 does, however, regulatdiNa
splicing in cultured mammalian cells. Three subunits of the essential spictiog SF3,
SAP114, SAP145, and SAP155, as well as the U2 snRNA and the snRNP core protein
B/B’ have been shown to immunoprecipitate with cyclin E (Seghezzi et al., 1998). Of
these proteins, Cyclin E/Cdk2 has been shown to phosphorylate SAP4A&6

(Seghezzi et al., 1998). Similarly, Cyclin E/Cdk2 may interact with and/or phosgateory

proteins specifically involved in histone pre-mRNA processing.

Studying histone mRNA biosynthesis regulation ilbrosophila melanogaster
Drosophilahas provided fundamental insights into the regulation of the cell cycle,
as it undergoes a stereotypic and well-characterized developmental p(bgeaand

Orr-Weaver, 2003; Swanhart et al., 2005). For these reasons it provides amexcelle



model system to explore how histone mRNA biosynthesis is regulated. As part of norma

fly development, the first 13 embryonic cycles after fertilization conslgtadmapid,

synchronous S-M nuclear division cycles that occur in a common cytoplasm without

cytokinesis. These early cycles depend on maternally contributed fabtmiag

interphase 14 nuclei pause in G2 for the first time and cellularization takes @acups

of cells then enter mitosis 14 asynchronously in a manner dependent on zygotic

transcription of an activator of mitosis encoded bysthieg*®* (stg) gene (Edgar and

O'Farrell, 1989a; Edgar and O'Farrell, 1990a). SHfftjs a phosphatase that activates

the mitotic Cdk, Cdc2. The spatial and temporal pattern of these divisions is controlled

by the patterning genes (O'Farrell et al., 1989). G1 is introduced in embryol@d. ¢y

and at this point all cell types require zygdiigclin Eexpression for DNA replication

and cell cycle progression. Previously it was shown that &tffignd Cyclin E are

required for histone gene expression at cycles 14 and 17, respectively (Laradatti e

2004a). The exact mechanism of this regulation, however, has not been elucidated.
We sought new tools to study Cyclin E/Cdk2 regulation of histone mRNA

biosynthesis. One such reagent was the monoclonal antibody MPM-2, which has been

previously used as a marker of Cyclin E/Cdk2 activitipinsophilacells (Calvi et al.,

1998). MPM-2 was generated using a mitotic HeLa cell extract and recegnize

conserved cell cycle—dependent phospho-epitopes present in a variety of protegs acros

many species (Davis et al., 1983). One epitope recognized by MPM-2 is a consensus

Cdk phosphorylation site (Westendorf et al., 1994). Consequently, MPM-2 has been

used extensively to study mitotic phospho-proteins in a variety of systemst (étllakr

2004; do Carmo Avides et al., 2001b; Hirano and Mitchison, 1991; Kuang et al., 1989;



Lange et al., 2005a; Logarinho and Sunkel, 1998a; Yaffe et al., 199yodophila
salivary glands and ovarian follicle cells MPM-2 labels a discrete sahaticlear
structure whose cell cycle appearance in S phase is dependent on Cyclin E/Gaitk2 acti
(Calvi et al., 1998). Moreover, our collaborator Brian Calvi observed that MPM-2 only
labels the histone genes of polytene chromosomes from larval salivary (dragger 11,
Figure 2.1A). Based on these results, Brian Calvi and we hypothesized that ¢ing$rot
detected by MPM-2 are Cyclin E/Cdk2 substrates that co-localize witts L Be

histone genes and activate histone mRNA biosynthesis. A major emphasis of this

dissertation was to identify and characterize MPM-2 reactive HLB proteins

Dissertation goals

This dissertation describes work done examining how histone mRNA
biosynthesis is regulated by components of the histone locus body (HLB). tulaayti
it focuses on the molecular mechanisms regulated by Cyclin E/Cdk2. Chaptsdihts
data showing that the MPM-2 antibody detects protein(s) that are part o$tihreehiocus
body. The MPM-2 epitope present at HLBs is under both cell cycle and developmental
control, such that Cyclin E/Cdk2 activity is necessary for production of the MPM-2
epitope and mature HLBs are formed coincidentally with zygotic histone gene
transcription. Surprisingly we found that although HLBs are closely associuatetheas
histone loci, they can form in nuclei lacking the histone genes suggesting st HL
assemble independently of histone gene transcription. Together, work detailed in this
chapter supports our hypothesis that MPM-2 recognizes a Cyclin E/Cdk2 sulbstrate

regulates histone gene expression.



To further understand how Cyclin E/Cdk2 might regulate histone gene expression
we sought to identify MPM-2 antigen(s) that are part of HLBs. Chapter ktides
biochemical and genome-wide functional genomics screens performed to pinpoint MPM-
2 antigen(s). Both approaches identified novel components of HLBs, including two
MPM-2 reactive proteins (Mxc and Mute-S). Mxc is necessary for HLBvdsdgeand
histone pre-mRNA processing in S2 cells. HLBs are highly dynamic, suclotkat c
components begin assembling one nuclear cycle prior to the formation of matuse HLB
and zygotic gene transcription. Likewise, this “core” HLB remains asigeim
throughout mitosis, unlike mammalian HLBs and other types of nuclear bodies. rChapte
IV explores the significance of the data presented in this dissertation hocagds on a

few outstanding questions in the field brought out by this work.
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CHAPTER I
DEVELOPMENTAL AND CELL CYCLE REGULATION OF THE
DROSOPHILAHISTONE LOCUS BODY

Preface
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advisor Dr. Robert Duronio designed the project. He, Dr. William Marzluff, andtew
the manuscript and analyzed the data.

White, A.E., Leslie, M.E., Calvi, B.R., Marzluff, W.F., and Duronio, R.J. (2007)

Developmental and cell cycle regulation of Dx@sophilahistone locus body.

Mol. Biol. Cell. 18:2491-502.

Abstract

Cyclin E/Cdk2 is necessary for replication-dependent histone mRNA
biosynthesis, but how it controls this process in early development is unknown. We show
that inDrosophilaembryos the MPM-2 monoclonal antibody, raised against a
phosphoepitope from human mitotic cells, detects Cyclin E/Cdk2-dependent nudlear foc
that co-localize with nascent histone transcripts. These foci are comnaiitle the

histone locus body (HLB), a Cajal body-like nuclear structure associated wtitstbee



locus and enriched in histone pre-mRNA processing factors such as Lsm11, a core
component of the U7 snRNP. Using MPM-2 and anti-Lsm11 antibodies, we demonstrate
that the HLB is absent in the early embryo and appears when zygotic histone
transcription begins during nuclear cycle 11. Whereas the HLB is found in alattel

its formation, MPM-2 labels the HLB only in cells with active Cyclin E/Cdk2. MPM-

and Lsm11 foci are present in embryos lacking the histone locus, and MPM-2 foci are
present inJ7 mutants, which cannot correctly process histone pre-mRNA. These data
indicate that MPM-2 recognizes a Cdk2-regulated protein that assemblésetiLB
independently of histone mRNA biosynthesis. HLB foci are present in histonedeleti
embryos, although the MPM-2 foci are smaller, and some Lsm11 foci are ocbéess

with MPM-2 foci, suggesting that the histone locus is important for HLB inyegri

Introduction

Cell cycle-regulated histone protein biosynthesis is controlled primariygh
the regulation of histone mRNA abundance, which in cultured mammalian cellssegrea
35-fold at the G1-S transition (Borun et al., 1975; Breindl and Gallwitz, 1973; Daltisle
al., 1983; Detke et al., 1979; Harris et al., 1991; Heintz et al., 1983; Parker and Fitschen,
1980). This rapid rise in MRNA is achieved by increases in the rate of tpioscri
initiation and pre-mRNA processing as cells enter S phase, followed by rapedi alégn
of histone mMRNA at the end of S-phase (Marzluff and Duronio, 2002). How these
various aspects of histone mMRNA metabolism are linked to other events that drive
progression through the cell cycle by regulating the activity of the egleljiendent

kinases (Cdk) remains incompletely understood.
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In animal cells Cyclin E/Cdk2 promotes the G1 to S transition in part by
phosphorylating proteins that mediate changes in gene expression associatieel with t
onset of DNA replication (e.g. pRb; (Du and Pogoriler, 2006)). These include proteins
that regulate histone expression. For instance, human NPAT and human HIRA are
Cyclin E/Cdk2 substrates that act to stimulate and repress, respectivelye lgsne
transcription in cell culture experiments (Hall et al., 2001; Ma et al., 2000 klial.,

2005; Nelson et al., 2002; Zhao et al., 2000). How the activity of such factors is
modulated by Cyclin E/Cdk2 and integrated into cell cycle-regulated histone gene
expressionn vivois not known.

Cyclin E/Cdk2 may also regulate features of histone mRNA biosynthesis other
than transcription, such as pre-mRNA processing. Rather than being polysstényla
histone mMRNAs terminate in a conserved stem loop structure that regulasgseats of
replication-associated histone mMRNA metabolism, including biosynthesis|dtion,
and stability (Marzluff, 2005). This unigue mRNA 3’ end is formed through a pre-
MRNA processing reaction that cleaves the histone pre-mRNA 4-5 nucledteddba
stem loop producing mature histone mRNA (Dominski and Marzluff, 1999; Marzluff,
2005). The cleavage endonuclease complex is recruited to histone pre-mRNA by Stem
Loop Binding Protein (SLBP), which binds the stem loop in the 3’ UTR, and U7 snRNP,
which binds a purine rich sequence located downstream of the cleavage site.

In mammalian cells andenopusoocytes U7 snRNP localizes to Cajal bodies
(CBs), which are sub-nuclear organelles involved in several aspects of RidBafrsn,
including snRNP maturation (Cioce and Lamond, 2005; Kiss, 2004; Matera and

Shpargel, 2006; Stanek and Neugebauer, 2006). Histone mRNA biosynthesis is thought
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to occur within or near a subset of Cajal bodies. Unlike U7 snRNP which is found in all
Cajal bodies (Frey and Matera, 1995), NPAT localizes to the subset of Caja bodie
associated with histone genes (btaal, 2000; Zhacet al, 2000). Thus, Cyclin E/Cdk2
may regulate Cajal body function or the activity of proteins that act withial Gaglies to
regulate histone mRNA biosynthesis.

Here we examine the connection between Cyclin E/Cdk2 activity and ced cycl
regulated histone mRNA biosynthesiddrosophilaembryos, which have provided
fundamental insights into the regulation of the cell cycle and how this reguisti
coordinated with development (Lee and Orr-Weaver, 2003; Swaethal;t2005).
Drosophilanuclei contain both Cajal bodies and a distinct nuclear body that is often
observed in proximity to the Cajal body called the histone locus body (HLBg{lal
2006). The HLB is associated with the histone genes (which are contained in a 5-kb
sequence present in approximately 100 tandemly repeated copies) and isienfidhe
SNRNP particles (Liet al, 2006). Cyclin E/Cdk2 activity is necessary for histone gene
expression during embryogenesis (Lanzotti et al., 2004), but how this occurs is not
known. In this report we demonstrate that the HLB contains a cell cycle-esjulat
Cyclin E/Cdk2-dependent phospho-epitope recognized by the MPM-2 monoclonal
antibody.

The MPM-2 antibody was generated using a mitotic HeLa cell extract and
recognizes conserved cell cycle—dependent phospho-epitopes present in alariety
proteins across many species (Datigl, 1983). One epitope recognized by MPM-2 is a
consensus Cdk phosphorylation site (Westeneload, 1994). MPM-2 has been used

extensively to study mitotic phospho-proteins in a variety of systems {Adbal., 2004;
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do Carmo Avides et al., 2001a; Hirano and Mitchison, 1991; Kuang et al., 1989; Lange et
al., 2005b; Logarinho and Sunkel, 1998a; Yaffe et al., 1997rdaophilaovarian

cells, MPM-2 labels a spherical nuclear body whose cell cycle appeasamependent

on Cyclin E/Cdk2 activity (Calvet al, 1998). Here we show that MPM-2 nuclear foci

are coincident with the HLB and exploit this finding to characterize the cbanec

between Cyclin E/Cdk2 activity, nuclear organization, and histone mRNA biosynthesis

during earlyDrosophiladevelopment.

Materials and Methods

Drosophila stocksSlbpg® (Sullivanet al, 2001),std* (Edgar and O'Farrell, 1989),
cyclin B*% (Knoblich et al, 1994),U7** (Godfreyet al, 2006),Df(3R)std*? (Lehmanet
al., 1999), the histone locus deletibf(2L)Ds6(Moore, 1983)cyclin E'P"°(Richardson
et al, 1995),UAS:YFP-Lsm11Liu et al, 2006) andlaGAL4(Wodarzet al, 1995) were
all previously describedcyclin Emutant embryos were unambiguously identified using
aCyO P[wg-lacZ]balancer chromosomev''‘®flies were used as wild type control,

except in Fig. 6A where a sibling embryo of #igmutant was used as control.

Immunostaining and in situ hybridizationEmbryos were dechorionated, fixed in
a 1:1 mixture of 5% formaldehyde:heptane for 25 minutes or 20% formaldehyde:heptane
for 10 minutes, and incubated with primary and secondary antibodies each for 1 hour at
25°C or overnight at%. YFP-Lsm11 embryos were fixed in a 1:1 mixture of 4%
formaldehyde:heptane for 20 minutes. Fat bodies were dissected in Schneatkas m

fixed in 5% formaldehyde for 25 minutes, permeabilized with 0.3% Triton X-100

20



(ACROS, New Jersey) for 45 minutes, blocked with 1% BSA, and incubated with
primary antibodies overnight at@ and with secondary antibodies for 1 hour &C25
The following primary antibodies were used: monoclonal mouse anti-Ser/Thrffve M
2, (1:1000, Upstate, Lake Placid, NY); monoclonal mouse anti-phospho-histone H3
(Serl10) (1:1000, Upstate); polyclonal rabbit anti-phospho-histone H3 (Ser10) (1:1000,
Upstate); polyclonal rabbit anti-phospho-tyrosine (1:100, Upstate); chicke@&Rti-
(1:2000, Upstate); monoclonal rat anti-phospho-tyrosine (1:100, R & D systems,
Minneapolis, MN); chicken anti-beta-gal (1:1000, ProSci, Poway, CA); rabbiG&iRi
(1:2000, Abcam, Cambridge, MA); and affinity-purified polyclonal rabbit anti-Lsm11
(2:1000, qift of Joe Gall (Liet al, 2006)). Embryos that were hybridized with H3/H4
DNA probescycE®®° hsp70::cycEand its control embryos were incubated overnight
with anti-Lsm11 antibodies at 3Z. The following secondary antibodies were used: goat
anti-mouse IgG labeled with Oregon Green 488 (Molecular Probes, Eugene, OR), Cy3
(Jackson Immunoresearch Laboratories, West Grove, PA) or Cy5 (Jacksomntijoat
rabbit IgG labeled with Rhodamine Red (Molecular Probes, Eugene, OR), Cy@)acks
or Cy5 (Abcam); goat anti-rat IgG labeled with Cy3 (Jackson), donkeyar@iyb
(Jackson); donkey anti-chicken IgY labeled with Cy2, Cy3, or Cy5 (all froksdag.
DNA was detected by staining embryos with DAPI (1:2000 of 1mg/ml stock, DAKO
Corporation, Carpinteria, CA) for 30 seconds.

Histone H3 transcripts were detected by fluoresoesitu hybridization using
digoxigenin-labeled H3 coding or H3-ds probes as described previously (Laatzitti
2002). Hybrids were detected using the fluorescein tyramide signal antjgifica

fluorescence system (Perkin Elmer, Boston, MA).
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The histone locus was detected by fluoressesitu hybridization with &iotin-
labeled DNA probe (125 pg/ul) as previously described (Dernburg and Sedat, 1998). The
probe was derived from a clone containing both the H3 and H4 genes (Lahabtti
2002) that was digested wikhaelll, Rsal, MseglandHaelll to generate fragments of an
average length of 50 bp. DNA fragments were biotin-labeled using the BrightStar
psoralen-biotin labeling kit (Ambion, Austin, TX). Prior to hybridization embryesaw
stained with MPM-2 and anti-Lsm11 antibodies using methods described above.
Biotinylated probe was detected using the Cyanine 5 tyramide signafieatioln

fluorescence system (Perkin Elmer, Boston, MA).

Cultured cell immunostaining and RNAIDmel-2cells were grown in Sf-900 I
SFM serum-free media using standard techniques. dsRNAs were miadathy
transcription using a PCR product as template and T7 polymerase. The followmeg pri
pairs were used to ampliysm1landPTB (control), respectively: 5'-
GGTAATACGACTCACTAT AGATGGAATCGAGGGACCGGAAAAC-3,5'-
GGTAATACGACTCACTATAGCAA CAGTTCACCCTCGACACTGCC-3 and 5'-
GGTAATACGACTCACTATAGTGGAA TGAATTGTTCTTTGTGAA-3, 5'-
GGTAATACGACTCACTATAGGCCCATAGCG ACTACAGC-3'. 2 x 1Dcells were
plated in 6-well plates and treated with Iof dsRNA daily for five days, and were
split 1:1 on days 3 and 5. Knockdown was confirmed by Western blot (not shown). Cells
were fixed directly to coverslips in 10% formaldehyde for 10 minutes, esttasing
0.1% Triton X-100 for 15 minutes, and blocked with 5% normal goat serum in PBST for

20 minutes. The same antibodies and incubation times used to stain embryos were used to
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stain cells.

Microscopy Confocal images were taken at a zoom of 1.0-2.0 with a 63x (NA
1.40) Plan Apochromat objective on a Zeiss 510 laser scanning confocal microscope
using the LSM data acquisition software (Carl Zeiss, Germany). YdarPLL embryo
images were acquired on a Zeiss 410 laser scanning confocal microscoe€sar
Germany). Image false coloring and contrast was adjusted using Photoshop (Adobe

Systems Inc.).

Measurement of MPM-2 focus sizeMetaMorph software (Molecular Devices,
Sunnyvale, CA) was used to characterize HLB structure from confocalsmage
Measurements were made using aWldeep compilation of confocal images from the tip
of the extended germ band in three embryos per genotype. Both the length and width of
MPM-2 foci were measured using the linescan function of MetaMorph. Two
perpendicular, one pixel-thick lines from 10 to 30 pixels long were drawn across the
nuclear MPM-2 focus in cells that contained only one MPM-2 focus. The lines were long
enough to include pixels that were outside of the MPM-2 focus. The average background
fluorescence was calculated by taking the mean of six randomly chosenfigiresach
linescan that were outside of the MPM-2 focus. The half-max value for each fivessa
determined by taking 50% of the difference of the peak of fluorescence in te2VIP
focus and average background fluorescence. The number of pixels whose fluorescence
fell within or equaled the half-max was summed and multiplied by a conversiondéctor

0.12 m/pixel, which was obtained from the Zeiss LSM Image Browser softwdre. T
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sum of the length and width measurementsiim was calculated for 75 cells from wild-
type and 75 cells fror@f(2L)Ds6homozygous mutant embryos. Data is reported as the
average of these sumsstandard deviation. P value was obtained by conducting a
student’s t test with two tails and unequal variance. The standard error .@g3-for

wild-type and +/-0.031 fobf(2L)Ds6

Results
MPM-2 labels the histone locus body

MPM-2 labels a discrete spherical body in the nuclei of polyploid cells of the
salivary gland and ovary (Calvi et al., 1998; Millar et al., 1987). To determine whether
this MPM-2 body preferentially accumulates at a particular genomic,lpoligene
chromosomes from squashed and whole mount salivary glands of third instar larvae were
stained with MPM-2 antibodies (Figure 2.1A-A’ and data not shown). MPM-2 strongly
labels a single locus near the chromocenter on the left arm of chromosome 2.
Interpretation of the cytogenetic banding pattern of these chromosomesaddica this
label is near or coincident with the chromosomal location of the histone gene (dasie
not shown). Cyclin E /Cdk2 activity is required for MPM-2 labeling of this subnuclear
body, and for histone gene expression (Calvi et al., 1998; Lanzotti et al., 2004). We
therefore hypothesized that MPM-2 recognizes a phospho-protein(s) thatdsdalihe
histone locus body.

To test this hypothesis, we used confocal microscopy to analyze emlirgltesila
with both MPM-2 and anti-Lsm11 antibodies. Liu et al. (2006) originally visualized the

HLB primarily by detecting Lsm11, an Sm-like protein that is a core compondime
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U7 snRNP.Drosophilaembryos undergo a stereotyped cell cycle program that is
characterized by distinct modes of cell cycle progression that appeacassive stages
of embryogenesis. During the first two hours of embryogenesis, materaatlybuted
factors drive thirteen rapid and synchronous nuclear cycles, consisting only of S-M
phases, in a syncytial cytoplasm. At the end of this period (i.e. nuclear cycle 13}2MPM
labels both the nucleoplasm and distinct foci within the nucleus that co-locatize wi
Lsm1l1 foci (Figure 2.1B-B’). MPM-2 foci also co-localize with the histone locus;iwhi
was detected by FISH using a labeled DNA probe containing the H3 and H4 genes
(Figure 2.1B”-B’”). These data indicate that an MPM-2 epitope is astatiaith the
HLB. By western blot analysis, MPM-2 is known to react with at least a dozgridan
Drosophila(Lange et al., 2005a; Logarinho and Sunkel, 1998b)(M.E.L. and R.J.D.,
unpublished), and thus the nucleoplasmic staining may not be the same protein that
concentrates in the HLB.

Cellularization takes place during cycle 14, when after the completion ofs& pha
the nuclei pause for the first time in G2. Then, as gastrulation ensues, groujssiof ce
different regions of the embryo enter mitosis 14 together. These groupsptaldd
“mitotic domains”, enter into mitosis 14 at different times generatingradecible and
well described pattern of mitosis (Foe, 1989). Entry into mitosis 14 requiresczygot
transcription of thetring®°% (stg) gene, which encodes a Cdc25-type phosphatase that
stimulates mitotic Cdk1 activity by removing inhibitory Y15 phosphorylation from Cdc2
(Edgar and O'Farrell, 1989). Cycles 15 and 16 are also regulated at the G2-tibtransi
by developmentally controlled pulsesstf transcription, and still lack G1 phase as in the

early syncytial cycles (Edgar et al., 1994; Edgar and O'Farrell, 1990; Lehm@lan e
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1999). MPM-2 and Lsm11 nuclear foci co-localize and are continuously present during
interphase of these “post-blastoderm” cell cycles (Figure 2.1C-C”). N2HRbti are
continuously present most likely because Cyclin E/Cdk2 activity is also ubiquitthis at
time, including during G2 phase (Saetial, 1995).

G1 phase first appears during cycle 17, and subsequent entry into S phase in all
cell types requires zygotic expressiorcgé€lin E(Knoblichet al, 1994). Consistent with
previous observations that MPM-2 foci are cyclin E dependent, MPM-2 only labels
replicating cells where Cyclin E/Cdk2 is active (Figure 2.1D-D”paax. Cells that have
exited the cell cycle, such as those in the amnioserosa (Figure 2.1D-iyyell
arrowhead) and epidermal cells arrested in G1 (Figure 2.1D-D”, white la@awly, do
not contain MPM-2 foci. In contrast, Lsm11 foci can be detected in all cedigré2.1,
arrows). Thus, the HLB is present ubiquitously, as previously described for post
embryonic stages of development (leual, 2006), but the MPM-2 epitope appears at
the HLB only in cells that contain active Cyclin E/Cdk2.

One obvious feature of Lsm11 and MPM-2 staining of blastoderm embryos is that
each nucleus contains either one or two foci (Figure 2.1B-B™, 2.1C-C”, arrows and
arrowheads, respectively). Homologous chromosomes are often pdessophila
cells, and we therefore hypothesized that one and two foci results from paired and
unpaired homologous chromosomes, respectively. In the early embryo, the gairing o
homologous chromosomes is dynamic, such that the frequency of pairing at any
particular locus increases as the embryo ages (Eualg 1998). We counted the
number of cells with one or two MPM-2 foci in blastoderm embryos during interphase of

cell cycle 14. At this stage, 71% of cells contained one MPM-2 focus and 29% contained
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two MPM-2 foci (n = 293). Fung et al. (1998) reported a pairing frequency for the
histone locus of 71% and 84% at 2.5 and 4 hours of development, respectively, which
encompasses the cycle 14 cells we analyzed (Bualy 1998). By the time of germ

band retraction during cycle 17, most cells contain a single focus (Figure 2.4&5e T
data are consistent with the HLB specifically associating with thertf@docus (Fig.

2.1B) (Liuet al, 2006). Also in support of this interpretation is the observation that
polyploid nurse cells in the ovary have partially unpaired sister chromattaks laistone
locus and contain multiple MPM-2 foci (data not shown) (Calvi et al., 1998; Hammond
and Laird, 1985). Taken together, these results indicate that MPM-2 recognizes a

epitope at the histone locus that is a component of the Lsm11-containing HLB.

27



Figure 2.1: MPM-2 labels the histone locus bodyA and A’) Squashed polytene chromosomes from

CyO/+ third instar larva salivary glands were stainvith MPM-2 (A; green in A”) and the DNA binding
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dye DAPI (A"). (B-B”) w'*®syncytial blastoderm (cycle 13) embryos were s@iwith MPM-2 (B;
greenin B), -Lsml11 (B’, red in B"’), and hybridized with an Hi34 gene probe (B”, magenta in B'").
(C-C") Germ band extendea"'® embryos were stained withLsm11 (C, red in C”), MPM-2 (C’, green

in C") and -phospho-tyrosine (P-Tyr; blue in C”) to visualizell boundaries. Arrows and arrowheads in

118

B and C panels indicate nuclei with one or two Hk@spectively. (D-D”) Stage 1 embryo stained

with MPM-2 (green in D), -Lsm11 (red in D), and -P-Tyr (blue in D). Arrows indicate an;$cell
containing an MPM-2 focus that co-localizes withmlsl. White arrowheads indicate a@dell lacking
MPM-2 foci but containing Lsm11 in the HLB. Yelloawrowheads indicate amnioserosal cells, which have

permanently exited the cell cycle in G2Anterior is to the top and ventral to the lefarB: 20 m.

Embryonic MPM-2 foci depend on Cyclin E/Cdk2 activity

If the embryonic MPM-2 foci are related to the previously described MPM-2 foci
in follicle cells, then their presence should depend on Cyclin E activity. Tthigste
characterized MPM-2 staining in stage 13 (cycle 17 in the epidecyab) E mutant
embryos relative to phenotypically wild type sibling controls. Wild type eoshay this
developmental stage contain proliferating diploid cells in the central arphpsal
nervous systems as well as endoreduplicating cells in various tissuesidengf.,
salivary gland, posterior spiracleg)yclin Emutant embryos develop normally until this
stage because of maternal deposition of Cyclin E, and then arrest in G1 of cycle 17.
Consequently, DNA synthesis in both proliferating neuronal cells and endoreduglicatin
cells is severely compromisedagiclin Emutants (Knoblicket al, 1994). We focused
on endoreduplicating cells in the posterior spiracle primordium, since they atbh@ea
surface and relatively easy to image. In control embryos these cellsqoiast MPM-
2 foci (Figure 2.2A-A’, arrow). In contrast, the posterior spiracle celigazfje matched

cyclin Emutants lack detectable MPM-2 foci (Figure 2.2B-B’, arrow) while they still

29



contain Lsm11 foci (Figure 2.2C-C’, arrow). These data indicate thatdyce$ not
required for maintenance of the HLB, but rather for the appearance of an Mpikb{#e
at the HLB. We also performed the reciprocal experiment of Cyclin E oveessipn.
Epidermal cells arrest in G1 of cycle 17, and contain Lsm11 foci but not MPM-2 foci
(Fig. 2.2D). Ubiquitous expression of Cyclin E with a heat inducible promoter
(hsp70::cyclin EXrives these G cells into S phase (Duronio and O'Farrell, 1995;
Knoblich et al., 1994). This treatment also results in the appearance throughout the
epidermis of MPM-2 foci that co-localize with Lsm11 foci (Figure 2.2E, arrodd)ea
We conclude from these data that Cyclin E/Cdk2 activity in the embryo is botlsaeces
and sufficient to produce nuclear MPM-2 foci that co-localize with the HLB alzsr
histone gene expression is lostytlin Emutant embryos when they undergo cell cycle
arrest in G1 of cycle 17, we hypothesize that MPM-2 recognizes a CyCldkE/
substrate that contributes to histone mRNA biosynthesis. We therefore etaealct

embryonic MPM-2 foci in more detail.
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Figure 2.2: Embryonic MPM-2 foci depend on Cyclin Eactivity. (A-C) Images of the posterior
spiracles of germ band retracted (stage 13) embrisw'*® embryos stained with MPM-2 (A, green in
A and -P-Tyr (blue in A"). (B,C)ycE****homozygous mutant embryos stained with MPM-2 (Beg
in B) or -Lsmll (C, red in C’) and-P-Tyr (blue in B’ and C’). Arrows indicate a poste spiracle cell.
w8 control (D) orhsp70::cyclin Bransgenic (E) embryos were given 43 Teat shock for 30 minutes
prior to fixation and then stained with MPM-2 (gnge -Lsm11 (red), and -P-Tyr (blue). Epidermal cells

of the first thoracic segment are shown. Arrowlssiadicate the HLB. Anterior is to the top. Bar: 20.
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MPM-2 foci co-localize with nascent histone transcripts

If MPM-2 recognizes an HLB phospho-protein involved in histone gene
expression, then it should label sites of histone mMRNA biosynthesis. We previously
developed a cytological assay that detects nascent, chromatin-asbbgaine mRNA
transcripts in intacBlbpmutant embryos (Lanzottt al, 2002). Slbpmutants are
defective in normal histone pre-mRNA processing, and accumulate inappredaatgl
polyadenylated histone mRNAs (Sullivahal, 2001). These aberrant mMRNAs result
from the use of cryptic polyadenylation signals located downstream of timalnore-
MRNA processing site in each of the 5 replication-associated histone ganest{j et
al., 2002). Because the 3' UTR of these polyadenylated histone mRNAs contain
sequences not found in the wild type mRNA, we were able to develop a probe (H3-ds)
that specifically recognizes the polyadenylated form of histone H3 mRNypti€
polyadenylation is less efficient than the normal 3’ end processing, canasiognt pre-
MRNA to accumulate on the chromatin templat8lioppmutants. These nascent
transcripts can be visualized as a nuclear focus by fluorescent wholeimsitunt
hybridization with the H3-ds probe (Figure 2.3, A and B) (Lanzotti et al., 2002; Lanzotti
et al., 2004). In addition, nascent histone transcripts appear soon after zygotic
transcription of the histone genes begins, because there is no maternal SLB&aitythe
embryo. We previously showed that nascent H3 transcripts arise in very {ate G2
immediately preceding each mitosis and persist into S phase of cycle 16t{Lanal.,
2004). Fluorescernn situ hybridization ofSIbpmutant embryos with the H3-ds probe in
conjunction with MPM-2 staining showed that MPM-2 foci co-localize with these

nascent H3 transcripts (Figure 2.3, A and B, arrows). Thus, MPM-2 foci co-loadtlize
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sites of active histone mRNA biosynthesis in embryonic cells. MPM-2 alss $tai in
cells in early Gz, that lack nascent H3 transcripts but that are known to contain active
Cyclin E/Cdk2 (Figure 2.3A, C, arrowhead). This suggests that MPM-2 foci can be

present without ongoing active histone gene transcription (see below, Fig. 2.6).

Figure 2.3: MPM-2 foci co-localize with the histondocus body in replicating cells(A) An Slbp"®
homozygous mutant post-blastoderm embryo was stauith -P-Tyr (left panel in blue), MPM-2 (green
in merge), and hybridized with a fluorescent prtis recognizes misprocessed, polyadenylated H3
MRNA as nascent transcripts in the nucleus (H3edtspanel in red). Arrows indicate a cell igsSwhich
contains an MPM-2 focus that co-localizes with ea$di3 transcripts. Arrowheads indicate an MPM-2
focus in a G2 cell that lacks nascent H3 transcripts. Antergoioi the top and ventral to the right. Bar: 20

m. (B) S5 cell marked by arrows in (A). Bar: 2n. (C) G2, cell marked by arrowheads in (A). Bar: 2

m.
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The HLB disassembles during mitosis

Components of the mammalian Cajal body such as NPAT disassemble at the
metaphase-anaphase transition and reassemble in the following interphatea(M
2000). To determine whether HLBs behave similarly, embryos were stairretiRivI-
2 or anti-Lsm11 antibodies and anti-phospho-histone H3 antibody (PH3) to mark mitotic
cells. MPM-2 staining was examined in the early mitotic domains of ag# ayt in
gastrulating embryos (Figure 2.4). Because the groups of cells comprisitafia mi
domain do not enter mitosis synchronously, we could examine all stages of mithsis wi
a single domain. The nuclear MPM-2 foci present ins@2rsist into early mitosis, and
all M14 prophase cells examined contained MPM-2 foci associated with condensing
chromosomes (n=125, Figure 2.4A, arrow). In contrast, only 77% of metaphase cells
(n=106, Figure 2.4A, arrowhead) and none of the anaphase cells (n=102, Figure 2.4A,
yellow arrowhead) contain detectable chromosome-associated MPM-2Aoitie
following interphase the nuclear MPM-2 foci reappear. In syncytialddasm embryos
where progression through mitosis occurs synchronously, we also faile@cto M&iM-2
foci during anaphase and some metaphase embryos (Figure 2.5). These cdtathatic
the MPM-2 phospho-epitope begins to decline during metaphase and becomes
undetectable by anaphase, either because the HLB disassembles or thecaicsein
containing the MPM-2 epitope is destroyed or dephosphorylated. A similar anadgsis w
performed in cycle 14 embryos with Lsm11 antibodies. As with MPM-2 foci, Lsm11
foci are present in prophase, become undetectable by anaphase, and return isenterpha
(Figure 2.4B). These data suggest that components of the HLB disassemble during

mitosis and are similar to what has been previously reported for NPAT in fidiroblas
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lines (Maet al, 2000; Zhacet al, 2000). Drosophilacentrosomes have been reported to
contain proteins with phospho-epitopes that are recognized by MPM-2 during mitosis (do
Carmo Avides et al., 2001b; Lange et al., 2005a; Logarinho and Sunkel, 1998b). With
the fixation conditions we used, MPM-2 staining increases throughout the cell during

mitosis, but we did not observe specific staining of centrosomes.

Figure 2.4: MPM-2 and Lsm11 foci are cell cycle degndent. Post-blastoderm*® embryos in cell
cycle 14 were stained with-P-Tyr (blue), -PH3 (red), and MPM-2 (A) or-Lsm11 (B) (middle panels,

green in merge). Arrows indicate prophase cellgvareads indicate metaphase cells, and yellow
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arrowheads indicate anaphase cells. Bar:rA0Single prophase, metaphase, and anaphaseresisavn
in (A") and (B"), (A") and (B”), and (A™) and (B"’) respectively. Bars: 2 m. Mitotic domain 5 is shown
in (A) and mitotic domain 1 is shown in (B). Noteat the rat -P-Tyr used here recognizes an antigen at

the HLB and the mouse-PH3 used in (B) stains interphase cells weakly.

Figure 2.5: MPM-2 foci depend on the cell cyclev™*®syncytial blastoderm embryos were stained with

-PH3 (left panels in blue),-P-Tyr (left panels in red), and MPM-2 (middle pEngreen in merge).
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Shown are cycle 12 nuclei in (A) prophase, (B) mbése, and (C) anaphase. (D) Cycle 13 interphase

nuclei. Bar: 10 m.

MPM-2 foci assemble in the absence of the histone pre-mRNA processing factor
SLBP and U7 snRNP

Our analysis thus far suggests that MPM-2 recognizes a Cyclin E/Cdk2aseibstr
found in the HLB that could be involved in histone mMRNA biosynthesis. One possibility
is that one or more components of the histone pre-mRNA processing machinery are
required for the formation of MPM-2 foci. To test this, we staigbxh mutants with
MPM2 antibodies. As shown above (Figure 2.3), MPM-2 foci are obsen&tpn
mutant embryos, which are deficient in SLBP because there is no maternal §bBof
protein (Lanzottiet al, 2002). This indicates that SLBP does not contain the primary
MPM-2 epitope in the HLB, and suggests that components of the HLB assemble
independently of SLBP. Consistent with this, Lsm11 foci are readily detec&dan
mutant embryos, and co-localize with sites of nascent histone H3 transcrijaiam(t
shown).

To test whether the U7snRNP is required for either MPM-2 foci or the HLB to
assemble, we stained tissues frdihsnRNA mutant third instar larvae. Because of
maternal loading of U7 snRNA, the third larval instar is the earliest turiegl
development when U7 snRNA is depleted andifenutant phenotype appears
(Godfreyet al, 2006). We confirmed the disruption of the U7 snRNP by assaying for
Lsm11, a U7 snRNP-specific protein that no longer accumulates in the HI'B in
mutant cells (Figure 2.6, B and D). MPM-2 foci formJid mutant salivary gland-

associated fat bodies and eye discs (Figure 2.6, A and C), as theSld®Rmutant
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embryos. Similarly, the MPM-2 antigen, but not Lsm11, localizes to the HLF in

mutant follicle cells in the adult ovary (J. Gall, personal communication). Tnerdihe

HLB with an associated protein recognized by MPM-2 assembles indepenafethtty

U7 snRNP. To confirm this result, we performed RNAIi knockdown of LsmDimgl-2

cells and observed that MPM-2 staining was unperturbed follokgangll dsRNA

treatment although the Lsm11 foci were no longer detectable (Figure 2.7). In sum, our
results indicate that the MPM-2 phospho-epitope and Lsm11 are detected in the HLB
whether or not SLBP is present in the cell. Unlike Lsm11, however, the detection of the
MPM-2 phospho-epitope in the HLB does not depend on U7 snRNA, suggesting that at

least a partial HLB can form independently of an intact U7 snRNP complex.
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Figure 2.6: MPM-2 foci form independently of the U7snRNP. Fat bodies (A and B) and eye discs (C
and D) dissected from'*® andU7** homozygous mutant third instar larvae were staimitld MPM-2

(left panels, green in merge) aneL,sm11 (middle panels, red in merge). Fat bodieewéso stained with

DAPI (blue in merge). Arrows and arrowheads indiaaticlei with and without MPM-2 foci, respectively.
Note that in wild type Lsm11 foci are present ilwithout MPM-2 (arrowhead in C) and that Lsm11

foci are absent in thd7 mutant cells. Bars: 20m.

Figure 2.7: MPM-2 foci are not dependent on Lsm11Dmel-2cells treated with either (A) control
dsRNA or (B) Lsm11 dsRNA stained with MPM-2 (lefinels in green),-Lsm11 (middle panels in red),
and DAPI (right panels in blue). Arrow in (A) indites a cell with a single HLB. Arrow and arrowhéad

(B) indicates cells with two or three, respectivédPM-2 foci and no Lsm11 foci. Bar:10m.

°20r histone transcription

Embryonic MPM-2 foci do not require strin

Cyclin E/Cdk2 phosphorylation of the protein containing the MPM-2 epitope may
regulate, or even result from, the transcription of histone genes. To testhis, w
examined MPM-2 staining istring mutant embryos. In late @R histone gene

transcription occurs in a pattern that precisely correlates with theawtohain pattern,

and this transcription is lost Btring mutants, which arrest in @gafter destruction of
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maternalkstring mRNA and protein (Figure 2.8, A and B) (Lanzotti et al., 2004). MPM-2
foci can be readily detected s$tring Slbpnull mutant embryos that lack nascent histone
transcripts (Figure 2.8, A and C). This result indicates that formation of MRdi2 f
does not require histone gene transcription or the function of mitotic Cdks actiyated b
string®® Consistent with this interpretation, MPM-2 foci are present in all cells
throughout interphase 14€. both S phase and G2 when Cyclin E/Cdk2 is active) at
times when neither striﬁ‘ljZSis active nor histone transcription occurs (Figure 2.3C).
These data indicate that the formation of MPM-2 foci occurs independently of%fring

(and thus by inference Cdk1 activity) and histone transcription.

Figure 2.8: MPM-2 foci do not depend orstring or Slbp. All embryos were stained with-P-Tyr (blue)
-PH3 (red), and MPM-2 (middle panels, green in rapr¢A) Stage-matched sibling control, (&)

homozygous mutant, and (6ig Slbpdouble Df(3R)std"™) homozygous mutant. Lack of PH3 staining
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was used to distinguisstig mutants from siblings. Anterior is to the top asmahtral to the right. Bar: 20

m.

MPM-2 foci appear coincidentally with activation of zygotic histone gene exgites

Most zygotic gene expression begins at the blastoderm stage duried.4ycl
(Edgar and Schubiger, 1986). Histone genes are an exception, and become
transcriptionally active precisely in nuclear cycle 11 (Edgar and Schubfg6). If the
protein containing the MPM-2 epitope regulates some aspect(s) of histone mRNA
biosynthesis, then we expect MPM-2 foci to be present once zygotic expression of the
histone genes has begun. To determine whether there is a relationship betwesetthe
of zygotic histone transcription, the assembly of the HLB, and the appearance of the
MPM-2 epitope at the HLB, we carefully analyzed syncytial blastodermyasistained
with MPM-2 and anti-Lsm11 antibodies. Nuclear density was used to accuraggy sta
the embryos with respect to each nuclear cycle. Uniform MPM-2 staining throubbout t
nucleus was detectable in all syncytial blastoderm cycles, perhaps becdaeseal
Cyclin E/Cdk2 is present throughout the early embryo. MPM-2 foci appear for the first
time precisely during nuclear cycle 11, concomitantly with the onset of z\gstane
gene transcription (Figure 2.9). Similarly, nuclear Lsm11 staining is unaefeprior
to cycle 11, and Lsm11 foci first appear during nuclear cycle 11 and co-lowélze
MPM-2 foci (Figure 2.9). The appearance of Lsm11 foci in cycle 11 is not the result of
new, zygotic synthesis, since Lsm11 protein is present in 0-30 min embryos (data not
shown), prior to the onset of zygotic gene expression. In addition, maternal expr#ssi
a YFP-Lsm11 fusion protein in da-GAL4/UAS-YFP-Lsm11 females results in

appearance of YFP-Lsm11 foci in embryonic cycle 11 (Figure 2.10). These data indicate
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that the onset of zygotic histone gene transcription and formation of the MPM-2«positi

HLB during early development are temporally and spatially coincident.

Figure 2.9: The histone locus body forms for the first time duing nuclear cycle 11w'*® syncytial

blastoderm embryos were stained with MPM-2 (lefigdg, green in merge)-Lsm11l (middle panels, red

42



in merge), and -P-Tyr (right panels in blue). Interphase of nuclegcles 9 to 14 are shown, as indicated

on the left. Bar: 10 m.

Figure 2.10: The histone locus body first forms and co-localizesith MPM-2 foci during nuclear
cycle 11.Syncytial blastoderm embryos with a maternally pted supply of YFP-Lsm11 were stained

with MPM-2 (red) and -GFP (YFP-Lsm11; green). Interphase of nuclearesy/®l, 10, 11 and 13 are

shown, as indicated on the left. Bar: 1.

MPM-2 foci form independently of the histone locus
The coincidence in developmental timing of the onset of zygotic histone

transcription and formation of the HLB suggests two possibilities. Histone gene
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transcription may directly result in the nucleation of the HLB at the histons,locde
novoassembly of the HLB may trigger the initiation of histone transcription. t€mat
to distinguish between these possibilities, we stained embryos containing aygoosoz
deletion of the entire histone locusf(2L)Ds6 with MPM-2 and anti-Lsm11 antibodies.
We hypothesized that chromatin at or near the histone locus is necessary $sethbly
of the HLB, as it might function as a scaffold on which the HLB is assembled toocerry
histone mRNA biosynthesis. Surprisingly, both MPM-2 and Lsm11 foci are detected in
Df(2L)Ds6homozygous embryos lacking the histone genes (Figure 2.11, arrows), which
were distinguished from siblings containing histone genes by in situ hylbiodi zd
histone H3 mRNA (Figure 2.11, left panels). Moreover, the distribution of nuclei with
one versus two MPM-2 foci is similar between wild type Bi@L)Ds6embryos, such
that the percentage of cells containing one MPM-2 focus in wild typ®#Rat)Ds6
embryos is 89% and 84%, respectively, and the percentage of cells containing two MPM-
2 foci in wild type andf(2L)Ds6embryos is 11% and 7.8%, respectively. This result
indicates that the histone locus, and therefore histone transcription, is not requined for
initial nucleation of the HLB.This is consistent with our analysissifing mutant
embryos, which also indicated that histone transcription is not required to maintain
MPM-2 foci.

Although HLBs form in the absence of the histone locus, we observed differences
in MPM-2 and Lsm11 staining between wild type &f(PL)Ds6embryos. First, the
lack of the histone gene cluster altered the high incidence of MPM-2 and Lsm11 co-
localization (Table 2.1). Using fluorescent images, nuclei were assignedtegany

based on the type of MPM-2 and Lsm11 foci present in the nucleus of stage 11 wild type
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or Df(2L)Ds6embryos. Whereas in wild type embryos only 5% of interphase nuclei
contained Lsm11 foci that did not co-localize with MPM-2Diii2L)Ds6 mutants the
proportion of this class of nuclei increased to ~35% (Table 2.1). In addition, 8% of the
nuclei contained more than one Lsm11 focus that did not co-localize with MPM-2 foci
(Table 2.1). These data indicate that full association diTlenRNP and the protein
containing the MPM-2 epitope requires the histone locus. Second, the HLBs in
Df(2L)Ds6embryos are smaller than in controls as revealed by measuring theaize (se
Materials and Methods) of the MPM-2 nuclear focus in 75 cells from two stageeda,
stage 11 embryos. The average size (defined as length plus width) of the Ktlelvs

in control andDf(2L)Ds6embryos is 1.48 0.37 and 1.06 0.27 m, respectively
(p<0.001). Thus, while the histone locus is not absolutely essential for the formation of
the HLB, as assessed by co-localization of MPM-2 and Lsm11 foci, fullesaabémbly

of the HLB requires the histone locus.

Figure 2.11: Aberrant histone locus bodies form inhe absence of the histone locuBost-blastoderm

embryos hybridized with an H3 RNA probe (purpleyevstained with MPM-2 (green)-Lsm11 (red),
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and DAPI (blue)Df(2L)Ds6homozygous mutant embryos that lack the histone gtuster (B) were
distinguished from control siblings (A) by the lagkzygotic histone H3 mRNA. Arrows indicate fodi o
MPM-2 and -Lsm11 that co-localize. Arrowheads indicate cetiataining a focus of co-localizing MPM-
2 and -Lsm1l1 as well as a focus of justLsm11. Anterior is to the top. Bar: 20n.

Table 2.1 Characterization of the HLB in histone életion embryos

1ML+ 1ML+
1ML* | 2ML 1L 2L 1L 2Ls | 2M | Other
11¢ —
W (n=191) | g12 11.0 5.2 0 05 0 0 21
Ds€ (n=192) 54.7 4.2 20.3 3.1 3.6 78 05 5.7

*ML indicates a focus of co-localized MPM-2 and Lkinstaining, L indicates a focus containing only
Lsmll, and M indicates a focus containing only MRM®©Other” refers to individual patterns of staigin

that are not represented in the indicated categarie that each comprise less than 0.5% of cells.

Discussion

Using the MPM-2 monoclonal antibody as a tool, we have presented evidence
that a Cyclin E/Cdk2 substrate localizes to the HLB, a recently des®iosdphila
nuclear organelle likely to be directly involved in histone mMRNA biosynthesisefial.
2006). MPM-2 foci co-localize with the histone locus, nascent histone transcripts, and
the U7 snRNP-specific protein Lsm11. We propose that the MPM-2 antibody rezogniz
an activator of histone mRNA biosynthesis that either stimulates histoserifgion
and/or pre-mRNA processing during S phase.

The identity of the protein containing the MPM-2 epitope is unknown, and there
are few if any knowirosophilaproteins with the properties one would predict for an
MPM-2 target involved in histone mMRNA biosynthesis. In contrast, the human NPAT
protein has several of these properties and provides an example of the type oflpabtein t
may be recognized by MPM-2. NPAT is a Cyclin E/Cdk2 substrate that funesoas
general activator of transcription of the replication-dependent histone deanéschlizes

to those Cajal bodies that are associated with histone loci during S phase (IM20€t0al
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Miele et al., 2005; Wei et al., 2003; Zhao et al., 1998; Zhao et al., 2000; Zheng et al.,
2003). The NHEterminus of NPAT contains a LisH domain that is necessary for H4
transcription (Weket al, 2003). Although there are fifteen predicted LisH-containing
proteins inDrosophila no ortholog of NPAT has yet been identified. Coilin, which
functions to maintain the integrity of the Cajal body, can be phosphorylated by Cyclin
E/Cdk2in vitro (Hebert et al., 2001; Liu et al., 2000; Tucker et al., 2001). However,
MPM-2 does not recognize Cajal bodies in HeLa cells (A.E.W. and R.J.D., unpublished),
and theDrosophilaCajal body inDrosophilacells is distinct from the HLB (Liet al,

2006). The orthologue of coilin has also not been reportBdasophila

HLB behavior during early Drosophila development

Our cytological analysis of MPM-2 staining of the HLB during e@ngsophila
embryogenesis indicates that the HLB is a dynamic, cell cycle-tedud&ructure. As
detected by MPM-2 and anti-Lsm11 staining, the HLB assembles for thinfiesin
development during S phase of nuclear cycle 11 in the early syncytial embri. HL
nucleation occurs during the exact same cycle that zygotic histone gestipton
begins. In frog oocytes, increasing U7 snRNA expression can induce formatiajabf C
body like structures (Tuma and Roth, 1999), suggesting that in vertebrate tsh&kNP
or nascent histone transcripts may trigger formation of Cajal bodies aedowith the
histone locus. Interestingly, however, HLB assembly does not require U7 snRNA or the
histone locus, and therefore occurs independently of histone gene expression. We thus
favor a model in which developmentally controlled HLB formation is essentidhdor

onset of zygotic histone gene transcription.
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Although the HLB is capable of forming independently of the histone locus, the
histone locus contributes to the structural integrity of the HLB. In histoneatelet
embryos, HLBs are smaller and some interphase nuclei contain Lsm1iafodotnot
co-localize with MPM-2. The size of the nucleolus is determined by the amount of
ribosomal gene transcription (Hernandez-Verdun, 2006). Thus, the size and overall
composition of the HLB may be similarly dependent on transcription of the histone
genes. Consistent with this, MPM-2 and Lsm11 foci are present at maximdusiag
prophase of cycle 14, just after the initiation of histone transcription in late G2
Nascent histone transcripts are likely aborted during mitosis (Shermoéifearrell,

1991), which correlates with the loss of MPM-2 and Lsm11 staining we observe in
anaphase. Alternatively, reduced HLB size may be a secondary consegjuegite
cycle arrest resulting from lack of histone biosynthesis (Setitil, 1993).

In wild type embryos we observe either one or two MPM-2 or Lsm11 foci per
cell at frequencies similar to the known pairing frequencies of the histone loci on
homologous second chromosomes (Fahgl, 1998). This is also consistent with the
association of the HLB with histone genes (kiual, 2006). Surprisingly, we often
detect one or two MPM-2 foci in histone deletion embryos, suggesting that HLB number
is not dictated solely by homologous pairing at the histone locus. HLB compongnts ma
associate with another chromosomal locus in the absence of the histone genes.
Alternatively, the de novo formation of one or two HLB’s may actually drive

homologous pairing at the histone locus.
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Cell cycle regulation of the HLB

Histone mRNA is greatly depleted ¢gyclin Emutant embryos (Lanzotti et al.,
2004). Since cyclin E mutant embryos arrest in G1 phase, it is difficult to know this
observation is indicative of a direct involvement of cyclin E/CdK2 in histone gene
expression, or arises as a secondary consequence of cell cycle arcastseBerterphase
MPM-2 foci are coincident with the HLB, are present in cells where Cyclik is
active, and are absent in cells that lack Cyclin E/Cdk2 activity, we favantdrgretation
that Cyclin E/Cdk2 phosphorylates a protein directly involved in histone mRNA
biosynthesis. How Cyclin E/Cdk2 participates in this process is not known, but it is not
required for recruitment of U7 snRNP to the HLB, since Lsm11 remains a stabl
component of the HLB in wild type cells arrested in G1 and in celtydin Emutant
embryos.

During the early embryonic cell cycles that have constitutive Cy¢@uiE?
activity, MPM-2 foci disappear as cells progress through mitosis and are uadkstdxy
anaphase. Focal Lsm11 staining is also lost during mitosis, suggestingagseaibly
of HLB components into the cytoplasm subsequent to nuclear envelope breakdown rather
than simply dephosphorylation or destruction of the MPM-2 target(s). The HiidByra
reforms during the subsequent interphase. These behaviors are similar to ther leéhavi
NPAT foci during mitosis in cultured mammalian fibroblasts @tal, 2000; Zhacet
al., 2000). The nucleolus also disassembles during mitosis (Hernandez-Verdun, 2006)
suggesting that dynamic disassembly/re-assembly of specific naolagartments
involved in gene expression is a general feature of nuclear behavior duramparet

mitosis.
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Summary

The HLB is a dynamic structure capable of receiving input from both the histone
locus and the cell cycle. Our analysis raises many questions, including how HLB
assembly occurs at a specific time in a syncytial cytoplasm from abumdéerinal
components-even in the absence of a histone locus template, and how Cyclin E/Cdk2
regulates HLB function and histone mRNA biosynthesis. Determining the idehtlig
HLB protein(s) recognized by MPM-2 antigen will help answer such questions, knd wi
provide a useful tool to examine how the regulation of such a fundamental process as

histone mMRNA biosynthesis is modulated by developmental programs.
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CHAPTER IlI

IDENTIFICATION OF NOVEL CELL CYCLE-REGULATED COMPONENTS
OF THE DROSOPHILAHISTONE LOCUS BODY

Preface
This work represents a manuscript currently in preparation. My advisor Dr.
Robert Duronio and | designed the experiments. Dr. Robert Duronio, Dr. William
Marzluff, and | analyzed the data. Brandon Burch, a graduate student in Dr. Marzluff
lab, helped with the RNAI knockdowns shown in Figure 3.8A, performed the histone
reporter assay shown in Figure 3.8B, and assisted in the analysis of the GiSEBbne

reporter secondary screen. | performed all other experiments and visatetiuscript.

Abstract

Histone mRNA biosynthesis is cell cycle regulated by Cyclin E/Cdk2; haweve
the underlying molecular mechanisms are incompletely understod@trosophilathe
monoclonal antibody MPM-2 detects epitopes that co-localize with the histone locus
body (HLB), a nuclear body enriched with factors regulating histone mMRNA
biosynthesis, and depend on Cyclin E/Cdk2 activity. Using a genome-wide RMANSscr
and mass spectroscopy, we aimed to uncover MPM-2 reactive HLB components and
discover how histone mRNA biosynthesis is regulated. This work identified two novel
HLB components: Mxc and Spt6. We show that Spt6, a transcription elongation factor,

co-localizes with HLBs only when histone gene transcription and Cyclin E/Cdk2 are



active. Importantly, we demonstrate that Mxc is recognized by MPM>& avid the
histone pre-mRNA processing factor FLASH establish a core HLB that foefose

other HLB factors are localized during early embryogenesis and remaamsidsd
throughout mitosis. Further, we show that Mxc is necessary for the corrdizdtca

of all HLB components tested, including FLASH, and for histone pre-mRNA processing

We propose that Mxc may represent a functional homolog to human NPAT.

Introduction

The majority of replication-dependent histone biosynthesis occurs exclusively
during S phase, concomitant with DNA replication to facilitate the assembly of
chromatin. Cell cycle control of metazoan histone protein synthesis is neguiated
at the level of mMRNA production (Borun et al., 1975; Breindl and Gallwitz, 1973;
Delisle et al., 1983; Detke et al., 1979; Harris et al., 1991; Heintz et al., 1983; Parker and
Fitschen, 1980). For example, CHO cells accumulate 35-fold more histone mRNAs in S
phase than in other phases of the cell cycle (Harris et al., 1991). Three feahiséanef
gene expression contribute to high histone production in S phase: activation of
transcription, increased efficiency of histone pre-mRNA processing, andsecre
stability of mature histone mRNAs (Marzluff and Duronio, 2002; Marzluff.e28I08).
Precisely how the cell cycle regulates these aspects of histone mRNAtbesss is not
fully known.

Transcription of the histone genes and progression through S phase in mammalian
cells is stimulated by the Cyclin E/Cdk2 substrate NPAT (Ma et al., 2080et/4l.,

2003; Ye et al., 2003; Zhao et al., 2000). NPAT is a component of a specialized nuclear
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structure called the histone locus body (HLB), which contains factors dedicalbed to t
production of histone mRNAs (Ghule et al., 2008). Specifically how Cyclin E/Cdk2
regulates NPAT activity, however, is incompletely understood (Ma et al., 2680; &t
al., 2000). NPAT was also recently implicated in recruiting components of tbadist
pre-mRNA processing machinery (Pirngruber and Johnsen, 2010). Whether Cyclin
E/Cdk2 promotes histone mRNA biosynthesis by regulating HLB dynamics or other
aspects of histone gene transcription has not yet been determined.

Histone mRNAs are not polyadenylated and undergo a specialized pre-mRNA
processing reaction controlled by the 3’ end of histone pre-mRNAs (Marzluff and
Duronio, 2002; Marzluff et al., 2008). An endonuclease is recruited to cleave the 3’ end
of histone pre-mRNAs through the activities of several specialized fdMargIuff et
al., 2008). Several of these factors, including FLASH and Lsm11, a core component of
U7 snRNP, co-localize iBrosophilaHLBs (Liu et al., 2006; Yang et al., 2009).

HLBs were first discovered iDrosophilaas foci of Lsm11 associated with the
histone genes, which are clustered in a 5 kb sequence present in ~100 tandemlty repeate
copies (Liu et al., 2006). Our previous work revealed that an HLB component regulated
by Cyclin E/Cdk2 is recognized by the mouse monoclonal antibody MPM-2 (White et al
2007), an antibody that marks Cyclin E/Cdk2 activitpnosophilacells (Calvi et al.,

1998). Based on our earlier work, we hypothesized that MPM-2 recognizes a Cyclin
E/Cdk2 substrate. We hypothesized that identifying the MPM-2 reactive component of
HLBs would help us to understand the mechanism(s) that Cyclin E/Cdk2 regulates
histone mMRNA biosynthesis and reveal clues about how histone gene expression is

regulated irDrosophilacells.
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None of the previously known histone mRNA biosynthesis factors was necessary
for the MPM-2 epitope(s) co-localizing with HLBs. We thus performed a gemadee-
RNAI screen in S2 cells to discover gene products necessary for localiahthese
MPM-2 epitope(s). Here we report 140 genes that, when reduced in expression, lowered
the percentage of cells containing nuclear MPM-2 foci. Two of these ganede
recently described HLB components: the histone pre-mRNA processing faRg&BHF
and Mute, which is required for muscle specification (Bulchand and Chia, personal
communication). A third high scoring hit was the homeotic gene Mxc, which contains
some sequence similarity to human NPAT and was previously shown to be necessary for
cell proliferation (Docquier et al., 1996; Remillieux-Leschelle et al., 200&2)di&s of
the novel HLB component Mxc reveal that it is MPM-2 reactive and necessary for
histone pre-mRNA processing and for the correct localization of all known HlrBensa
We also report that HLB assembly is ordered and begins with Mxc and FLASH in
nuclear cycle 10, followed by Mute and the MPM-2 epitope during nuclear cycle 11
when zygotic histone gene transcription initiates. This core HLB remaiesblesi
throughout mitosis, unlike other nuclear bodies such as nucleoli and Cajal bodies. We
also report results from validation and secondary screens performed on the top 95 hits
that identified genes required for the correct localization of HLB componentsand f
efficient histone pre-mRNA processing. Using mass spectroscopy, wiiadehi
proteins that co-immunoprecipitate with MPM-2 from S phase-arrested Sfickdar
extracts, including the transcription elongation factor Spt6. We show that Spt6 is a novel
HLB component that co-localizes with HLBs only when histone gene tranearipti

active.
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Materials and Methods

Cell culture, RNA interference, and cell staining.S2 cells were grown in Sf-900
Il SFM serum-free media (Gibco) using standard techniques. S phase asresdwecad
by treating cells with 10M aphidicolin and 1 M hydroxyurea (HU) for 24-36 hours.
For the genome-wide screen a library of 15,680 dsRNAs was obtained from Open
Biosystems (Thermo Scientific). 25 x*klls were plated in 96-well plates containing
1 g of dsRNAs and grown at 25 for six days. Cells were treated with aphidicolin and
HU during the last 24 hours of incubation with dsRNAs. Cells were plated to tissue
culture grade plastic 96 well plates that were pre-treated with coraiemA and
allowed to spread for 4-6 hours. For the secondary screens, cells were plated to
Whatman glass 96 well plates pre-treated with concanavalin A. Cebsfiwed in 4%
paraformaldehyde for 10 minutes, extracted using 0.1% Triton X-100 for 15 minutes, and
blocked with 5% normal goat serum in PBST for 30 minutes. The following primary
antibodies were used: monoclonal mouse anti-Ser/Thr-Pro MPM-2, (1:10000, Millipore),
affinity-purified polyclonal rabbit anti-FLASH (1:5000, gift of Zbigniew Dorski
(Yang et al., 2009)), polyclonal guinea pig anti-Mute-LS (1:2000, gift of Will@&ma),
and polyclonal guinea pig anti-Mxc (1:5000). The same secondary antibodies and DAPI
were used as described for embryo staining and all were diluted at 1:1000. Pilates we
stored at 2C until they were imaged. For the validation screen dsRNAs were obtained
from theDrosophilaRNAI Screening Center at Harvard Medical School. SK dsRNAs
were made byn vitro transcription using pBluescript as template and T7 polymerase.

For all other RNAI experiments, dsRNAs were synthesized using a PCR product as a
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template.

Screen imaging, analysis, and candidate selection for secondary screening.
Screen plates were imaged using the Cellomics Arrayscan VTI (dhecrentific)
platform and Spotdetector plate protocol provided with the accompanying soffiare.
each screen, cells were identified as objects by DAPI staining and vatthrobject
(nucleus) the algorithm identified fluorescent spots and quantified the peeitag
objects containing at least one fluorescent spot (MPM-2 or spot index) for each well
Data was acquired for at least 400 objects for each well when possible alid a w
containing fewer than 200 objects was not scored. MPM-2 indices were plotted for each
plate and normalized based on the mean MPM-2 index of the plate. A well with an
MPM-2 index of more than 3 standard deviations below the plate average was considered
a hit. To select candidates for validation, images corresponding to the top 150 dsRNAs
were visually confirmed as lacking MPM-2 nuclear foci to eliminatesfptssitives.
Genes considered indirect hits were not selected, such as genes previousy tefdmat
required for cell cycle progression (Bjorklund et al., 2006). For the top ninety-five
verified candidates, dsRNAs with different targets than in the primaryrsoree
selected. Data acquisition and analysis was performed in the same manrtbeas i
primary screen, except that the MPM-2 index was compared to control SK and no
dsRNA controls. For anti-Mxc, anti-FLASH, and anti-Mute stainings, an indexafdn
factor was determined in the same manner as for MPM-2. For MPM-2 and Mxc,eaverag
indices from two separate experiments were analyzed. Indices (%rfomeaker were

plotted from lowest to highest and values smaller than the control wells werd mtme
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three categories based on the index reduction relative to controls: severe tepodera

slight.

Histone GFP reporter assay.Dmel-2 cells stably expressing the Act5Cp/H3/GFP
reporter described previously (Yang et al., 2009) were plated to a 96 weltptdaaining
candidate dsRNAs and imaged after 5 days. Wells were manually scored for the
presence of GFP on a relative scale of 2-5 (weak-very strong) based on twaieeplic
experiments. Imaging was performed using an Olympus 1X81 microscope atjuipipe

a 10x objective.

Constructs and transfections. Two overlapping PCR products amplified from
clone LD32107 and S2 cDNA were ligated together to generate full-length Mxc. M
and CG2247 open reading frames were cloned into pENTR/D-TOPO (Invitrogen),
confirmed by sequencing, and recombined with pA\ARt{H5C promoter, N-term GFP)
and pAWV ActinsCpromoter, C-term GFP). pENTR-Mxc was also recombined with
pAFW (Actin5Cpromoter, N-term FLAG), pAWFActin5Cpromoter, C-term FLAG),
and pUGW Ubiquitin promoter, N-term GFP). pUGW was a generous gift from
Stephanie Nowotarski. Actp-dSpt6FRActin5Cpromoter, C-term FLAG/His) was a
generous gift from John Lis (Andrulis et al., 2002).

S2 cells were transfected in 6 well plates using the Amaxa Nucleofegt@aratus
and Nucleofector V kit (Lonza) as directed by the manufacturer. Stabldéseglvere
generated by co-transfection with pCoHygro (Invitrogen) and growing oesa g/ml

Hygromycin B (Invitrogen) for >14 days.
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Immunoprecipitations and Western blotting. Nuclear extracts were made as
described in (Sullivan et al., 2009), except that cells were lysed with 40 strokes of a
dounce homogenizer and no dialysis was performed. Antibodies were covalerstty cros
linked to protein G beads with dimethyl pimelimidate as previously describedréRetge
al., 2009). Proteins were immunoprecipitated by incubating nuclear extracts with
antibody-coupled beads overnight &4n NET buffer (50 mM Tris, pH 7.5, 400 mM
NaCl, 5 mM EDTA, 1% NP-403upplemented with inhibitors of proteases (Ogéml
leupeptin, 0.25 g/ml pepstatin A, 1.5g/ml aprotinin, 575 M phenylmethanesulfonyl
fluoride) and phosphatases (M microcystin-LR and 312.5M okadaic acid).
Immunocomplexes were washed four times with NET buffer supplemented with
phosphatase inhibitors before being boiled for 5 minutes in SDS-PAGE sample buffer.
The following primary antibodies were used: affinity purified monoclonal mouse ant
FLAG M2 (1:2000, Sigma). Secondary antibodies used were: ECL sheep anti-mouse
HRP (1:1000-2000, GE Healthcare), ECL donkey anti-rabbit HRP (1:2000, GE
Healthcare), and goat anti-guinea pig HRP (1:2000, Jackson Immunoresearch
Laboratories). Blots were developed using the ECL plus detection system (GE

Healthcare) following manufacturers directions.

Protein identification by mass spectroscopy Proteins were immunoprecipitated
from 10.4 mg S-phase arrested S2 nuclear extract diluted to Img/ml in NET buffer,

supplemented with protease and phosphatase inhibitors, wit BB M-2 or anti-HA

antibodies pre-cross-linked to 500f protein G beads. Immunocomplexes were washed

65



four times, boiled in SDS-PAGE sample buffer, and run on a 4-15% Tris-HCL mini-gel
(BioRad). Proteins were stained with Coomassie G-250 (Invitrogen) overnigftit. a
Proteins of interest were excised from the gel, digested with trypsin, andexhaly ABI
4800 MALDI TOF/TOF MS at the UNC-Duke Michael Hooker Proteomics Center.

Drosophilastrains. Mxc®*®

was previously described (Santamaria and Randsholt,
1995). w'8flies were used as wild type control. The Spt6 protein trap line (Spt6-PT),
P{PTT-GA}Spt6"°"®* contains an in-frame EGFP insertion between exons 2 and 3 of
Spt6 and was previously described (Buszczak et al., 2@HIR::Mxc transgenic flies

were created by injecting w*''® PBac{y -attP-3B}VK00033mbryos with pUGW

vectors containing Mxc. Best Gene Inc. (Chino Hills, CA) performed embrgotions.

Immunofluorescence of embryos and larval brains Embryos were
dechorionated, fixed in a 1:1 mixture of 5% formaldehyde:heptane for 20 minutes and
incubated with primary and secondary antibodies each for 1 houtGib2®vernight at
4°C. The following primary antibodies were used: monoclonal mouse MPM-2, (1:1000,
Millipore); monoclonal mouse anti-phospho-histone H3 (Ser10) (1:1000, Millipore);
polyclonal rabbit anti-phospho-histone H3 (Ser10) (1:1000, Millipore); polyclonal rabbit
anti-phospho-tyrosine (1:100, Millipore); monoclonal rat anti-phospho-tyrosine (1:100, R
& D systems, Minneapolis, MN); mouse and rabbit anti-GFP (1:2000, Abcam,
Cambridge, MA); affinity-purified polyclonal rabbit anti-FLASH (1:1000), pddyal
ginea pig anti-Mute-LS (1:1000), affinity purified rabbit and guinea pig ant-M

(1:2000), and affinity-purified polyclonal guinea pig anti-Spt6 (1:1000, gift of Fred

66



Winston (Kaplan et al., 2000)). The following secondary antibodies were usedntjoat a
mouse IgG labeled with Oregon Green 488 (Molecular Probes, Eugene, OR), Cy3
(Jackson Immunoresearch Laboratories, West Grove, PA) or Cy5 (Jacksomntiyoat
rabbit IgG labeled with Rhodamine Red (Molecular Probes, Eugene, OR), Cy2@acks
or Cy5 (Abcam); goat anti-rat IgG labeled with Cy3 (Jackson), donkeyatr@yb
(Jackson); donkey anti-chicken IgY labeled with Cy2, Cy3, or Cy5 (all froksdal.

DNA was detected by staining embryos with DAPI (1:1000 of 1mg/ml stock, DAKO

Corporation, Carpinteria, CA) for 2 minutes.

Confocal Microscopy.Confocal images were taken at a zoom of 1.0-8.0 with a
63x (NA 1.40) Plan Apochromat objective on a Zeiss 510 laser scanning confocal
microscope using the LSM data acquisition software (Carl Zeiss, Ggynharage false

coloring and contrast was adjusted using Photoshop (Adobe Systems Inc.).

Results
A genome-wide screen for MPM-2 reactive proteins co-localizing with HLBs

We previously reported that the monoclonal antibody MPM-2 detects a protein(s)
that co-localizes with histone locus bodies (HLBs), and that this epitope depends on
Cyclin E/Cdk2 activity (White et al., 2007). In order to identify MPM-2 reactive
components of HLBs, we developed a high-throughput microscope-based screen in
DrosophilaS2 cells (Figure 3.1A). The screen relied on the premise that knocking-down
an MPM-2 reactive component of HLBs would reduce the percentage of cells that

contain nuclear MPM-2 foci, called the MPM-2 index. An asynchronously dividing

67



population of cells has an MPM-2 index of 51%, n=298 cells. In order to increase the
baseline MPM-2 index of our assay and thus our ability to detect decreases iANh& M
index, cells were arrested in S phase by treating them with aphidicolin arckyycra
during the final 24 hours of treatment with dsRNA. This treatment increased tHie2VIP
index of a control population of cells to 98% (n=53 cells).
cyclin Ewas chosen as a positive control for our screen, because it is known to be
required for MPM-2 foci formation (White et al., 2007). In our pilot studies, celsenle
with cyclin Edouble-stranded (ds) RNAs for 6 days and aphidicolin/hydroxyurea for 24
hours have an MPM-2 index of 17.92% (n=519) as compared to 88.72% (n=532) for cells
treated with SK dsRNAs, a negative control dsRNAs containing pBluesegpéesces.
Usingcyclin EdsRNASs treatment as a guide, we expected that dsRNAs targetig gen
expression of an MPM-2 reactive protein should give a comparably low MPM-2 index.
For the genome-wide screen, S2 cells were plated to 174 96-well plates
containing a library of 15,680 dsRNAs, grown af@%or six days, and aphidicolin and
hydroxyurea were added to the cultures during the last 24 hours. Cells wede fptad,
and stained with MPM-2 and DAPI (see Materials and Methods). MPM-2 indices were
obtained for each dsRNA treatment automatically, using the SpotDetecepgi#icol
(see Materials and Methods), which was optimized to discriminate betweeleasnuc
containing MPM-2 foci and a nucleus containing diffuse MPM-2 staining throughout
(often observed in positive wells lacking MPM-2 foci; Figure 3.1A). Diffugelear
MPM-2 staining may be the consequence of other epitopes being more higlglyizedo
by MPM-2 in the absence of the HLB epitope or the mislocalization of the HLB epitope

throughout the nucleus. The screen yielded 140 genes that when knocked down in
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expression generated MPM-2 indices that were 3 standard deviations lower tplatethe
mean index (see Figure 3.1B-C, Table 3.1, and Materials and Methods). We thed selecte
95 genes from this original 140 to validate by re-screening using a set of dsFRMAs

target a different region of each gene than in the primary screen. To sedec®3heve
eliminated genes (e.g. ribosomal proteins) whose depletion is known to arrest the c
cycle outside of S phase. The validation screening of the selected 95 candidates |
described with the secondary screens in a later section in this chapter. ENdieints

that reduced the MPM-2 index during the validation screening are indicated in3Thble
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Figure 3.1: Genome-wide RNAi screen for MPM-2 co-lealization with HLBs. (A) Overview of the
screen, see text for details. (B) Representatiaplgof the MPM-2 indices of a plate from the soree
referenced to the average MPM-2 index of the [{id#ek red line). Wells with an MPM-2 index below
three standard deviations (bottom green line) ftieenplate average MPM-2 were considered a hit (8&ll

is an example of a hit, circled in red). (C) Fumecal categories represented by the top 140 Ki23.
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Venus-Mxc and (E) Mxc-Venus expressing S2 cell;ethwith MPM-2 (magenta),-GFP to detect

Venus-tagged Mxc (green);Mute-LS (red), and DAPI (blue in merge). Arrowbsandicate foci of

MPM-2, Venus-tagged Mxc, and Mute-LS that co-lanali (F) and (G\v'**® syncytial blastoderm (cycle

13) embryos were stained with MPM-2 (green in mgrgeMxc (red in merge), DAPI (blue in merge), and

-FLASH (magenta in merge) in (F) anéMute-LS (magenta in merge) in (G). Arrows inde#&ici of

MPM-2, Mxc, and FLASH in (F) or Mute-LS in (G) theb-localize. Bars: 2m in (D) and (E) and 10m

in (F) and (G).

Table 3.1: Top hits from primary screen.

Selected
for |Validateg
CG Z value| Gene Nam Function or pathway (Flybase) Hit in related scespalidation  hits
HDC9857 -7.695 HDC9857 unknown Y N
CG4616 -6.297 FLASH histone pre-mRNA processing Y Y
CG10161 -5.615 elF-3p66 translation initiation factor Bjorklundait 2006 Y Y
CG17841 -5.593 CG17841 unknown Y N
CG15081 -5.491 1(2)03709 unknown Y N
CG14884 -5.464 CSN5 COP9 complex homolog subunit Bjorklund e28D6 Y Y
Bjorklund et al. 2006;
CG10498 -5.149 cdc2c Cdk2, S phase Wagner et al. 2007 N ND
CG12324 -5.144 RpS15Ab ribosome Bjorklund et al. 20006 ND
CG8171 -5.024 dup DNA replication, S phase Bjorklund et al. 2086 ND
HDC14221 -5l HDC14221| expressed in posterior endoderm anldge Y N
CG3479 -4.976 outspread unknown Y N
CG18332 -4.901 CSN3 COP9 complex homolog subunit Bjorklund eR@D6 | Y Y
CG11522 -4.857 RplL6 ribosome Bjorklund et al. 2008l ND
CG614]1 -4.843 RplL9 ribosome N ND
CG9476 -4.661 a-Tub85E cytoskeleton, mitotic spindle assembly orBjind et al. 2006N ND
CG8522 -4.64% HLH106 fatty acid biosynthesis, transcription Bjlorkd et al. 2006 Y N
CG18041 -4.574 dgtl phosphate metabolism Y N
CG13628 -4.506 CG13623 iron-sulfur cluster assembly Y N
CG1773y -4.31 CG17737 translation initiation factor Y N
CG12124 -4.274 mxc similar sequence to NPAT Y Y
CG872% -4.262 CSN4 COP9 complex homolog subunit Y Y
CG7726 -4.251 RplL1l ribosome Bjorklund et al. 2008 ND
CG10324 -4.247 CG10324 nucleic acid binding Y N
CG33455 -4.236 Mute regulation of transcription Y N
CG4453 -4.188 Nupl53 nuclear pore, zinc ion binding Y N
CG11985 -4.118 CG11985 spliceosome Y Y
HDC1589¢ -4.116 HDC15896 unknown Y N
CG11397 -4.107 gluon mitotic spindle organization Y N
CG8636 -4.057 CGB8636 translation initiation factor N ND
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CG6050 -4.038 EfTuM translation elongation N ND
CG874% -4.003 CG8745 arg to glu catabolism Y N
CG16983 -4.002  skpA proteolysis, cell cycle Bjorklund et al. 2006 ND
CG5739 -3.979 CG5739 unknown Y N
CG955¢ -3.971 alien CSNZ2, protein stabilization Bjorklund et 2006 | Y Y
CG8129 -3.969 CG8129 metabolic process Y N
CG189]1 -3.937 sax TGFbeta receptor activity, Y N

CG17077 -3.924 pnt transcription factor Y Y
CG32000 -3.923 CG32000 ATP biosynthesis Bjorklund et al. 2006 Y N
CG18789 -3.836 CG18789 unknown Y N
CG10652 -3.823 RpL30 ribosome Bjorklund et al. 2008 ND
CG18495 -3.819 Prosal threonine-type endopeptidase activity N ND
CG4963 -3.807 CG4963 mitochondrial iron ion transport Wagnerlep@07 |Y N
HDC16921 -3.797 HDC16921 unknown Y N
CG9677 -3.79" Int6 translation initiation factor Y Y
CG1859]1 -3.767 CG18591 spliceosome Y Y
CG8610) -3.76 Cdc27 mitosis Bjorklund et al. 2008l ND
CG2038 -3.758 CSN7 COP9 complex homolog subunit N ND
CG18009 -3.752 Trf2 transcription factor Y N
CG15693 -3.722 RpS20 ribosome N ND
CG147% -3.722 RpL13A ribosome N ND
CG18740 -3.716 moira chromatin remodeling, transcription Y N
CG11092 -3.703 CG11092 transport Y Y
HDC1857% -3.702 HDC18575 unknown Y N
CG3157 -3.692 g-Tub23C mitotic spindle organization N ND
CG4046 -3.677 RpS16 ribosome Bjorklund et al. 20006 ND
CG7483 -3.668 elF4Alll translation initiation factor Bjorklund etl. 2006 N ND
CG10042 -3.666 MBD-R2 binding Wagner et al. 2007 | Y Y
CG1676 -3.65% cactin dorsal-ventral axis specification Y N
CG5844 -3.629 CG5844 phagocytosis Y Y
CG113% -3.627Rcd5/MCRS centriole duplication Wagner et al. 2007 Y N
CG681T -3.621 foi zinc ion transmembrane transporter Y N
CG15365 -3.603 CG15365 unknown Y N
CG8053 -3.591 elF-1A translation initiation factor N ND
CG12775 -3.59 RpL21 ribosome Bjorklund et al. 2008 ND
CG12118 -3.584 1(1)G0095 binding Y Y
CG8857 -3.569 RpS11 ribosome N ND
CG8542 -3.562 Hsc70-5 protein folding N ND
CG10423 -3.558 RpS27 ribosome N ND
CG7808 -3.556 RpS8 ribosome Bjorklund et al. 200§ ND
CG3661 -3.549 RplL23 ribosome Bjorklund et al. 2008 ND
CG1037Q0 -3.539 Thp-1 proteolysis Bjorklund et al. 2006 Y Y
CG9428 -3.513 Kap-a3 protein import in nucleus Y N
CG4320 -3.509 raptor response to DNA damage Y Y
CG11132 -3.505 DMAP1 negative regulator of transcription Y N
HDC19023 -3.503 HDC19023 unknown Y N
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CG5859 -3.§ CG5859 unknown Y Y
CG10944 -3.486 RpS6 ribosome Bjorklund et al. 20006 ND
CG6610 -3.476 CG6610 spliceosome Y N

CG14981 -3.476 maggie intracellular protein transport Y Y
CG15319 -3.464 nej histone acetyltransferase Y N
CG10480 -3.464 Bj1 chromatin binding, Ran GEF, mitosis Y N
CG13387 -3.45] emb nuclear import/export Bjorklund et al. 20p6 Y  |Y
CG9075 -3.448 elF-4a translation initiation factor Bjorklund ét 2006 [N ND
CG8198 -3.448 1(1)G0136 iron-sulfur cluster assembly Y N
CG7171 -3.437 Uro metabolic process Y N
CG10338 -3.421 CG10333 spliceosome Y N
CG9805 -3.418 elF3-S10 translation initiation factor Bjorklundadt 2006 |N ND
CG15798 -3.416 Dsorl MAP kinase kinase kinase cascade Y N
CG14111 -3.413 CG14111 unknown Y N
CG5827 -3.382 RpL37A ribosome Bjorklund et al. 2008l ND
CG11154 -3.373 ATPsyn-B ATP synthesis N ND
CG18176 -3.37 deflated binding Y N
CG8190 -3.355 elF2B-g translation initiation factor N ND
CG8922 -3.338 RpSba ribosome N ND
CG6253 -3.326 RplLl14 ribosome N ND
CG5119 -3.32 pAbp poly(A) binding, translation Bjorklund et &006 N ND
CG14206 -3.309 RpS10b ribosome Bjorklund et al. 2006 ND
CG6641 -3.306 Pbprp5 pheromone binding Y N
CG9769 -3.298 CG9769 translation initiation factor Y Y
CG7490 -3.296 RpLPO ribosome Bjorklund et al. 2008 ND
CG13128 -3.274 CG34109 unknown Y N
CG5147 -3.267 CGb5147 transcription from RNA pol 11l promotey Y N
CG7597 -3.257 CG7597 CDK and RNA pol subunit kinase activity Bjond et al. 200§ Y Y
ubiquitin-dependent protein catabolic
CG9772 -3.257 CG9772 process Bjorklund et al. 2006 Y N
CG9121 -3.257 CG9121 cytoskeletal anchoring Y N
CG32715 -3.255 CG32715 unknown Y N
CG6932 -3.233 CSN6 COP9 complex homolog subunit Bjorklund e280D6 N ND
CG7977 -3.216 RplL23A ribosome Bjorklund et al. 2008l ND
CG31111 -3.191 CG31111 DNA binding Y N
CG17420 -3.19 RpL15 ribosome Bjorklund et al. 2008 ND
CG11992 -3.178 Relish RNA pol Il transcription factor Y N
CG9354 -3.171 RpL34b ribosome Bjorklund et al. 2008 ND
CG18787 -3.171 CG18787 nucleic acid binding Y N
CG13716 -3.176 CG13716 regulation of localization Y Y
CG14496 -3.175 CG34386 unknown Y N
CG4729 -3.17 CG4729 metabolic process Y N
CG7939 -3.165 RplL32 ribosome Bjorklund et al. 2008 ND
CG10212 -3.163 SMC2 chromosome condensation, mitosis N ND
embryonic development, organelle
CG5714  -3.16 ecd organization Y N

73




CG17521 -3.1§ Qm ribosome N ND
CG1163 -3.134 Rpli18 RNA pol Il subunit, transcription Y Y
translation elongation, nuclear mRNA
CG4849 -3.122 (CG4849 splicing Y Y
ubiquitin-dependent protein catabolic
CG8711 -3.119 cul-4 process Bjorklund et al. 2008l ND
CG9412 -3.104 rin Ras signaling Y N
CG8877 -3.081 prp8 spliceosome N ND
ubiquitin-dependent protein catabolic
CG16982 -3.078 Rocla process Bjorklund et al. 2008l ND
CG6741 -3.077 arc binding Y N
CG13389 -3.072 RpS13 ribosome Bjorklund et al. 200\ ND
CG12396 -3.071 Nnp-1 rRNA processing Y Y
CG11126 -3.067 CG42249 5' nucleotidase activity Y N
CG12852 -3.059 CG34354 mRNA binding Y N
CG6024 -3.055 CG6024 unknown Y N
CG15432 -3.049 CG15432 unknown Y N
CG2668 -3.04% Peb post-mating behavior Y Y
CG10320 -3.036 CG10320 NADH dehydrogenase activity Y N
CG14792 -3.027 sta ribosome N ND
ubiquitin-dependent protein catabolic
CG16988 -3.021 Roclb process N ND
CG12199 -3.024 kekkon5 protein binding Y N
CG13129 -3.022 CG34109 unknown N ND
CG14630 -3.008 CG14630 electron carrier Y N
CG6420 -2.9987 CG6420 unknown Y N
CG11027 -2.989 Arfl02F ADP-ribosylation Y Y
CG14712 -2.983]1 CG14712 aminoacyl-tRNA ligase, translation N ND
CG8142 -2.977 CG8142 DNA clamp loader, DNA replication Y N
CG15218 -2.9748 CycK CDK regulator activity Y Y
CG8615 -2.9684 RplL18 ribosome N ND
CG571% -2.9667 CG5715 | metalloendopeptidase activity, phagocytosis Y N
CG7038 -2.9633 CG7033 ATP-dependent helicase, protein folding Bjord et al. 2006N ND
CG11015 -2.959¢ CG11015 mitochondrial electron transport N ND
CG17454 -2.9519 CG17454 spliceosome N ND
CG2013 -2.9501 UbcD6 ubiquitin ligase N ND
ubiquitin-dependent protein catabolic
CG7769 -2.948¢ DDB1 process N ND
CG9324 -2.9455 Pomp proteolysis, cell proliferation N ND
CG9131 -2.9428 slmo unknown N ND
CG6779 -2.9411 RpS3 ribosome Bjorklund et al. 20016 ND
CG91838 -2.9269 plu regulation of mitotic cell cycle, transcriptipn N ND
CG6905 -2.9248 CG6905 spliceosome N ND
CG12357 -2.9242 Cbp20 RNA cap binding N ND
HDC1168% -2.8951 HDC11685 unknown N ND
CG6711 -2.8809 Taf2 general RNA pol |l transcription factor N ND
CG3320 -2.879 Rabl cell adhesion, transcription N ND
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CGA4717 -2.8604 knirps transcription factor N ND
CG7014 -2.8479 RpS5b ribosome N ND
CG12437 -2.8469 raw cell death, morphogenesis Bjorklund et al. 2006 ND
CG13900 -2.846 CG13900 spliceosome N ND
CG1554 -2.8427 Rpll215 transcription Bjorklund et al. 2008 ND
CG3241 -2.8423 msl-2 dosage compensation, X hyperactivatipn N ND
CG2938 -2.83 (CG2938 unknown N ND
CG8222 -2.8291 Pvr transmembrane receptor kinase activity N ND
CG8309 -2.8291 Tango7 Golgi organization N ND
CG12071 -2.8251 CG12071 phagocytosis, engulfment N ND
CG3671 -2.8201  Mvl iron ion transport N ND
CG32334 -2.8106 CG32334 unknown N ND
CG32231 -2.8098 CG32231 unknown N ND
CG7664 -2.8051 crp RNA pol Il transcription factor Bjorklund et.&006 |N ND
CG12254 -2.7997 MED25 RNA pol Il transcription mediator activity N ND
CG32707 -2.7862 APC4 mRNA binding N ND
CG2021 -2.7807 CG2021 spliceosome N ND
CG12740 -2.7807 RpL28 ribosome Bjorklund et al. 2008 ND
CG9862 -2.7747 Rael unknown N ND
CG7035% -2.7709 Cbp80 spliceosome N ND
CG313]1 -2.7689 Duox electron carrier, peroxidase activity N ND
CG11125 -2.766 CG11125 unknown N ND
CG10800 -2.7659 Rcal G1/S transition, G2 phase N ND
CG6176¢ -2.7342 Grip75 mitotic spindle assembly, DNA repair N ND

Several proteins identified in the RNAI screen are novel components dB$iL

The RNAI screen should identify proteins required for assembly of the HLB
and/or for phosphorylation of the MPM-2 epitope. Because our primary goal was to
identify MPM-2 reactive HLB proteins, we focused on proteins known to localize to
DrosophilaHLBs or that are homologous to proteins known to localize to mammalian
HLBs. Three hits satisfied these requirements: FLASH, Mute, and Mxc. FLA8H i
histone pre-mRNA processing factor that co-localizes with NPAT in humaured|
cells and is required for S phase progression (Barcaroli et al., 2006a; Batalol
2006b). Very recently FLASH was shown to co-localize with HLBBriosophila

cultured cells (Yang et al., 2009)uscle-wastedMute) was recently discovered in a
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screen for genes required for muscle specification didmegophiladevelopment (S.
Bulchand and W. Chia, personal communication). Mié& gene encodes two forms of
Mute protein (Long and Short) that are produced from separate transcripts,rbut sha
common sequences that contain domains predicted to regulate gene transcription (S
Bulchand and W. Chia, personal communication). Curiously, anti-Mute-LS antibodies,
which were raised against peptide sequences common to both forms of Mute, detect foci
that co-localize with HLBs (S. Bulchand, personal communication and Figure 3.1E).
Multi sex combg$mxg is a polycomb group gene named for leg bristle duplications
displayed by hypomorphic mutants (Saget et al., 1998; Santamaria and Randsholt, 1995).
Moreover,mxcshares some sequence similarity to human NPAT. For this reason, we
hypothesized that Mxc might function similarly to NPAT and co-localizé WitBs.

We cloned and Venus-taggetcat both the N- and C- terminus and expressed these
transgenes in S2 cells. Interestingly, both forms of Venus-tagged Mxcalizéowith

HLBs (Figure 3.1D-E). The fact that several of our screen hits are compohétiBs

makes it possible that other hits are additional HLB components.

FLASH, Mxc, and Mute localization in the embryo

Early Drosophilaembryogenesis isiarked by thirteen rapid and synchronous
nuclear S-M phase cycles in a syncytial cytoplasm driven by maternalliged factors.
HLBs containing Lsm11 and the MPM-2 epitope are detected during the synchronous
nuclear cycles (11-14) following the activation of zygotic histone genectiphen
(White et al., 2007)We wished to examine the localization of FLASH, Mxc, and Mute

during the late syncytial cycles of the early embryo. To examine MxtiZatan,
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antibodies were raised against the C-terminal 169 amino acids in rabbits aradmgae
Foci of FLASH, Mxc, and Mute all co-localize with MPM-2 in syncytial bbatrm
embryos (Figure 3.1F-G).

During embryonic cycle 14, cellularization occurs and nuclei pause for the firs
time in G2 after S phase. As gastrulation commences, groups of cells oalietic"
domains” enter into mitosis 14 at different times generating a reprodaciteell
described pattern of mitosis (Foe, 1989). Entry into mitosis 14 requires zygotic
transcription of thetring®°% (stg) gene, which encodes a Cdc25-type phosphatase that
stimulates mitotic Cdk1 activity by removing inhibitory Y15 phosphorylation from Cdc2
(Edgar and O'Farrell, 1989). Cycles 15 and 16 are also regulated at the G2-tibtransi
by developmentally controlled pulsesstf transcription, and still lack G1 phase as in the
early syncytial cycles (Edgar et al., 1994; Edgar and O'Farrell, 1990; hettrad,

1999). We previously showed that foci of MPM-2 and Lsm11 co-localize during
interphase of these “post-blastoderm” cell cycles and concluded that HLBshmight

stable components @frosophilanuclei (White et al., 2007). To test this hypothesis, we
examined FLASH, Mxc, and Mute localization in post-blastoderm embryos. We find that
antibodies against each of these proteins form nuclear foci that co-logahz2dPM-2

(data not shown and Figure 3.4), suggesting that HLBs are a constant fedtere of t
Drosophilanucleus.

G1 phase first appears during cycle 17, and subsequent entry into S phase in all
cell types requires zygotic expressiorcgé€lin E(Knoblich et al., 1994). Consistent with
previous observations that MPM-2 foci are Cyclin E-dependent, MPM-2 only labels

replicating cells where Cyclin E/Cdk2 is active ((White et al., 2007) andd-&)3).
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Epidermal cells arrested in G1 that do not contain MPM-2 foci; however, they do contain
foci of FLASH, Mxc, and Mute (Figure 3.3A-C). This same localization patterraigas
observed for Lsm11, a component of the U7 snRNP (Liu et al., 2006; White et al., 2007).
Taken together, these results support the idea that HLBs are present ubiquitousdy and t

only the MPM-2 epitope depends on Cyclin E/Cdk2 activity.

A proteomic approach to identify MPM-2 reactive HLB proteins

In parallel to the genome-wide screen, we employed a proteomics approach to
obtain additional candidate proteins that are MPM-2 reactive and present in S phase. For
this approach, we made nuclear extracts from S2 cells arrested in S paabampolin
and hydroxyurea treatment, performed immunoprecipitations (IPs) with bitPket-2 or
control anti-HA antibodies, and analyzed proteins present only in the MPM-2 IPs by
MALDI-TOF mass spectroscopy (Figure 3.2A). We identified MESR4, Spt6, Hdf, a
CG2247 in three replicate experiments and decided to focus on these candidates further
(see Figure 3.2 legend for a list of all proteins identified). MESR4 (Misesipres
suppressor of ras 4) has been implicated in RAS1 signaling, but its preciserfuscit
known (Huang and Rubin, 2000). Host Cell Factor (Hcf) is a transcriptional co-activat
and part of thé®rosophilaATAC (Ada2A containing) HAT (histone acetyltransferase)
complex that promotes nucleosome sliding by ISWI, SWI-SNF, and RSC complexes
(Guelman et al., 2006; Suganuma et al., 2008). Spt6 positively stimulates transcription
by increasing the elongation rate of RNA polymerase Il and through interswetith
nucleosomes is thought to aid the elongation machinery to navigate around nucleosomes

(Andrulis et al., 2000; Ardehali et al., 2009; Bortvin and Winston, 1996; Kaplan et al.,
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2000). The function of CG2247 is completely unknown. The factors we identified in the
RNAI screen were not detected by proteomics in the immunoprecipitation egp&sim
likely due to their low abundance in cells.

As a first approach to assess whether these candidate proteins play alidde in
function, we examined their subcellular localization by either using avagablsfic
antibodies or in the case of CG2247 creating a Venus-tagged fusion protein. MESR4 was
not tested, because its size made cloning difficult and antibodies were not readily
available. All proteins tested displayed nuclear localization (Figure B.2Bd data not
shown). However, only Spt6 formed nuclear foci that co-localize with foci dfNP
and the U7 snRNP components Lsm10 and Lsm11 in S2 cells and embyos (Figure 3.2D-
E and data not shown). We also observed anti-Spt6 staining throughout the nucleus as
described previously (Kaplan et al., 2000), which is consistent with its role in promoting
transcription elongation at many loci as part of a complex with active RNAngoase |l
(Andrulis et al., 2000; Ardehali et al., 2009; Kaplan et al., 2000). Nuclear foci of Spt6
that co-localize with HLBs may reflect a high concentration of trgptsan elongation

complexes needed to meet the high transcriptional demand placed by the histene gene
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Figure 3.2: Spt6 is a novel HLB component identifié¢ by mass spectroscopyNuclear extracts made
from S-phase arrested S2 cells were immunopretegitaith MPM-2 or -HA conjugated protein G
beads, run on an SDS-PAGE gel, and stained withm@assie brilliant blue. The following proteins were
identified by mass spectroscopy: MESR4 (blue askirSpt6 (red asterisk), Mus205 (brown arrow),
CG2247 (green asterisk), fu2 and PH4B (grey arrow), Hcf (orange arrow)Tub84B (purple arrow),
Hrb27C, Act42A, and RpL4 (black arrow). (B) S2Iselere stained with-Hcf (green in merge), MPM-
2 (red in merge), and DAPI (blue in merge). (C)cBls transiently transfected with CG2247-Venuseve

stained with -GFP (green in merge), MPM-2 (red in merge), and®Dblue in merge). S2 cells (D) and
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post-blastodermv'**® embryos in cell cycle 14 (E) were stained witSpt6 (green in merge), MPM-2 (red
in merge), and DAPI (blue in merge). Only Sptéisrfoci that co-localize with MPM-2 (arrows). (F)
Post-blastoderrBpt6-PTembryo entering mitosis in cell cycle 14 stainégthWmPM-2 (red in merge), -
GFP (green in merge)-P-Tyr (to outline cells, magenta in merge), andAD{blue in merge). Prominent
Spt6 foci form in late G2 cells (arrows) with agtikiistone gene transcription, but not in early €lsc

(arrowheads). Bars: 10m.

Spt6 co-localization with HLBs correlates with active histone gene taaipgion

We examined stage 12 embryos to determine whether Spt6 co-localizes with
HLBs in G1 phase cells, similar to FLASH, Mute, and Mxc. To perform this asalys
we took advantage of the availability of an Spt6 protein-trap line (Spt6-PT) that
expressed a Spt6 fusion protein containing EGFP inserted in-frame betwee exahs
3 (Buszczak et al., 2007). Spt6-PT foci were only detected in cells that were igeS pha
and contain MPM-2 foci and Cyclin E/Cdk2 activity (Figure 3.3D). Cells that are in G1
phase and have low histone gene transcription lacked Spt6 foci (Figure 3.3D). This
localization pattern is consistent with the idea that Spt6 co-localizes Wik bhly
when histone gene transcription occurs or Cyclin E/CDK?2 is active. Observatoles m
in post-blastoderm embryos further support this idea. At this stage, nascent histone
transcripts are detected in cells in late G2 in anticipation of the upcoming Stipdtase
occurs immediately after mitosis (Lanzotti et al., 2004). Prominent Spt6 éveiwisible
in late G2 cells poised to enter mitosis; however, Spt6 foci were undetectably Gza
cells (Figure 3.2F). Because these cells contain MPM-2 foci and Cyclin E/Clilkig/a

this data suggests that Cyclin E/Cdk2 activity is not sufficient for Spt6 zatialn to
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HLBs. Rather, Spt6 co-localization with HLBs may depend on histone gene

transcription.

Figure 3.3: Spt6 co-localization with HLBs is celtycle-dependent.Stage 12v**'® embryos were
stained with MPM-2 (green in merges}P-Tyr (magenta in merges), DAPI (blue in mergasyl -Mxc
in (A) or -Mute-LS in (B) or -FLASH in (C) (red in merges). (D) Stage $@t6-PTembryo were
stained with MPM-2 (green in merge);,GFP to detect the Spt6 protein trap fusion progesd in merge),
-P-Tyr (magenta in merge), and DAPI (blue in merg&)rows indicate § cells containing MPM-2 foci
that co-localizes with Mxc (A), Mute-LS (B), FLAS{L), and Spt6-PT (D). White arrowheads indicate
G1;; cells lacking MPM-2 foci, but contain Mxc (A), MedLS (B), and FLASH (C) in the HLB. Yellow
arrowheads indicate a GXell that lacks foci of MPM-2 and Spt6-PT. Antaris to the top and ventral is

to the left. Thoracic segments 1 and 2 are shaddar: 10 m.

82



A core HLB remains assembled during mitosis

We reported previously that during the post-blastoderm cell divisions, foci of
MPM-2 and Lsm11 disassemble at the metaphase-anaphase transition and reassembl
the following interphase (White et al., 2007), similar to the behavior of components of
mammalian HLBs such as NPAT in fibroblast cell lines (Ma et al., 2000). Towdete
whether FLASH, Mxc, Mute, and Spt6 undergo the same disassembly-assembly cycle
we stained embryos entering mitosis of cell cycle 14 with anti-FLASHMxt| anti-
Mute-LS, or anti-GFP (to detect Spt6-PT), and anti-phospho-histone H3 antibody (PH3)
to mark mitotic cells (Figure 3.4). During this embryonic stage, it is is pegsibl
examine all stages of mitosis, because cells within a “mitotic domaiet’ Bitosis
asynchronously. Surprisingly, both FLASH and Mxc form foci that are presentin G2
and remained assembled throughout all phases of mitosis, even in telophase (Figure 3.4A
and B). This behavior is different from that of other nuclear bodies, such as nanbkoli
human HLBs, which disassemble at the metaphase-anaphase transition (Hernandez-
Verdun, 2006; Ma et al., 2000; Zhao et al., 2000). In contrast, Mute foci follow a similar
pattern to Lsm11 and MPM-2 localization, present in prophase and some metapbase cell
and undetectable in anaphase cells (Figure 3.4C). Spt6 foci were observed in prophase
cells, but not in metaphase cells (Figure 3.4D). Even metaphase cells coninhg
foci lacked Spt6 foci (Figure 3.4D and 3.2F). Loss of Spt6, Mute, Lsm11, and MPM-2
staining during mitosis correlates with the abortion of nascent histoneripassc
(Shermoen and O'Farrell, 1991).

In sum, as cells enter mitosis Spt6 first disengages from HLBs befcapmast,

followed by Mute and Lsm11 (U7 snRNP particles), and the disappearance of the MPM-
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2 epitope during anaphase. Mxc and FLASH remain closely associated throughout
anaphase and telophase, perhaps facilitating the rapid reassembly ahHh&s

following S phase.

Figure 3.4: A core HLB remains assembled during misis.Post-blastoderm™*® embryos in cell cycle

14 were stained with-P-Tyr (magenta), -PH3 (green), DAPI (blue) and-Mxc (A), -FLASH (B), -
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Mute (C), or -GFP (D) (middle panels, red in merge). White asdndicate prophase cells, white
arrowheads indicate metaphase cells, yellow arrad&iéndicate anaphase cells, and yellow arrows
indicate telophase cells. Bar: 1én. Single prophase, metaphase, anaphase, anddetpélls are shown
in (A), (B, (C) and (D), (A"), (B"), (C"), and (D"), (A™), (B"), (C”), and (D), and (A™),

(B”), (C”), and (D) respectively. Mitotic domains showns are 1 in (A), 2 in (B), 5in (@)d& in

(D). Note that the mouse-PH3 used in (B) stains interphase cells weaklgrsB5 m.

HLB assembly is ordered in the early embryo

During the early syncytial cycles MPM-2 and Lsm11 foci are firstateteduring
nuclear cycle 11 (White et al., 2007), which is precisely when a high rate ofzygoti
histone gene expression begins (Edgar and Schubiger, 1986). To determine whether
there is an order of assembly in which newly identified components of HLBs first
assemble at the histone genes, we carefully analyzed syncytial blastrderyos
stained with MPM-2, anti-FLASH, anti-Mxc, and anti-Mute-LS antibodies. Nucle
density was used to accurately stage the embryos with respect to each yotdedve
hypothesized that the newly identified HLB components would first assemble ig® HL
concomitantly with Lsm11 and the MPM-2 antigen. Unexpectedly, we first observed foci
of FLASH and Mxc that co-localize in nuclear cycle 10 and when no obvious foci of
MPM-2, Lsm11, or Mute-LS were detected (Figures 3.5 and 3.6). Interestingly, it i
during nuclear cycle 10 that competence for transcriptional activationtiadgsired
(Edgar and Schubiger, 1986). This raises the possibility that the localization of Mxc and
FLASH to HLBs might initiate histone gene transcriptional competenamritrast,
Mute-LS foci first appear during nuclear cycle 11 and co-localize witmMMRoci

(Figure 3.6), suggesting that HLB assembly occurs in a stepwise fashiprisigty in
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cycle 10, pre-HLBs composed of FLASH and Mxc lack the MPM-2 epitope even though
Cyclin E/Cdk2 is active at this time.

Taken together, these results suggest that HLB assembly is ordered dudying ea
development, beginning in nuclear cycle 10 with Mxc and FLASH before zygotimaist
gene transcription begins. Concomitantly with histone gene transcription, the2VIPM-

epitope is formed and Mute-LS and the U7snRNP are incorporated into HLBs.
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Figure 3.5: A core histone locus body begins assembling durinmiclear cycle 10w™*® syncytial
blastoderm embryos were stained with MPM-2 (lefigdg, green in merge)-Mxc (middle panels, red in
merge), -FLASH (right panels, magenta in merge), and DA€ in merge). Interphase of nuclear
cycles 9 to 14 are shown, as indicated on the ¥étlow arrows indicate a nucleus containing fotMxc

and FLASH and lacking a MPM-2 focus. A nucleuswane focus (white arrows) and a nucleus with two

foci (white arrowheads) of all three HLB markere ardicated. Bar: 10m.
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Figure 3.6: Histone locus bodies fully assemble during nucleaycle 11.w'**® syncytial blastoderm
embryos were stained with MPM-2 (left panels, greemerge), -Mute-LS (middle panels, red in merge),
-Mxc (right panels, magenta in merge), and DAPU¢hih merge). Interphase of nuclear cycles 9 targ4
shown, as indicated on the left. Yellow arrows @adié a nucleus containing a focus of Mxc and lagkin

MPM-2 and Mute foci. A nucleus with one focus (teharrows) and a nucleus with two foci (white

arrowheads) of all three HLB markers are indicatBdr: 10 m.
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Four HLB proteins co-immunoprecipitate with MPM-2, and Mxc is MPM-2 reaeoti

Because FLASH, Mxc, Mute, and Spt6 are all components of HLBs, we
hypothesized that one might be a MPM-2 antigen. To first determine whether these
factors can interact with MPM-2, either directly or indirectly, we immueopitated
(IPed) proteins from an S-phase arrested S2 nuclear extract with MPM-2, dhed&d t
into three samples to run on a SDS-PAGE gel, and each sample was blotted with Mxc
Mute, or Spt6 antibodies. MPM-2 co-IPed Mxc, Mute (both long and short forms), and
Spt6 (Figure 3.7A-D). The amount of Mxc, Mute, and Spt6 that co-IPed with MPM-2
was greatly reduced when the nuclear extract was pre-treated wittidahosphatase
(Figure 3.7A-C), suggesting that the MPM-2 co-IPs depend on phosphorylation events.
In contrast, we were unable to detect FLASH in MPM-2 IPs, even though wereabl
detect Spt6 in these IPs (Figure 3.7D).

We next assayed whether the proteins that co-IP with MPM-2 are directly
recognized by MPM-2. Each protein was IPed from S-phase arrested S2 axtiaes
and blotted with MPM-2. For Mxc, we overexpressed a C-terminal Venus- or FLAG-
tagged fusion protein in S2 cells, and IPed Mxc-Venus and Mxc-FLAG using anti-GFP
and anti-FLAG antibodies, respectively. Both tagged forms of Mxc co-1Ped viAti-M
2, just like endogenous Mxc (data not shown). MPM-2 recognized a band running at the
same molecular weight as full-length Mxc-Venus as well as an addibandlrunning
immediately below the full-length protein, which may be a degradation prodgatéF
3.7E, top panels). To further confirm the MPM-2 reactivity of Mxc-Venus, this MPM-2
blot was stripped and reprobed with anti-GFP antibodies, which recognized the same

bands as MPM-2 (data not shown). Similar results were obtained for Mxc-FLAG (not
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shown). Other faster migrating bands are detected in our Mxc IPs with bothF&hti-G
and anti-FLAG antibodies, making it likely that these bands are fragmentscof Mx
containing the FLAG or Venus tag and hence the C-terminal portion of Mxc. The fact
that the Mxc fragments running faster than ~200 kD are not MPM-2 reactive, suggests
that the MPM-2 epitope is probably near the N-terminus of Mxc (Figure 3.7E, bottom
panels).

We also tested whether Mute-Long and Mute-Short are MPM-2 reactivause
Mute-Short shares identical sequences to Mute-L, we tagged Mute-S with Yéimeis a
N-terminus or FLAG at the C-terminus to be able to IP and detect Mute-S indeffgnde
of Mute-L. To assess whether Mute-S is MPM-2 reactive, we overexpressed Venus
Mute-S in S2 cells, IPed it with anti-GFP antibodies, and blotted with MPM-2. By thi
method, we failed to detect any MPM-2 reactivity of Mute-S (Figure 3.7F). |8de a
tested whether Mute-L is MPM-2 reactive by performing IPs using anteM
antibodies from cells overexpressing Mute-S-FLAG (Figure 3.7G). In thesziments,
we did not detect any MPM-2 reactive bands at the same size as full-lengthMut
however, some smaller bands were present in the MPM-2 Western that alie spéogf
Mute-L IP and are also present in the Mute-L Western (Figure 3.7G). Thededmld
represent degradation products of Mute-L that are MPM-2 reactive. Altigrriatefaster
migrating bands present in the MPM-2 and Mute-L Westerns could be non-specific
bands. Further experiments are needed to be able to distinguish between these
possibilities. Interestingly, Mute-S-FLAG was detected in the Muled_using anti-

FLAG antibodies. This suggests that the two isoforms of Mute are part of a gomple

90



To assess whether Spt6 is MPM-2 reactive, we over-expressed a C-terminal
FLAG-tagged fusion protein (Spt6-FLAG) in S2 cells and IPed Spt6-FLAG using anti
FLAG antibodies. We never detected any MPM-2 reactive bands from our SpB-FLA
IPs, despite having IP-ed Spt6-FLAG (Figure 3.7H). It is unlikely that ltA&sRag
interferes with a potential MPM-2 epitope on Spt6, because Spt6-FLAG did cithlP w
MPM-2 antibodies (data not shown). Rather, it appears that the MPM-2-Spt6 co-IP is
due to an interaction between Spt6 and another protein containing the MPM-2 epitope.

In sum, these data indicate that Mxc and Mute-Short are MPM-2 reactive HLB
components, and therefore could be directly regulated by Cyclin E/Cdk2. Spt6 and
Mute-Long are not MPM-2 reactive and probably co-IP with MPM-2 because they

interact with Mxc, Mute-Short, and/or another MPM-2 reactive component of HLBs.
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Figure 3.7 Mxc and Mute-S are MPM-2 reactive.(A-C) Nuclear extracts from S-phase arrested S2 cel
were pre-treated with phosphatase buffer only rlambda phosphatase (+ppase) prior
immunoprecipitation (IP) with MPM-2. -GFP IP served as a negative control. The thre¢4B MPM-2;
+ppase MPM-2; GFP) were each divided into threeaaradyzed by Western blotting withMxc (A), -
Mute-LS (B), or -Spt6 (C). Note that-Mute-LS detects both Mute-Long (Mute-L, ~260 kDydaVute-
Short (Mute-S, ~95 kD). (D) Western analysis aftpms precipitated with MPM-2 or-FLAG (negative
control) from an S-phase arrested S2 cell nuclei@aet. IPs were split into two and analyzed bysf&en
blotting with either -FLASH or -Spt6. (E) Cells stably expressing Mxc-Venus warigjected to IP with
-GFP and -FLAG (negative control). IPs were divided in twan on a gel, and blotted with either
MPM-2 or -GFP. (F) Cells stably expressing Venus-Mute-Seveetbjected to IP with-GFP and -Myc

(negative control). IPs were divided into two, mma gel, and blotted with eitherGFP or MPM-2. (G)
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Cells stably expressing Mute-S-FLAG were subjetteld® with -Mute-L and -Myc (negative control).
IPs were divided in three, run on a gel, and btbwtéh MPM-2, -FLAG, or -Mute-L. Note that the
bands present in the MPM-2 Western are not theategdesize of Mute-S, nor the size of full-length tietu
L, however, smaller MPM-2 reactive bands might espnt degradation products of Mute-L. (H) Cells
stably expressing Spt6-FLAG were subjected to i wviFLAG and -Myc (negative control). IPs were

divided into two, run on a gel, and blotted witf5pt6 or MPM-2.

Mxc is a novel regulator of HLB assembly and histone gene expression

Mxc is a core component of HLBs that first assembles into HLBs prior to other
factors and remains assembled during all of mitosis. For these reasons, vire$iypdt
that Mxc might be a structural component required for HLB formation and maintenance
To test this, we knocked downxcexpression in S2 cells by RNAI for 5 days, fixed, and
stained the cells with MPM-2, anti-Lsm11, anti-FLASH, anti-Mute-LS, &pt6, and
anti-Mxc (to assess knockdown efficiency) antibodies. We also examined the
localization of Coilin and YY1 in these cells. Drosophilg Coilin is required for Cajal
body formation and co-localizes with Cajal Bodies and at varying leveisHliBs,
depending on the cell type (Liu et al., 2009). In S2 cells, Coilin co-localizes
predominantly with HLBs ((Liu et al., 2009) and Figure 3.8). The transcription factor
YY1 (Yin Yang 1) is a polycomb group member that together with its coedoti YY1-
associated protein (YY1AP) regulates the expression of many genes thirolve
proliferation and development, including the histone genes (Castellano et al., 2009; Wang
et al., 2004). We examined YY1 localization, because Mute and human YY1AP are 27%
identical by BLAST search (S. Bulchand and W. Chia, personal communication). In

cells treated with controP(TB) dsRNA, we observed foci of each HLB marker, except
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for YY1, which displayed varying levels of staining throughout the nucleus. In contrast
foci of all HLB markers except Coilin were absentmrcknockdown cells (Figure
3.8A). This data suggests that Mxc is necessary for proper HLB assembly. We
hypothesize that Coilin may co-localize with Cajal bodiesikxtknockdown cells.
Because Mxc is necessary for proper HLB assembly, we hypothesizédiag
also be required for efficient histone pre-mRNA processingvo. Cells defective in
histone pre-mRNA processing accumulate long polyadenylated histone nresiAting
from the use of cryptic polyadenylation signals situated downstream wdtirel
histone pre-mRNA processing site (Lanzotti et al., 2002; Sullivan et al., 2001). oAehist
misprocessing reporter transgene has been developed that utilizes anfratine
histone H3gene containing all necessary histone processing sequences and GFP
sequences located after the normal histone processing site (Wagne2@4l Yang et
al., 2009). Thus, cells only express GFP from this reporter when histone mRNAs are
misprocessed. To evaluate whether Mxc is needed for histone pre-mRNA prqogssing
knocked dowrmxcexpression in Dmel-2 cells stably expressing the histone GFP reporter
expressed under tlaetin5Cpromoter. Using this reporter, we find tinatcknockdown
cells strongly misprocess histone mRNAs when qualitatively scored ingrsgine
classification scale that was used in a screen done searching for histomeNe-
processing factors (Figure 3.8B and Table 3.3) (Wagner et al., 2007). Reduction in
FLASHexpression scored more strongly tmaxg consistent with its role as a histone
pre-mRNA processing factor (Yang et al., 2009). In contrast, reduction in [gitite or

Spt6 expression did not score with the reporter (Figure 3.8B).
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Themxcgene is a member of the polycomb group and mutant alleles cause
homeotic transformations that mimic the ectopic gain of functiddeC andANT-C
genes (Saget et al., 1998; Santamaria and Randsholt, 1995). In additiom»some
mutants have a grandchildless phenotype, which is caused by mutant mothers that lay
eggs lacking germ cells. Because mutations in the clasialleles were recently re-
annotated from th€G12058ocus to theCG12124locus (which we have calledxc
throughout this chapter), both located on the X chromosome, we wished to genetically
confirm that mutations contained in timxcalleles map t€€G12124 We generated flies
expressing a transgene containing GFP-tagged Mxc under the control of the ubiquitin
promoter on the third chromosom&é{GFPmMx¢. GFP-Mxc is expressed in the early
syncytial embryo and co-localizes with MPM-2 at HLBs (Figure 3.8C). itx&*®
allele was created by ethyl methanesulfonate (EMS) treatment atlakhby larval
stages (Saget et al., 1998; Santamaria and Randsholt, 1995). To confl@G1l2424is
disrupted in these mutants, we crossed male flies carrying our transgexe& o
females to determine whether it could rescue the lethality. Theroafi/®males that
eclosed were brown in body color indicating that they carry the chromosonaenaogt
theubiGFPmxdransgene, which also contains the gene necessary to produce brown
body color. mx&**males without theibiGFPmxdransgene would be yellow in color
and we did not see any flies from this class. Thus, the lethality causext®Y is

rescued by GFP-Mxc (Figure 3.8D).
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3.8: Mxc is essential for HLB assembly and function(A) S2 cells were treated withTB (negative
control) andnxcdsRNAs for 5 days, fixed, and stained with MPMagagenta in merge),-Spt6 (green in
top panel merge),-FLASH (red in top panel merge);Lsm11 (green in middle panel merge)Coilin
(red in middle panel merge);Mute-LS (green in bottom panel merge}YY1 (red in bottom panel

merge), and DAPI (blue in merge). Note that onbjli@ foci are detected in cells treated witixc
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dsRNAs.(B) GFP histone mis-processing assBy.BandCoilin dsRNAs are negative controls, and
LsmllandSLBPdsRNAs are positive controls. (C) Syncytial bbalstrm (cycle 12) embryos expressing
GFP-Mxc were fixed and stained withiGFP (green in merge), MPM-2 (red in merge), and®Dfblue in

merge). Bar: 10m. (D) Graph omx¢®*®rescue crosses. Three different GFP-Mxc insestae shown.

Secondary screen exploring inter-dependencies of HLB components

To validate our primary screen and extend our understanding of the
interrelationships between HLB components, we performed secondary screensogn our t
95 candidate genes (see Materials and Methods for selection criteria)llsSZ:ce
plated and arrested in S phase in the same manner as in the primary scegtiihaixc
cells were stained with anti-Mxc, and anti-FLASH antibodies, as well a4-RIBnd
DAPI. We also plated Dmel-2 cells stably expressing the histone pre-npiRitAssing
GFP reporter (Wagner et al., 2007; Yang et al., 2009) to determine which of these
candidate genes are required for correct histone pre-mRNA processing.

The secondary screens validated 15 genes when reduced in expression cause a
severe to moderate reduction in the MPM-2 index as compared to control no dsRNA and
SKtreatments (Table 3.2). Fifteen other genes when knocked down caused a slight
decrease in the MPM-2 index. We also identified genes required for the correct
localization of Mxc and FLASH (Table 3.2). Lossmkcexpression severely disrupted
the localization of FLASH and the MPM-2 epitope. In contiasASHknockdown
caused only a slight reduction in the Mxc index. These results suggest that rh#\S
have a greater dependency on Mxc for HLB localization than Mxc on FLASH.
Interestingly MBD-R2knockdown caused a slightly lowered MPM-2 index, but a

moderately reduced FLASH index, perhaps having a greater effect on FLASHebetaus
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its function in histone pre-mRNA processingointed(pnt) knockdown caused a slight
reduction of MPM-2 and Mxc indices, and a moderate reduction in the FLASH index.

In the histone pre-mRNA processing GFP reporter assay, we found that loss of
FLASHexpression caused a very strong histone misprocessing phenotype (Table 3.3 and
Figure 3.8B, and (Yang et al., 200®)crs1andMBD-R2scored strongly as previously
reported (Wagner et al., 2007), and sordit(Table 3.3 and Figure 3.8B). Curiously,
reduced expression Bim -tubulin 1(Dgtl), a factor required for proper recruitment of

-tubulin to centrosomes and assembly of the mitotic spindle (Goshima et al., 2007), also
scored strongly with the histone pre-mRNA processing GFP reporter. stirighg, Dgtl
occasionally co-localizes with MBD-R2 (Rcd5) (N. Rusan, personal commumaiVe
also obtained 6 new genes that scored moderately and 6 new genes that ddgre wea

with the histone pre-mRNA processing GFP reporter (Table 3.3).

Table 3.2: Gene products required for HLB local@ain order of necessity.

Marker Severe Moderate Slight
MPM-2 Int6 CSN5 CycK
CG9769 CG18591 pnt
Mxc CSN3 Tbhp-1
CSN4 CG4849 mge
FLASH Rpll1¢& CG11092
CG7597 MBD-R2
CG11985 CG13716
Nng-1 CG5844
elF-3p66 raptor
alien Arf102F
[(1)G0095
emb
CG9121
CG5859
Pek
Mxc pnt
FLASH
Thp-1
FLASH mxc MBD-R2 CG4849
pnt
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| lcG18591 | |

Table 3.3: Classification of histone pre-mRNA pregiag GFP reporter hits based on qualitative stheng
Category | Gene

5 (very strondBTLASH

4 (strong)  [Mcrsl

MBD-R2

mxc

Dgtl

3 (medium) |CG9772
CG31111
CG8142
DMAP1

CSN5
CG18591

2 (weak) Rpll1e

Trf2

CG7597
CG18787/1878
CG42249
CSN4

Discussion

We performed genome-wide RNAIi and biochemical screens in S2 cells aimed at
identifying Cyclin E/Cdk2-regulated MPM-2 antigen(s) part of HLBs. Bothests
identified factors that regulate HLB dynamics and histone mRNA biosysthesiuding
at least one MPM-2 antigen, Mxc. Mxc is necessary for HLB assembly andehjate-
MRNA processing in S2 cells. We propose that Mxc provides the first direct donnect

between Cyclin E/Cdk2 and histone gene expressi@masophila.

HLB assembly during early Drosophila embryogenesis
Our analysis of HLB markers during early embryogenesis favors a model of
ordered assembly rather than random aggregation for HLBs. In interphase 18t we fi

observe co-localizing foci of Mxc and the histone pre-mRNA processing facAH
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that are smaller than in later cycles. During nuclear cycle 11, foci ofavetd&-LASH

become more prominent and Mute is detected in HLBs for the first time. sThis i
coincident with the appearance of MPM-2 and Lsm11 foci (White et al., 2007) and the
appearance of zygotic histone transcripts (Edgar and Schubiger, 1986). Foci of all of
these HLB components become increasingly robust from nuclear cycle 11 to 12, which is
when transcriptional activation of the histone genes reaches maximal Edgés @nd
Schubiger, 1986).

Competence for transcriptional activation for all genes is first acquired during
nuclear cycle 10 (Edgar and Schubiger, 1986). Remarkably, foci of Mxc and FLASH ar
first detected in nuclear cycle 10. It is tempting to speculate that thed¢.iB
components might be necessary and perhaps sufficient for histone genepttianatri
competence. Because Mxc is required for FLASH localization and Mxc carzéotali
foci independently of FLASH, we favor a model whereby Mxc recruits FLASIdrta f
the early HLB in nuclear cycle 10, which in turn recruits additional components
(including Mute and U7snRNP) forming a fully assembled and functional HLB by
nuclear cycle 11. An attractive possible signal for the transition fromrgnHeB to a
mature HLB is phosphorylation of Mxc by Cyclin E/Cdk2, because we first detddi-MP

2 foci in nuclear cycle 11.

HLB dynamics during mitosis
Our analysis of HLB composition during mitosis provided surprising results.
Both nucleoli and human HLBs have been shown to completely disassemble at the

metaphase-anaphase transition (Hernandez-Verdun, 2006; Ma et al., 2000; Zhao et al.,
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2000). Therefore, we expected the same to be truerémophilaHLBSs, especially

because this behavior was observed for Lsm11 and MPM-2 (White et al., 2007).
Whereas Mute and Spt6 disassembled by anaphase, both Mxc and FLASH remained in
chromatin-associated foci all throughout mitosis. Interestingly, we \wx$anaphase

cells containing 3 or 4 small foci of Mxc and FLASH. Typically only 1 or 2 HLBs are
observed per diploid nucleus in a manner that is consistent with homologous
chromosome pairing. Three to four foci were occasionally observed when pagorm
FISH to the histone genes (unpublished results). Thus, we speculate that 3 or 4 foci of
Mxc and FLASH represent separate sister chromatids and that theserfayatsectly
associate with the histone genes as part of their role as a core HLBm&wyirg tightly
associated with the histone genes, Mxc and FLASH could facilitate the rapitbhssé

a mature HLB in the subsequent S phase. This mechanism would be especially important

during post-blastoderm divisions during which there is no G1 phase.

101



The transcription elongation factor Spt6 is the earliest known component to leave

HLBs during mitosis. We hypothesize that the departure of Spt6, Mute, Lsm11, and
MPM-2 epitope(s) from HLBs during mitosis coincides with the timing of abortion of
nascent histone transcripts (Shermoen and O'Farrell, 1991). Spt6 is also absent from
HLBs in cells in G1 that have down-regulated Cyclin E/Cdk2 activity and historee ge
transcription, whereas Mute and Lsm11 are present. In post-blastoderm embryos, we
observe prominent foci of Spt6 in cells in late G2 that have been shown to be actively
transcribing histone genes (Lanzotti et al., 2004). Late G2 cells contain MBdil&éhtl
Cyclin E/Cdk2 activity; therefore, we conclude that Spt6 localization does not only

depend on Cyclin E/Cdk2 activity, but also on histone gene transcription.

Identification of a Drosophila S phase MPM-2 antigen

MPM-2 has been used as a marker of Cyclin E/Cdk2 activibyasophilacells
for over a decade (Calvi et al., 1998; Narbonne-Reveau and Lilly, 2009; Read et al.,
2009; Sun et al., 2008; Zielke et al., 2008). Nevertheless, the identity of the MPM-2
antigens forming nuclear foci in S phase cells has remained elusive. Wethaporte
of these antigens is Mxc, which thus represents a potential novel Cyclin E/Cdk2
substrate. The fact that Mxc contains similar sequences to human NPAT treakesyi
attractive candidate for an NPAT homolog. Both Mxc and NPAT are large probeins a
contain a LisH domain in their N-terminus, which in NPAT is necessary for H4
transcription (Wei et al., 2003NPAT expression is regulated by the transcription factor
E2F (Gao et al., 2003). There is emerging evidence suggesting thatdgene may

also be an E2F target, because in a ChlIP assay using two different antiiBa&iest
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sequences located just upstrearmatwere pulled down (M. Korenjak and N. Dyson,
personal communication).

MPM-2 co-immunoprecipitates Spt6, both long and short forms of Mute, and
Mxc. Western blot analysis revealed that Mxc is MPM-2 reactive. Thegksralong
with immunofluorescence data suggest that Mxc, Mute, and Spt6 could form a complex,
possibly held together by Mxc. Alternately, Mute and Spt6 may independenthctntera
with MPM-2 reactive protein(s).
Mxc is a novel regulator of histone mRNA biosynthesis

We propose that Mxc is a core component of HLBs, because it is one of the first
markers detected at HLBs in early embryogenesis and remains asteoniohg mitosis
and in G1 cells having low Cyclin E/Cdk2 activity. In S2 cells, Mxc is nece$satlye
correct localization of all HLB components we tested. Moreover, Mxc is reqoired f
correct histone pre-mRNA processingvivo, such that reducatdxcexpression causes
the accumulation of inappropriately polyadenylated histone GFP reporteripensc

Mxc regulates histone mRNA biosynthesis by mediating both HLB assembly and
histone pre-mRNA processing. It is also possible that Mxc stimulatesi@igene
transcription, at least as part of its role in promoting HLB assembly. A deahrol
histone transcription and pre-mRNA processing has been recently proposed for NPA
(Pirngruber and Johnsen, 2010). DNA damage induces the disassembly of NPAT and
FLASH positive HLBs that are associated with a down-regulation of histquression
(Bongiorno-Borbone et al., 2010). This type of regulation is consistent with a model in
which NPAT and FLASH coordinate HLB assembly, and Cyclin E then stimulsges t

initiation of histone MRNA biosynthesis.
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Summary

Through genome-wide RNAIi and biochemical screens in S2 cells, we identified
factors regulating HLB dynamics and histone mRNA biosynthesis. Thigdeglone
MPM-2 antigen, Mxc. We showed that Mxc is necessary for both HLB assembly and
histone pre-mRNA processing in S2 cells. We propose that Mxc provides the ficst dire
connection between Cyclin E/Cdk2 and histone pre-mRNA processihggophila.
Understanding how Mxc regulates histone mRNA biosynthesis and polycomb gene
function will likely reveal interesting clues about how proliferation is comatgid during

development.
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CHAPTER IV

DISCUSSION AND FUTURE DIRECTIONS

Insight into the mechanisms controlling gene expression will increase our
understanding of how cellular identity is specified. Genome function is regjbiptie
organization of the nucleus into nuclear bodies, which mediate interactions between
proteins regulating gene expression and chromatin (Matera et al., 20081j,NM307).
Work described in this dissertation explored the relationship between histone locus
bodies (HLBs) and histone gene expression. Specifically, it focused on how Cyclin
E/Cdk2 stimulates replication-dependent histone mMRNA biosynthesis during S phase.
Using MPM-2 as a tool iDrosophila we have shown that a component of HLBs
contains a phospho-epitope that is dependent on Cyclin E/Cdk2 activity (Chapter II).
MPM-2 epitopes first appear precisely when zygotic histone gene tgaimetegins
during nuclear cycle 11. Intriguingly, MPM-2 antigens along with U7 snRNi|esr
can assemble HLBs independently of the histone genes. Based on this work, we
hypothesize that MPM-2 detects a Cyclin E/Cdk2 substrate and HLB component
regulating histone mRNA biosynthesis. We next sought to identify the MPM-2 antigen
in order to better understand the mechanisms controlling histone mRNA biosynthesis.
Performing genome-wide RNAI and biochemical screens, we identified 4f&titBrs as
well as 30 putative regulators of HLB dynamics (Chapter I1l). Notably, weiigeht

Mxc as a novel MPM-2 target and regulator of histone pre-mRNA processing and



HLB assembly. Based on our study, we conclude that the cell cycle regulation of

nuclear organization is a critical mechanism modulating histone mRNA bhesysit

Cell cycle regulation of HLB dynamics

Cyclin E/Cdk2 activity was previously shown to be required for histone mRNA
biosynthesis iDrosophila because histone mMRNAs are greatly depleted in late stage
cyclin Emutant embryos (Lanzotti et al., 2004). We show that Cyclin E/Cdk2 activity is
necessary for the appearance of nuclear MPM-2 foci co-localizing witls HLB
Therefore, we hypothesized that Cyclin E/Cdk2 directly regulates histohNAMR
biosynthesis. Further analysis of the localization of newly found HLB componenis in G
cells revealed two classes of HLB components: cell cycle-dependentlboytiee
independent. Whereas Mxc, Mute, FLASH, and U7 snRNP particles remain agssemble
in HLBs in G1 arrested cells of the embryo, Spt6 cannot be detected at HLBs in cell
lacking Cyclin E/Cdk2 activity. This result raised the question of whether Spt6 co
localization with HLBs depends on Cyclin E/Cdk2 activity or is a secondary congequen
of low histone gene transcription. We favor the interpretation that Spt6 co-lacalizat
with HLBs is a consequence of histone gene transcription. However, based on our
analysis it is impossible to distinguish between whether Spt6 is activelgsively
recruited. This question might be better addressed by utilizing histone deletamt m
embryos, which lack histone gene transcription and have unperturbed Cyclin E/Cdk2
activity. If Spt6 localizes to HLBs in mutant embryos lacking the histonesyénen
perhaps Cyclin E/Cdk2 promotes the assembly of a complex containing transcription

initiation and elongation factors even in the absence of a DNA template.
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The cell cycle regulation of nuclear body dynamics is a general feature of
mammalian nuclear organization (Matera et al., 2009). In human cells, HLBs and
nucleoli disassemble during mitosis and reform in the subsequent interphasendderna
Verdun, 2006; Ma et al., 2000; Zhao et al., 2000). We therefore exfaacsaphila
HLBs to behave similarly during mitosis. Instead, we observed that rtot2ll
components disassemble in mitosis. Spt6 disassembles first during metépioased
by the MPM-2 epitope(s), Mute, and U7 snRNP at the metaphase-anaphase transition.
contrast, foci of FLASH and Mxc are present throughout mitosis in anaphase and
telophase cells. We speculate that the foci of FLASH and Mxc remaining imitatgs
might accelerate HLB assembly during S phase in the post-blastodeaycted] lacking
a G1 phase. Whether HLB dynamics are the same in cells undergoing the G#S-G2
cell division cycle and that only express Cyclin E/Cdk2 activity in S phase is nohknow
This question could be addressed with the constitutively expressing GFP-Mxc
(ubiGFPmxg¢ fly line that we generated. Mxc localization could be imaged in live
ubiGFPmxdarval imaginal tissues and brains, which undergo G1-S-G2-M cell divisions.
Wild-type andubiGFPmxdarval imaginal tissues and brains could also be fixed and
stained with the HLB markers recognizing FLASH, Mxc, Mute, and Spt6. FilGFB-

Mxc throughout embryogenesis would give a more complete picture of HLB dynamics
because only fixed tissues have been examined and provide static images of
development. Another method to explore HLB dynamics during the canonical cell cycle
would be to image S2 cells expressingrihe::Venudransgene. Other HLB factors

could be similarly tagged and their localization imaged in live cells. For egamel
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already have made constructs that constitutively express Venus-taggedyef Mute-

Short.

HLB assembly during early Drosophiladevelopment

Zygotic histone gene transcription begins during nuclear cycle 11, while most
other genes start being transcribed in nuclear cycle 14 (Edgar and Schubiger, 1986).
Interestingly, all genes first acquire competence for transcriptictishtion in nuclear
cycle 10 (Edgar and Schubiger, 1986). When we analyzed the localization of HLB
components during early embryogenesis, we observed correlations between the
appearance of HLB components and these hallmarks of histone gene expression. We first
detect small HLBs containing Mxc and FLASH during nuclear cycle 10. Then inanucle
cycle 11, the MPM-2 epitope(s), U7 snRNP particles, and Mute all co-localizéAxi
and FLASH. It is tempting to speculate that Mxc and FLASH might be suffioent f
transcriptional competence of the histone genes and that through Cyclin E/Cdk2-
mediated phosphorylation of Mxc (appearance of the MPM-2 epitope(s)), the HYB ful
assembles precisely when zygotic histone gene transcription begins.

Our analysis raised several unanswered questions. First, is incorporation into
HLBs gradual or sudden? Mxc dynamics during the early syncytialscgoldd be
examined irubiGFPmxcflies and GFP-Mxc fluorescence quantified to determine the
mode of incorporation. Second, is Mxc a stable or dynamic component of HLBs? Using
fluorescence recovery after photobleaching (FRAP) analysiSitBFPmxcsyncytial
embryos, HLBs could be bleached and the kinetics of reincorporation of GFP-Mxc into
HLBs studied. Additionally, a single HLB in a nucleus containing two HLBs (urgbaire

homologs) could be bleached and the fluorescence of each HLB measured to determine

114



whether components are exchanged in nuclei containing two HLBs. Finally, tharnucle
area surrounding the HLB could be bleached and loss of fluorescence in the HLB
measured (FLIP).

We reported thahxcis necessary for HLB assembly in S2 cells. A significant
guestion remaining is whetherxcis also required for HLB assembly in the embryo.
Themx&*allele is late embryonic/early larval lethal (Saget et al., 1998; Saritaansl
Randsholt, 1995). Embryos from late developmental stages (12-14) could be fixed and
stained with HLB markers to address this question. Another experimental approach
would be to generate maternal/zygotic (rm'®cmutants by homologous recombination
in the ovary to examine HLB assembly in the absence ohitogene product in the
early embryo. We hypothesize that mixcmutant embryos will lack HLBs and arrest
at stage 11, because embryos lacking the histone genes arrest at stag®e &l due t
deficiency in histone biosynthesis (Smith et al., 1993).

Foci of Lsm11 and MPM-2 form in histone deletion mutant embryos, however,
these foci are smaller and some are aberrant. For example, 8% of cedteme liieletion
mutant embryos contained foci of Lsm11 that do not co-localize with MPM-2 (Table
2.1). The localization of other HLB markers, FLASH, Mute, and Mxc, could be
examined in mutant embryos lacking the histone genes to determine whethétld3he
factors exhibit mislocalization. Another aspect of HLB assembly rentatoibe
assessed in histone deletion mutants is whether HLBs first form in nuctéaidty and
if so whether they are smaller than in wild-type or are they formed atrehsize in
nuclear cycle 11 and later become reduced in size. To test this it would benetess

identify histone deletion mutant embryos earlier in development than what was done in
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Chapter Il (using Histone Ha& situ). Using a DNA FISH probe that recognizes the

histone genes, histone deletion mutant embryos could be distinguished from thegssibli
by the lack of a histone DNA FISH signal. Because nucleolus size is deteiyitiee

amount of ribosomal gene transcription (Hernandez-Verdun, 2006), we expect that HLBs
formed in histone deletion mutants will first assemble at a normal size aayl fden

lack of histone gene transcription.

Mxc is a novel regulator of histone mRNA biosynthesis

We provided evidence that Mxc is a novel regulator of HLB dynamics and
histone pre-mRNA processing. Whether Mxc directly regulates aspduttaie gene
transcription has not yet been shown. In human cells, NPAT is a Cyclin E/Cdk2
substrate that stimulates histone gene transcription (Ma et al., 2000; We2@03;
Zhao et al., 2000). No ortholog to NPAT has been yet reportedsophila A critical
structural feature of NPAT is a LisH domain found in its amino terminus jwixas
shown to be necessary for histone H4 transcription (Wei et al., 2003 Drdbkephila
proteome contains 15 predicted LisH domain-containing proteins, including Mxc. Based
on BLAST search comparisons, the LisH domain contained in Mxc is the mostrgimnil
NPAT. Thus, we hypothesize that Mxc represents the functional ortholog of NRAT. T
test a role in histone gene transcriptionsituscould be performed omxcmutant
embryos with histone H3 probe to determine if histone gene transcription is perturbed.
Additionally, mxcmutants could be analyzed using a highly sensitive real time PCR
assay that has been developed in the Duronio/Marzluff labs to detect changes in histone

MRNA levels as well as the presence of inappropriately polyadenylatedenisRNAS.
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A requirement fomxcin efficient histone pre-mRNA processing can be confirmed
vivo by hybridizingmxcmutant embryos with thid3-dsprobe, which detects nascent
polyadenylated histone mRNAs (Lanzotti et al., 2004). We expect that the H8bds pr
will detect misprocessed histone transcripts in embryos with decliningmabseipplies
of Mxc, and histone transcripts will no longer be detected as Mxc becomesesiiifi
depleted later in embryogenesis.

We showed that Mxc is MPM-2 reactive and propose that Cyclin E/Cdk2
phosphorylates it. We suggest two methods to assess whether Mxc is a Cyclin E/Cdk2
substrate. Armn vitro kinase assay would determine whether Mxc could be a Cyclin
E/Cdk2 substrate. Additionally, S2 cells containing an inducible hairpin directed at
cyclin Eexpression could be made, which would enable the culture of large quantities of
cyclin Eknockdown cells needed for biochemical analysis. Mxc IPs from nuclear
extracts made frorayclin Eknockdown cells could be assayed for loss of MPM-2
reactivity by Western blotting. Mxc contains many putative Cdk phosphorylatesn sit
(S/T-P) and mapping the phosphorylation sites (and the MPM-2 epitope(s)) would
increase our understanding of how Mxc activity is regulated by the cell cycle
Phosphorylation sites could be found first by deletion mapping followed by mutating
putative sites to Alanines, and then testing for loss of MPM-2 reactivity. TéwseH#
non-phosphorylatable Mxc would have on HLB assembly and histone gene transcription
and pre-mRNA processing could then be analyzed.

We showed that Mxc is necessary for HLB assembly in S2 cells, suggestiitg tha
may act as a scaffold, perhaps to couple histone gene transcription and pre-mRNA

processing events. Whether Mxc interacts with other known HLB factors could be
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evaluated by IP-Western. Mxc (or other HLB components) could be immunoprtecipita
and interacting proteins identified by LTQ OrbiTrap liquid chromatographymas
spectroscopy in order to uncover all the components in HLBs. In this manner, perhaps

hits from our RNAIi screens may be discovered as other novel HLB proteins.

HLBs coordinate histone gene transcription and pre-mRNA processing

Work described in this dissertation explored how histone locus bodies are cell
cycle regulated, assemble, and contribute to histone gene expression as a model of
nuclear body function. Our data and the work of others support the conclusion that
Cyclin E/Cdk2 regulates histone mRNA biosynthesis at the levels of HLBrdgaand
histone gene transcription and pre-mRNA processing. These multiple levelsrof cont
ensure that histone gene expression and DNA replication are properly ceaatdinahg

cell division.
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