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Chapter 1: Introduction

A new player in X-identification: The CLAMP protein is a key factor in

Drosophila dosage compensation

Marcela M.L Soruco' and Erica Larschan’

'Department of Molecular Biology, Cellular Biology and Biochemistry, Brown

University, Providence, RI, 02912, USA

This manuscript was prepared for submission to Chromosome Research as an
invited review article. | wrote this manuscript and prepared figures. Erica
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Abstract

In a process conserved from flies to mammals, the X chromosome is
targeted for regulation to equalize transcription between males (XY) and females
(XX). This process is termed dosage compensation and in Drosophila, the key
regulator of dosage compensation is the Male Specific Lethal (MSL) complex.
The MSL complex specifically identifies the X chromosome only in males and
increases transcription of X-linked genes approximately two-fold. Targeting of the
X chromosome is known to takes place in multiple steps. First, there is a
sequence dependent step involving 21 bp GA-rich cis-acting MSL recognition
elements (MRE) that is enriched on the X chromosome. Importantly, these
sequences are found within MSL complex high affinity sites. Two of these sites,
the roX loci, encode the two long, non-coding RNA components of MSL complex.
It is not known how the MRE sequences and non-coding RNAs are integrated to
generate X-specificity because the MREs are not X-specific and the MSL
components are not sufficient to target the MRE sequence. Recently, we
identified a previously unstudied transcription factor, CLAMP, as the key DNA
binding factor that directly recognizes MRE sequences. Though CLAMP is also
found throughout the genome, it is enriched at MSL high affinity sites on the X
and at the roX loci. CLAMP enrichment could further identify these sites as “seed
sites” for MSL recruitment. Here we review the components of Drosophila

dosage compensation that could facilitate the first steps of X-identification.



Introduction

Concurrent with the evolution of sex chromosomes, an imbalance in gene
copy number developed between heterogametic and homogametic sexes
(Charlesworth 1978). Therefore, species-specific mechanisms co-evolved to
equalize this potentially lethal gene dose imbalance (Livernois et al. 2012).
These mechanisms, collectively called dosage compensation, adjust the
expression level of one or both targeted chromosome. These changes in
expression simultaneously normalize transcriptional output of important and
essential gene families across the genome (Disteche 2012). Though the
mechanism of dosage compensations differs between various species, there are

distinct similarities, which highlight the importance of this conserved process.

Sex chromosome dosage compensation is an essential process

In mammalian species in which males are XY and females are XX, the X
chromosome is up-regulated in both the sexes in a process mediated by the
H4K16ac chromatin mark (Deng et al. 2013). In an additional step, one X
chromosome is randomly inactivated in females (Figure 1). Much research has
focused on the mechanism of X-inactivation in mammals, where an increase in
transcription of the Xist non-coding RNA identifies the future silenced X in a two-
step model (Jonkers et al. 2008). Initial spreading of Xist from the X inactivation

center (XIC) first targets gene rich regions followed by gene poor regions aided



by long interspersed nuclear element (LINE) retrotransposons (Chow et al. 2010;
Simon et al. 2013). Initial transcription of Xist is regulated by an additional, but
activating, non-coding RNA, JPX (Tian et al. 2010). Xist RNA is tethered to the X
chromosome by the zinc finger protein YY1 (Jeon and Lee 2011) and the CTCF
DNA binding proteins (Chao et al. 2002; Donohoe et al. 2007). Maintenance of
silencing is accomplished by the Polycomb Repressive 2 Complex (PCR2),
which deposits the histone modification H3K27me3, leading to the condensation

and silencing of X-linked genes (Plath et al. 2003; Simon et al. 2013).

In C. elegans, the X chromosome is up-regulated in hermaphroditic
females (XX) and males (X0) in a process not well understood (Deng et al. 2011).
Then, in hermaphrodites, the expression of both X chromosomes is down-
regulated by half (Figure 1). Repression of the X chromosome is initiated by
homolog pairing and counting of the X to autosome (X:A) ratio (Nicoll et al. 1997).
The Dosage Compensation Complex (DCC), which shares components with the
condensin complex responsible for compaction and segregation of mitotic and
meiotic chromosome, mediates repression of both X chromosomes by 50%

(Meyer 2010; Wood et al. 2010).

Sequence specific binding of the DCC also takes place in a two-step
model. First, sequence-specific targeting of sites containing Recruitment Element
on X (rex) identifies high affinity sites on both X chromosomes. Then the DCC

spreads to Dependent on X (dox) sites within gene promoters, resulting in X-



specific targeting at active genes (Jans et al. 2009; Pferdehirt et al. 2011).
Recently, a decrease in RNA Pol Il recruitment to the transcription start site of
genes on the dosage compensated X chromosome was identified as the
mechanism by which the DCC is able to reduce expression of X-linked genes

(Kruesi et al. 2013).

In Drosophila, the single X chromosome in males (XY) is up-regulated
approximately two-fold while no regulation takes place in females (XX) (Larschan
et al. 2011) (Figure 1). The key regulator of dosage compensation in Drosophila
is the Male Specific Lethal (MSL) complex, which is only present in males due to
translational regulation of the core component MSL2 (Kelley et al. 1997) (Figure
2A). The MSL complex is thought to initially target two sites on the X
chromosome, the RNA on the X (roX) loci, which encode the two non-coding
RNA components of the complex, during co-transcriptional incorporation of the

RNAs into the complex (Kelley et al. 1999; Bai et al. 2004) (Figure 2B).

Spreading of the MSL complex from the roX loci is facilitated by a series of
evenly spaced high affinity sites. These sites are approximately 1.5 kb in length
and are able to recruit very high levels of MSL complex (Alekseyenko et al. 2008;
Sural et al. 2008). These sites contain smaller 21-bp MSL Recognition Element
(MRE) sequence motifs necessary for MSL recruitment. MREs are found
throughout the genome, but are 2-fold enriched on the X (Alekseyenko et al.

2008). The MSL complex then spreads to active genes in a sequence



independent step that involves recognizing the H3K36me3 histone modification
that marks the gene bodies of active genes (Larschan et al. 2007; Sural et al.
2008) (Figure 2B). The MSL complex deposits the H4K16ac mark, which is likely
to cause increased transcription elongation through elevated release of paused

RNA Pol Il into gene bodies (Gelbart et al. 2009; Larschan et al. 2011).

Interestingly, there is one feature of the dosage compensation process
that is shared across species. The initial identification of the X chromosome is
required for all subsequent steps of regulation (Lucchesi et al. 2005; Payer and
Lee 2008) (Figure 1). Additionally, recent work has revealed that H4K16ac is a
conserved step in activation of X chromosome transcription during dosage
compensation in mammals and Drosophila (Gelbart et al. 2009; Deng et al. 2013).
However, the mechanism by which H4K16ac is specifically targeted to the X
chromosome remains poorly understood in any organism. Because Drosophila
dosage compensation only involves targeting of H4K16ac and not additional
silencing steps, it is an ideal model with which to study the X-identification step of

dosage compensation.

Drosophila as a model for X-identification

Until recently, there has remained a key question in the field: How does

MSL complex specifically identify MRE sequences within high affinity sites on the

X chromosome and not on autosomes? Though the MSL complex is able to



identify the MRE sequence elements in vivo, none of the MSL proteins have
specificity for the MRE sequence in vitro (Fauth et al. 2010). Additionally, the
MRE sequences are not X-specific as they are also found on autosomes
(Alekseyenko et al. 2008). Furthermore, when the roX loci are moved to an
autosome, the roX RNAs associated with the MSL complex can move in trans to
the X chromosome. This indicates that the location of the roX loci on the X
chromosome are not sufficient for X chromosome identification (Park et al. 2002).
Therefore, the mechanism by which the MSL complex targets MRE sequences

within high affinity sites on the X chromosome alone has remained elusive.

We recently identified a novel regulator of Drosophila dosage
compensation that specifically identifies MRE sequences throughout the genome
(Larschan et al. 2012; Soruco et al. 2013) (See Chapter 2). The Chromatin
Linked Adapter of MSL Proteins (CLAMP) zinc finger protein directly links the
MSL complex to MRE sequences, is enriched at MSL high affinity sites, including
both the roX loci, and is enriched on the X overall (Larschan et al. 2012; Soruco
et al. 2013) (See Chapter 3). This is the first time a factor has been able to link
the function of the roX loci to key DNA elements required for MSL complex
targeting. To understand this new interaction more clearly, the function of the

MSL complex components and CLAMP are explained in more detail below.

Protein components of the MSL complex



The MSL complex is the ribonucleoprotein activator complex responsible
for increasing transcript levels on the X chromosome. It is comprised of one of
two redundant, long non-coding roX RNAs and at least five proteins: Male
Specific Lethal 1 (MSL1), Male Specific Lethal 2 (MSL2), Male Specific Lethal 3

(MSL3), Maleless (MLE) and Males Absent On the First (MOF) (Figure 2A).

All of the protein components of MSL complex were identified in genetic
screens for mutations that cause male-specific lethality (Belote and Lucchesi
1980; Hilfiker et al. 1997). However, all of the components except for MSL2 are
also found in females (Kelley et al. 1997). MSL1 and MSL2 are the core
structural components and nucleate complex assembly (Copps et al. 1998).
MSL1 plays a scaffolding role associating with many other components such as
MSL2, MSL3, MLE and MOF (Copps et al. 1998; Scott et al. 2000; Li et al. 2005;
Kadlec et al. 2011). MSL1 can also form a homodimer with itself suggesting that
the MSL complex may function as a heteroduplex potentially being comprised of

two complete complex structures (Hallacli et al. 2012).

MSL2 is the limiting component and is translationally repressed by the
master regulator of sex-determination, Sex Lethal (SxI). Functional Sx| protein is
present only in females and prevents translation when bound to the 5’ and 3’
UTR of MSL2 RNA (Kelley et al. 1997; Beckmann et al. 2005). MSL2 is an E3

ubiquitin ligase which ubiquitylates H2B lysine 34 when associated with MSL1



(Wu et al. 2011). Additionally, MSL2 can ubiquitylate other MSL components

when over-expressed (Villa et al. 2012).

MSL3 has a chromo-domain region with specificity for the H3K36me3
histone modification associated with actively transcribed genes, which is
deposited by the RNA Pol Il associated factor Set2 (Larschan et al. 2007; Kim et
al. 2010). MOF is the major histone acetyl transferase (HAT) in Drosophila
specific for H4K16ac leading to increased transcriptional activity (Smith et al.
2000; Smith et al. 2001). MOF is also a member of the Non-Specific Lethal (NSL)
Complex, found at the promoters of many constitutively active genes on both the

X and autosomes (Lam et al. 2012).

MLE is weakly associated with the MSL complex through interactions with
the roX RNAs (Copps et al. 1998). MLE contains two RNA binding domains,
which recognize specific secondary structures of the roX RNAs necessary for
incorporation of the roX RNAs into the complex (I1zzo et al. 2008; Maenner et al.
2013). In addition to functioning in the MSL complex, MLE affects splicing and

RNA editing genome-wide (Reenan et al. 2000).

A more loosely associated factor is the serine/threonine kinase JIL-1 (Jin
et al. 2000; Li et al. 2005). JIL-1 has specificity for H3S10 and maintains
euchromatin boundaries to prevent heterochromatin formation (Wang et al.

2011). It typically co-localizes with H3K36me3 and H4K16ac marks associated



with MSL complex targeting (Regnard et al. 2011). However, the specific role of

JIL-1 in Drosophila dosage compensation remains unknown.

RNA components of the MSL complex

The roX RNAs, roX1 and roX2, are essential for complex targeting and
function (Franke and Baker 1999; Deng and Meller 2006; Li et al. 2008). Though
the roX RNAs are very different in sequence composition and length (4.4 kb and
1.4 kb respectively) they are functionally redundant (Meller and Rattner 2002).
Both contain conserved minimal tandem repeat stem loop features necessary for
MLE-mediated incorporation into the complex (Meller et al. 2000; llik et al. 2013).
However, it is likely that only one RNA transcript, either roX7 or roX2, is

incorporated at a time into a functioning MSL complex (llik et al. 2013).

The RNAs are highly unstable unless incorporated into the complex and
differ greatly in their transcriptional control. The roX7 locus is transcribed early
during development from an MSL-independent promoter, generating a short non-
coding RNA (Meller et al. 2000; Lim and Kelley 2012). This likely generates the
initial functional MSL complex early in development. Later, MSL mediated
sustained transcription from active complex, either including a long roX7
transcript or roX2 transcript, is then responsible for global compensation (Lim

and Kelley 2012). As an additional control preventing complex formation in
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females, roX1 RNA transcription is repressed in females by the NURF301

repressor complex (Bai et al. 2007).

The location of the roX loci on the X chromosome serve as an important
element involved in the initial stages of X-targeting. It has been hypothesized
that the roX loci are the first sites of MSL targeting because roX RNA are
necessary for complex function (Deng and Meller 2006). However, this has yet to

be demonstrated in vivo.

Importantly, the roX genes are proximal to MRE sequences that recruit
MSL complex and act as enhancers to increase roX gene transcription (Park et al.
2003; Bai et al. 2004). In mutant flies lacking both roX loci on the X chromosome,
but containing a roX locus inserted on an autosome, the MSL complex can move
in trans to identify the X chromosome (Park et al. 2002; Oh et al. 2003).
Additionally, increasing roX RNA transcription from an artificial autosomal locus
results in MSL complex spreading in cis extending over a 5 MB region (Kelley et
al. 2008; Park et al. 2010). However, spreading across the entire autosome does
not occur. Therefore, there must be additional elements identifying the X
chromosome, which allows MSL complex to spread along the length of the entire

X chromosome.

High affinity sites and MRE DNA Elements
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In the absence of the more peripheral MSL3, MOF and MLE components,
the core MSL complex components, MSL1 and MSL2, can only identify a subset
of the wild type sites on the X chromosome (Lyman et al. 1997; Gu et al. 1998).
This finding lead to a multi-step model for MSL complex targeting the X
chromosome, which is likely facilitated through the activity of one or more
complex components. High-resolution characterization of MSL targeting, using
genomic approaches and performed using MSL3 null mutants, led to the
identification of 150-300 evenly spaced high affinity sites, called chromatin entry
sites (CES) in the study, which retain very high levels of MSL complex compared
to surrounding sequence. Importantly, from these high affinity sites, a 21 bp
sequence was found 2-fold enriched on the X and 4-fold enriched at active genes

on the X (Alekseyenko et al. 2008).

This sequence, termed MSL Recognition Element (MRE), has a highly
conserved 8 bp GA-repeat core. Mutational analysis of both the 8-bp core
sequence and additional flanking region of the MRE sequence showed that
MREs are necessary for MSL recruitment and is sufficient for recruitment in the
context of the high affinity sites. However, there are approximately 13,000 MRE
sequences found throughout the genome. Therefore, in the context of the entire
genome, where only 3.5% of MREs map to high affinity sites, MRE sequences
alone are not sufficient for targeting MSL complex to the X chromosome alone

(Alekseyenko et al. 2012).
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In an alternative and supporting approach, low formaldehyde crosslinking
conditions and individual RNAi treatments against MLE, MOF and MSL3 in male
S2 cells, identified 130 high affinity sites (Straub et al. 2008). The high affinity
sites from this study are located in non-coding gene regions and have almost
complete overlap with the original 150 high affinity sites (Alekseyenko et al.
2008). In summary, these diverse approaches identified the same group of high

affinity sites, which are likely to be key initial sites of X-identification.

Mechanisms for spreading of the MSL complex and increasing

transcription of X-linked genes

Once the roX loci and high affinity sites are targeted though MRE-
mediated activity, the MSL complex then spreads through MSL3 chromo-domain
interaction with the H3K36me3 chromatin mark to approximately 1000 active X-
linked genes (Larschan et al. 2007; Sural et al. 2008). Spreading of the MSL
complex from high affinity sites is sequence independent because an active
autosomal gene that does not contain any MRE sequences can be inserted on
the X chromosome and is targeted by MSL complex (Gorchakov et al. 2009). The
global H4K16ac mark deposited on the X chromosome by the MSL complex
decompacts chromatin (Shogren-Knaak et al. 2006). In this way, it theorized that
there is an increase in the release of paused RNA Pol Il into gene bodies
(Larschan et al. 2011). However, the mechanism by which transcription is up-

regulated approximately two-fold remains unknown. It is possible that core

13



components of the MSL complex counteract high level of transcriptional
activation that would otherwise be caused by H4K16ac elsewhere in the genome

(Prestel et al. 2010; Sun et al. 2013).

The CLAMP protein: a newly discovered regulator of Drosophila dosage

compensation

Despite many recent advances in the understanding of Drosophila dosage
compensation, one question has remained elusive. None of the MSL complex
components are able to specifically recognize the MRE sequence. While the roX
RNAs play an important role in the initial targeting, the roX loci are not sufficient
for this process because the RNAs can travel in trans. The MRE sequences are
enriched on the X but are also found on autosomes. Consequently, the
mechanism by which the MSL complex is able to initially distinguish the X from

the autosomes was not known.

We recently used a new cell-based screening strategy that allowed us to
identify factors that have both male-specific roles in dosage compensation and
roles in transcription in both males and females (Larschan et al. 2012) (See
Chapter 2). Analogous to the condensin complexes in C. elegans, we
hypothesized that non-sex specific factors may have an additional role in dosage
compensation. Such factors with non-sex specific roles would have been missed

in previous screens, which only identified male-specific lethal factors. In this way,
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we identified the zinc finger transcription factor, Chromatin-Linked Adaptor for
MSL Proteins (CLAMP), that provides a physical link between the MSL complex
and the X chromosome in males (Figure 3A). The CLAMP protein is able to
directly recognize MRE sequences throughout the genome but is found enriched
on the X compared to autosomes and is most highly enriched at the high affinity
sites (Figure 3B). Furthermore, CLAMP is bound to MRE sequences at the roX

loci and is required for roX2 transcription (Soruco et al. 2013) (See Chapter 3).

The CLAMP protein directly interacts with MRE DNA sequences and is
therefore able to identify MRE sequences on all chromosomes (Figure 3A).
However, CLAMP is enriched on the X chromosome in the absence of MSL
complex in females (Figure 3B) (See Chapter 3). Enrichment of CLAMP on the X
chromosome in the absence of MSL complex expression could mark the high
affinity sites as ‘seed sites’ for the very first step of MSL targeting (Figure 3B).
Additionally, the CLAMP protein and MSL complex have a synergistic
relationship, which results in increased levels of both factors when co-localized,
and could therefore initiate the X-identification cascade (Soruco et al. 2013)
(Figure 3B) (See Chapter 3). | am currently testing this model by inducing MSL

complex in female cells (see Appendix 1).

Unique X chromosome characteristics
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In addition to CLAMP being enrichment on the X, there are several
additional features that distinguish the X chromosome and make it distinct from
autosomes. The X chromosome has an increased GC content in the 10 Kb
region surrounding high affinity sites and a decrease in GC content within 1Kb of
functional MREs. However, this is not sufficient to predict functional MREs. There
is an MSL-independent increase in H4K16ac noted in female Kc cells and further
increased acetylation as the result of MOF function in male cells (Alekseyenko et
al. 2012). Importantly, using the MODEncode histone modifications ChlP-seq
library as a training data set, H3K36me3 and JIL-1 association were predictive
marks for high affinity sites on the X chromosome in female cells. Additionally,
significant nucleosome depletion at high affinity sites in female cells were also
noted, which correlates with previous DNAse hypersensitivity of high affinity sites
seen in male cells (Oh et al. 2004; Alekseyenko et al. 2012). Together with the
CLAMP protein and roX RNAs, these characteristics are likely to ensure X-
identification.  However, future work is needed to determine the relative

contributions of these factors during the targeting process.

The role of nuclear organization in Drosophila dosage compensation

The targeting of MSL2 to the X chromosome results in the formation of a

distinct nuclear compartment close to the nuclear envelope that is not present in

females (Straub et al. 2005; Grimaud and Becker 2009). The MSL dependent

nuclear domain of the X chromosome in males is mediated through association
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with nuclear pore and exosome proteins, an association that is not seen in
females (Mendjan et al. 2006). This important link could therefore couple
transcription, RNA processing and nuclear export of X-transcribed genes in

males during dosage compensation (Figure 4).

Discussion

With the discovery of the CLAMP protein as an important regulator of
Drosophila dosage compensation, experiments expanding on the role of CLAMP
during the early stages of X-identification are eagerly anticipated (see Appendix
1). Recently, an increased accumulation of GA-repeats on the X chromosome
was noted when comparing D. melanogaster to D. miranda, which contains a
newly evolved X chromosome (Alekseyenko et al. 2013). Therefore, evolution of
X-specific GA-repeats could be the precise mechanism that has allowed for an

increase in CLAMP targeting to the X chromosome.

However, there are other transcription factors that bind GA repeat
sequences. For example, GAGA factor, also known as GAF in mammals or Trl in
Drosophila, is notably decreased at high affinity sites in Drosophila male cells,
whereas CLAMP is found enriched (Alekseyenko et al. 2012; Soruco et al. 2013).
Therefore, it is possible there is an interaction between CLAMP and the MSL
complex that is favored in the context of the X chromosome that is not favored

between GAGA and MSL complex. This interaction could be mediated by
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characteristics of the surrounding chromatin, additional proteins, or both.

To gain insight into the evolution of dosage compensation, it is interesting
to consider the non-sex specific roles of this previously unstudied CLAMP protein.
It is possible that the MSL complex co-opted the more ancient CLAMP protein
because it recognized GA-rich sequences that are enriched on the X
chromosome (Ellison and Bachtrog 2013). Positive selection may have resulted
in increased GA-repeats on the X chromosome due to their interaction with the
highly conserved CLAMP protein, or vice versa. Additionally, it is possible that
there is a physical interaction between CLAMP and MSL complex. This would
likely be mediated through the glutamine-rich domain of CLAMP, where
glutamine-rich domains are known to be involved in protein-protein interactions
(Wang et al. 2013; Gonzalez Nelson et al. 2014)(Boor and Larschan

unpublished).

As a DNA binding protein, CLAMP is found at the transcription start site of
many transcribed genes on all chromosomes, as well as the 3’ end of genes
where MSL is also typically localized (Alekseyenko et al. 2006; Soruco et al.
2013) (See Chapter 2 and Chapter 3). This spatial separation could also isolate
the two distinct functions of the CLAMP protein: the male-specific dosage
compensation function and the non-sex specific function. This idea is supported
by a recent study using new sonication techniques, which revealed different MSL

sub complexes or core components acting over varying gene regions (Straub et
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al. 2013). This finding could identify which MSL complex component is more

commonly co-localized with CLAMP.

Future experiments investigating the formation of an MSL-specific nuclear
domain could reveal a possible link to targeting of specific sites along the X prior
to active gene recognition. Additionally, a nuclear domain could maintain high
concentrations of important transcriptional machinery within close proximity to the
X chromosome, facilitating increases in transcription levels. It is also possible
that the CLAMP protein, through its glutamine-rich domain and seen to
aggregate in vitro, could mediate this process (Chery and Larschan,
unpublished). Understanding the mechanism of X-targeting during dosage
compensation could provide new insights into essential cellular mechanisms that

allow transcription factors to find their targets and precisely regulate the genome.
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Figure 1: Dosage compensation patterns across species.

Increased transcription of the X chromosome is required for dosage
compensation in mammals, C. elegans and Drosophila. The X chromosome is
up-regulated in both sexes in mammals and C.elegans. A second step of
regulation takes place in which the X chromosome is randomly inactivated in
mammalian females. In C.elegans, both X chromosomes are down-regulated by
half in hermaphrodic females. In Drosophila, the X chromosome is only up-

regulated in males.
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Figure 2: The MSL complex and multi-step targeting.

A) The Male Specific Lethal (MSL) complex components. B) The MSL Complex
targets the X chromosome in multiple steps. First, it is thought that the roX loci
(blue) are targeted during co-transcriptional incorporation of the RNAs into the
complex. Second, a series of evenly spaced high affinity sites (red) containing
MRE sequences are targeted. Finally, spreading from high affinity sites to the
bodies of active genes (grey) results in an approximate two-fold increase in

transcription of X-linked genes.
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Figure 3: The role of CLAMP in X-targeting.

A) The zinc finger protein, CLAMP, is found throughout the genome. B) CLAMP
is found enriched at high affinity sites, including the roX loci, in the absence of
MSL complex in females. Then a synergistic interaction leads to increased levels

of both factors when co-localized on the X chromosome.
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Figure 4: Unique X-characteristics and nuclear organization.
The X chromosome is maintained in a distinct nuclear space through association

of MSL complex proteins associating with nuclear pore proteins.
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Abstract

Sex chromosome dosage compensation in Drosophila provides a model
for understanding how chromatin organization can modulate coordinate gene
regulation. Male Drosophila increase the transcript levels of genes on the single
male X approximately two-fold to equal the gene expression in females, which
have two X-chromosomes. Dosage compensation is mediated by the Male-
Specific Lethal (MSL) histone acetyltransferase complex. Five core components
of the MSL complex were identified by genetic screens for genes that are
specifically required for male viability, and dispensible for females. However,
because dosage compensation must interface with the general transcriptional
machinery, it is likely that identifying additional regulators that are not strictly
male-specific will be key to understanding the process at a mechanistic level.
Such regulators would not have been recovered from previous male-specific
lethal screening strategies. Therefore, we have performed a cell culture-based,
genome-wide RNAI screen to search for factors required for MSL targeting or
function. Here we focus on the discovery of proteins that function to promote
MSL complex recruitment to “chromatin entry sites”, which are proposed to be
the initial sites of MSL targeting. We find that components of the NSL (Non-
specific lethal) complex, and a previously unstudied zinc-finger protein, facilitate
MSL targeting and display a striking enrichment at MSL entry sites.

Identification of these factors provides new insight into how MSL complex
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establishes the specialized hyperactive chromatin required for dosage

compensation in Drosophila.
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Introduction

X-chromosome dosage compensation in male Drosophila provides a
model for understanding how a large number of diversely regulated genes along
the length of a single chromosome can be targeted for coordinate regulation. In
Drosophila, the transcript levels of genes along the length of the single male X-
chromosome are upregulated approximately two-fold, a process mediated by the
MSL (Male-specific lethal) histone acetyltransferase complex (Gelbart and
Kuroda 2009). A model, initially based on genetic observations (Kelley et al.
1999), posits that the MSL complex binds the X-chromosome in a two-step
process. First, high levels of the MSL complex accumulate at approximately 150-
300 “chromatin entry sites” (CES) containing GA-rich MRE (MSL Recognition
Element) sequences that are ~two-fold enriched on the male X (Alekseyenko et
al. 2008; Straub et al. 2008). Second, a sequence-independent spreading occurs
in which the MSL complex associates with the bodies of active X-linked genes
via general features associated with transcription, including H3K36me3
(Larschan et al. 2007). MSL complex increases transcript levels of its target
genes by increasing the density of RNA Polymerase Il (RNAP Il) over
transcription units, likely via MSL-dependent H4K16 acetylation (Larschan et al.

2011).

While significant progress has been made towards understanding how

MSL complex is targeted and functions, much remains to be understood. For
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example, since MREs are less than two-fold enriched on the X-chromosome
(Alekseyenko et al. 2008) and the core MSL complex does not appear to have
sequence-specific DNA binding activity (Fauth et al. 2010), it is likely that

additional factors are involved in the key process of CES recognition.

Seminal genetic screens identified five core components of the MSL
complex by isolating genes that were specifically required for male viability
(Belote and Lucchesi 1980; Hilfiker et al. 1997). However, these approaches
would not recover a potentially key class of regulators that might be required for
viability in both sexes, and act in dosage compensation by providing an interface
with the core transcriptional machinery. In fact, based on experiments from
budding yeast (Carrozza et al. 2005; Keogh et al. 2005) the essential SET2
H3K36 methyltransferase was identified as a potential regulator of MSL complex
association with active genes (Larschan et al. 2007; Bell et al. 2008). SET2
contributes to targeting of the MSL complex to the bodies of active genes
(Larschan et al. 2007; Bell et al. 2008), but it is likely that other factors also
participate. Furthermore, there are no candidates for direct binding to the MRE

sequence, which is proposed to be a key first step in MSL targeting.

Therefore, we designed a cell-based reporter system that specifically
monitors MSL function at chromatin entry sites, and conducted a genome-wide
RNAI screen to identify genes required to regulate this reporter. We identified

the NSL (Mendjan et al. 2006; Prestel et al. 2010a) and PAF (Shi et al. 1996;
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Nagaike et al. 2011) general transcriptional regulators, as well as a previously
unstudied zinc finger protein, CG1832, that emerges as a strong candidate to
function as the previously unknown link between MSL complex and MRE

sequences within chromatin entry sites.

Results

A genome-wide RNAi screen identifies genes that regulate an MSL-

dependent reporter in male SL2 cells

In order to identify genes that regulate MSL complex recruitment or
function, we performed a genome-wide RNAi screen using an MSL-dependent
cell-based reporter system for which we previously reported functionality
(Alekseyenko et al. 2008) (Fig. 1A).  This reporter system includes the following
three elements: 1) promoter of roX2 gene (370 bp); 2) Firefly luciferase reporter
gene; 3) MSL complex binding site for roX2 (DNase | Hypersensitivity Site: 280
bp). The system is based on a similar one that functions as a male-specific MSL-
dependent reporter in vivo (Bai et al. 2004). A genome-wide RNAI library
generated by the Drosophila RNAi Screening Center (DRSC) that contains
approximately 21,000 dsRNAs was screened in duplicate (www.flyrnai.org). To
eliminate off-target effects, secondary screens were conducted using a set of

validation RNAI constructs in addition to rescreening the original constructs.
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In addition to direct regulators of MSL complex recruitment or function,
several additional types of genes could be identified by our RNAI screen.
Therefore, we used the following steps to identify potential direct activators of
MSL complex targeting: 1) To reduce the number of non-specific regulators of
luciferase gene transcription and protein stability that were identified, we
calculated the ratio of activity from our MSL-dependent Firefly luciferase reporter
to a heterologous Renilla luciferase reporter. 2) We used multiple MSL-
dependent reporters to further narrow the list of genes to those that function
independently of the roX2 promoter and specific CES used in the genome-wide
screen; 3) We then used known functional information about the genes to narrow
the list to those that have potential direct activating roles; 4) We determined
whether new proteins affect MSL complex recruitment at endogenous sites
without altering transcription of MSL complex components; 5) We performed
genome-wide localization analysis to determine whether new proteins are

enriched at CES loci.

As briefly described above, we first normalized the MSL-dependent Firefly
luciferase reporter activity to an MSL-independent reporter including the Renilla
luciferase gene that can be independently assayed using a different substrate.
This dual Firefly/Renilla approach also controls for technical variation in
transfection efficiencies among wells and differences in cell number caused by
altered viability after RNAIi treatments. We used a Renilla construct that was

regulated by an Actin promoter as previously described (Nybakken and Perrimon
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2002). Therefore, by calculating the ratio of Firefly/Renilla luciferase activity,
RNAI conditions that specifically alter the MSL-dependent reporter but not the

Actin-Renilla construct could be identified.

To conduct the RNAIi screen, sixty-two screening plates containing
approximately 21,000 dsRNAs arrayed in individual wells of a 384-well plate
were assayed in duplicate. Each plate contained two positive control (ms/2
RNAI) and two negative control (GFP RNAI) constructs, that were previously
validated. After confirming that at least a 5-fold dynamic range was observed in
the expected activity of positive and negative controls on each plate, the
Firefly/Renilla ratios of the two plates were averaged and screening hits were
identified relative to the median Firefly/Renilla ratio for each plate (See Methods).
We also conducted the same computational analysis for the Renilla values and
removed hits in which the Renilla activity was dramatically altered by the RNAI

treatment (See Methods).

Our screening approach identified 322 RNAI constructs that altered MSL-
dependent reporter activity (Table S1). Importantly, we found all known
components of the MSL complex in an unbiased way, validating our screen (Fig.
1B). We identified 254 RNAI constructs that reduced MSL-dependent reporter
activity and 68 RNAI constructs that increased reporter activity. Gene Ontology
analysis revealed several functional categories that were enriched including the

following: protein synthesis, cell cycle control, and transcriptional regulation (p <
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0.05) (Table 1).  Similar analysis of publically available data sets from other
RNAI screens performed using the same library indicated that the transcriptional
regulation Gene Ontology category was not enriched in any other publically
available screens. In contrast, the protein synthesis category and cell cycle
control categories were commonly enriched in the majority of screens conducted

with this RNA: library.

Next, candidate genes were chosen for further analysis and validation with
additional RNAi constructs. Three classes of genes were removed from the
original list of candidates: 1) Ribosomal protein genes that are identified by many
RNAI screens (41 genes); 2) Genes with a large number of predicted RNAi off
targets using 17 bp as an overlap cutoff (Kulkarni et al. 2006) (19 genes) 3) RNAI
amplicons that did not target a specific gene and/or target multiple predicted
genes (21 amplicons). We rescreened the 241 remaining candidates using
both original and validation RNAIi constructs with the original screening system
and two additional MSL-dependent reporters that we previously validated
(Alekseyenko et al. 2008). These additional MSL-dependent reporters had a
different promoter or CES compared with the original RNAIi screening construct
and were previously described (Fig. 1A). In this way, we identified 72 genes that
were validated with an additional RNAIi construct and regulated all three MSL-
dependent reporters (Table S2). We do not wish to over-interpret any negative
results; however, we did not identify the genes encoding HP1, SU(VAR)3-7, or

ISWI. These each have a mutant phenotype that differentially affects the
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polytene X chromosome (Deuring et al. 2000; Spierer et al. 2005), but may not
affect MSL function. Likewise, we did not identify JIL-1, SCF, NUP153, or
Megator, all previously implicated in MSL interaction (Jin et al. 2000; Furuhashi

et al. 2006; Mendjan et al. 2006).

To narrow our list of candidate genes, we classified genes into categories
based on their activity in our assay and previously determined functional
information about the gene products as follows (Table S2): 1) Class 1 (18
genes): General transcriptional regulators that activate our reporter; 2) Class 2
(6 genes): Proteins that have potential sequence-specific DNA binding activity
and activate our reporter; 3) Class 3 (7 genes): General transcriptional
regulators that repress our reporter; 4) Class 4 (3 genes): Proteins that have
potential sequence-specific DNA binding activity and repress our reporter; 5)
Class 5 (7 genes): Proteins that regulate RNA metabolism (e.g. splicing, non-
sense mediated decay); 6) Class 6 (26 genes): Proteins that are previously
unstudied and/or have functions unrelated to transcription or RNA metabolism.
The remaining genes are known MSL complex components. Members of each
of these classes could directly modulate MSL recruitment or activity or indirectly

effect MSL complex by altering complex levels.

Due to the large number of genes identified, we focused on potential direct

regulators of MSL complex recruitment or function that had known roles in

transcriptional regulation or potential DNA binding domains (Classes 1-4). This
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analysis identified 34 potential transcriptional regulators. We validated the
activity of these candidate genes using our MSL-dependent reporter assay in a
more accurate 96-well format (Fig. 2). Overall, we identified 24 activators
(Classes 1 and 2) and 9 repressors (Classes 3 and 4) with known or predicted

roles in transcriptional regulation.

In addition to identifying all core components of MSL complex as
activators of our reporter system (Fig. 1B), we identified a known repressor of
MSL function, NURF301, which we previously determined represses roX gene
transcription in vivo (Bai et al. 2007) (Table S2). Also, NURF301 is known to
associate with the roX71 CES (Bai et al. 2007). Therefore, our RNAI screening
strategy identified all MSL complex components and a known direct repressor of
MSL-dependent transcription, validating our ability to identify activators and

repressors with direct functions.

Selection of NSL complex, PAF complex, and CG1832 as candidate direct

regulators of MSL targeting or function

The transcription of MSL complex components could be modulated and
thus indirectly affect its function. Therefore, we selected candidates and
examined whether they function directly to recruit MSL complex to CES loci using
several approaches: 1) Determine whether RNAIi against candidate genes affects

recruitment of MSL complex to endogenous CES; 2) Define whether RNAI
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knockdown of candidates alters transcription of MSL complex components; 3)
Examine the recruitment of candidate proteins to CES loci. We hypothesized
that direct regulators of MSL complex recruitment will be recruited to CES loci
and alter MSL complex recruitment but not transcription of MSL complex
components. Using these approaches, we examined the function of three

factors: 1) the NSL complex; 2) the PAF complex; and 3) CG1832.

We selected NSL complex for further study because six of its components
(NSL1, NSL3, CG1135, z4, Chro, and MBD-R2) were identified in our screen and
NSL and MSL complexes share the MOF catalytic component. NSL1 is one of
the structural components of NSL complex that directly contacts MOF using a
similar protein-protein interaction surface as MSL1 (Kadlec et al. 2011).
Although this biochemical relationship would predict that NSL complex would
compete with MSL complex for the MOF subunit, NSL complex was identified as
an activator of our MSL-dependent reporter. Therefore, we further characterized
the relationship between the two complexes to determine whether NSL complex

functions positively during MSL complex recruitment.

We also examined the PAF transcription complex that associates with
RNAP Il across gene bodies to promote transcription elongation (Adelman et al.
2006; Nagaike et al. 2011). Again, we identified multiple subunits of this complex
in our screen, making the PAF complex a strong candidate. The PAF complex

has been implicated in facilitating H2B ubquitylation catalyzed by the S.
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cerevisiae SAGA complex component Ubp8 (Henry et al. 2003; Tanny et al.
2007). Intriguingly, recent work has identified a new activity for the MSL2 protein
as an E3 ligase that targets H2BK34 for ubiquitylation (H2BK31 in Drosophila)
(Wu et al. 2011). Therefore, it is possible that the PAF complex facilitates the
H2B ubiquitin ligase activity of MSL2. Also, MSL complex associates with gene
bodies of active genes like the PAF complex (Alekseyenko et al. 2006; Gilfillan et

al. 20086).

The previously-unstudied CG1832 zinc finger protein was chosen for
further study because it was identified three independent times using different
double-stranded RNA constructs and exhibits a very strong reporter activation
phenotype. Furthermore, unlike other potential DNA binding proteins, CG1832
RNAI does not decrease cell viability significantly and was not identified by other
RNAI screens. Similarly, loss of MSL complex components does not significantly
alter cell viability although it causes male-specific lethality in flies. The CG1832
protein has a glutamine rich N-terminus and a seven zinc finger domain at its C-
terminus. Because each finger is likely to recognize three bases (Klug 2010),
CG1832 is a candidate for recognition of a 21-mer sequence such as the MRE
element. CG1832 is highly conserved among insect species and orthologs are
present in other species such as mouse (znf80) and human (znf429).
Furthermore, CG1832 is maternally loaded into the early embryo and
ubiquitiously expressed (FlyAtlas) and therefore it could potentially target MSL

complex early in development. In addition, CG1832 is likely to be an essential
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gene because P-element insertions at its 5’ end are lethal in both sexes (data not
shown). Therefore, CG1832 would not have been identified by the seminal male-

specific lethal screens in vivo.

CG1832 and NSL complex modulate MSL complex recruitment to

endogenous CES loci in vivo

To determine whether candidate genes are needed for MSL complex
recruitment to endogenous CES loci, we used chromatin immunoprecipitation
(ChlP) of the MSL2 core component in male SL2 cells. We found that both NSL1
and CG1832 RNAI knockdowns significantly reduce MSL2 recruitment to several
CES loci in vivo (Fig. 3A). Next, we conducted ChIP on the H4K16ac histone
modification to examine the roles of NSL1 and CG1832 in depositing this key
modulator of dosage compensation. In parallel with the effect on MSL2
recruitment, both NSL1 and CG1832 RNAi caused reduced H4K16ac at several
CES loci. In contrast, PAF RNAI treatment did not alter MSL complex recruitment
and therefore it is likely that PAF functions to alter MSL complex function at a

step subsequent to recruitment (Fig. 3A).

To examine whether NSL1 and CG1832 RNAI treatments disrupt MSL
complex recruitment due to regulation of MSL complex component mRNA levels,
we assayed these by qRT-PCR (Fig. S1). roX1 is not expressed at significant

levels in SL2 cells (Hamada et al. 2005). We noted effects on roX2 RNA levels
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as expected because roX2 is activated by MSL complex, but little effect on the
MRNA levels of other MSL complex components. Also, NSL1 and CG1832 RNAI
treatments do not affect mRNA splicing of MLE as reported for the Znf72D zinc
finger protein (data not shown) (Worringer and Panning 2007). MLE splicing was
quantified using splice-site specific primers that were previously validated
(Worringer and Panning 2007). Because improper targeting of MSL complex
reduces complex stability (Copps et al. 1998), precise measurements of MSL
protein levels do not address the point at which NSL1 or CG1832 acts to promote
MSL complex activity. Instead, we tested the hypothesis that these proteins

promote MSL recruitment by assessing their own localization to CES loci.

Genome-wide occupancy of NSL components and CG1832 support a direct

role in MSL targeting

To define NSL complex and CG1832 localization on chromatin, we
analyzed the genome-wide occupancy of both factors. Genome-wide localization
data were available for the Chromator/Chriz and MBD-R2 components of the
NSL complex (www.modENCODE.org). Therefore, we analyzed the enrichment
of these proteins at CES loci compared with other sites that contain MRE
sequences. Results indicate that there is a broad enrichment of NSL complex
components within a 10 kb region surrounding CES compared to additional
genomic loci on the X and autosomes that contain MREs (Fig. 4A), consistent

with a local or regional function.
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To assess the genome-wide occupancy of CG1832, we generated a
polyclonal antibody that targets the N-terminus of the protein (see Methods).
We validated that the CG1832 antibody recognizes a protein of the predicted size
and its RNAi knockdown strongly reduces its protein and mRNA levels and
association with chromatin (Figs. S1,2,3). CG1832 is expressed in both males
and females and binds to polytene chromosomes in both sexes, consistent with it
having a general, essential function in addition to its potential role in facilitation of
MSL targeting (Fig. S2, S4). We performed ChlIP-seq analysis on the CG1832
protein in male SL2 cells and mapped 2,695 CG1832 sites on the X and 10,009
on autosomes using inclusive statistical criteria for defining binding sites (see
Methods). Overall, MREs on the X chromosome are approximately 1.5-fold more
likely to be occupied by CG1832 than MREs on autosomes (49.7% on X:
1832/3683; 32.5% on autosomes: 3787/11619). Although CG1832 occupancy is
not X-specific, it is highly enriched at CES loci. In fact, 98.5% (135/137) of the
genetically defined CES that contain MRE sequences (Alekseyenko et al. 2008)
have a CG1832 binding site. Also, 92.5% (446/484) of all MSL complex binding
sites that contain an MRE also have a CG1832 binding site. This expanded set
would include likely CES not characterized previously. Most compelling, CG1832
occupancy at MREs is strongly enriched at CES compared with locations on the
X and autosomes that contain MRE sequences but fail to recruit MSL complex,
as visualized by heat maps for enrichment at various classes of MREs (Fig. 4B).

Comparison of ChlP-seq and ChlP-chip profiles of CG1832, MBD-R2, and
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Chromator show similar localization to 5’ ends of active genes, with CG1832
more focused at CES (Fig. 4C). The precise pattern of enrichment over MREs
makes CG1832 a strong candidate to directly recognize these sequences. These
results demonstrate that our genetic screen has identified at least two new
regulators of MSL complex recruitment that are implicated in functioning directly

at chromatin entry sites.

Discussion

Using a novel cell-based RNAI screening approach, we have identified
new candidate regulators of MSL complex function. The screen took advantage
of the ~five fold regulation of a roX2-luciferase reporter construct by MSL
complex, rather than relying on a direct assay of dosage compensation (<two
fold) or on more laborious assays for MSL occupancy. Many of the regulators
that we have identified are likely to have additional functions in both male and
female flies and therefore could not have been recovered from classical male-
specific lethal genetic screens. In addition to direct regulators of MSL complex
recruitment, it is possible that transcriptional regulators identified from our
screening approach could function indirectly to regulate transcription of MSL
complex components themselves. Therefore, we used chromatin
immunoprecipitation and existing modEncode data to demonstrate that two

factors, the NSL complex and CG1832, are likely to have local roles in MSL
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complex recruitment to CES. Moreover, CG1832 is a strong candidate to recruit

MSL complex directly to CES due to its strong enrichment at MRE sequences.

Interestingly, we identified a previously unstudied function of the highly
conserved NSL complex at CES loci. NSL and MSL complex share the MOF
histone acetyltransferase as their catalytic component (Mendjan et al. 2006;
Prestel et al. 2010b) and there are conserved MOF protein-protein interaction
interfaces between MSL1 and NSL1 (Kadlec et al. 2011). Therefore, it is
possible that MSL complex and NSL complex would compete for the MOF
subunit, suggesting that NSL complex would antagonize MSL complex.
However, we instead found that NSL complex facilitates MSL complex
recruitment to CES (Fig. 3). Therefore, it is possible that MOF may be recruited
to MSL entry sites via NSL complex components such as MBD-R2 or RCD-5 that
are known to be involved in MOF recruitment to 5’ ends of active genes (Prestel
et al. 2010b; Raja et al. 2010). Subsequently, MOF could be transferred to newly
assembling MSL complexes at chromatin entry sites as previously suggested
(Kadlec et al. 2011). Alternatively, since functional CES are enriched in the
vicinity of active genes (Alekseyenko AA 2012), this could indicate a role for

NSL-dependent active gene expression in CES function.

Many additional activators were identified from our RNAIi screening

approach including all components of the PAF transcription complex that

associates with RNAP Il across gene bodies to promote transcription elongation
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and polyadenylation (Adelman et al. 2006; Nagaike et al. 2011). However, RNAI
treatment targeting the PAF complex did not alter MSL complex recruitment to
entry sites or MSL target genes (Fig. 3A). There are several possible
mechanisms by which PAF complex could regulate our MSL-dependent reporter
gene. The PAF complex has been implicated in facilitating H2B ubquitylation
catalyzed by the S. cerevisiae SAGA complex component Ubp8 (Henry et al.
2003; Tanny et al. 2007). H2B was also identified as an activator in our screen
potentially implicating H2B ubiquitylation in facilitating MSL-dependent activity of
the reporter (Table S1). Moreover, recent work has identified a new activity for
the MSL2 protein as an E3 ligase that targets H2B for ubiquitylation (Wu et al.
2011). Therefore, it is possible that the PAF complex facilitates the H2B ubiquitin
ligase activity of MSL2. Alternatively, PAF has been implicated in regulating
H3K36me3 (Zhou et al. 2009) suggesting that it could also mediate MSL complex
activity by modulating deposition of this known regulator of MSL complex

recruitment to active genes.

In addition to identifying activators of MSL-dependent reporter activity, we
identified several repressors including NURF301, a known repressor of MSL
complex function at the roX CES loci (Bai et al. 2007). In this way, we validated
that additional candidates have potential to directly function in repressing MSL
complex recruitment or activity. Other repressors of known function include the
Sfmbt protein that recruits the Polycomb repressor complex and the large

TRRAP protein that mediates interactions between gene specific regulators and
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large transcription complexes (Nikiforov et al. 2002). It is possible that these
proteins and other potential repressors directly antagonize MSL complex function
or alter the chromatin environment around CES to reduce transcriptional

activation.

Our most exciting new candidate is CG1832, a previously unstudied zinc-
finger protein that is strongly and precisely enriched at MRE sequences within
CES and facilitates MSL complex recruitment to these sites. This protein has
seven zinc-fingers at its C-terminus that could potentially bind DNA and a
glutamine-rich N-terminus that may interact with MSL complex. Therefore, future
analyses will focus on the exciting possibility that CG1832 functions as a

previously unknown link between MSL complex and MRE sequences.

In summary, our novel screening approach identified two regulators that
facilitate MSL complex recruitment at CES: NSL complex and CG1832.
Furthermore, our genetic screen provides an extensive dataset of additional
candidate genes that may facilitate MSL targeting and function. We expect that
future genetic, genomic, and biochemical approaches will define new
mechanisms by which many of these candidate genes modulate coordinate gene

regulation.
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Methods

Genome-wide RNAi screen

A genome-wide RNAI screen was performed in duplicate using the version
2 RNAI libraries generated by the Drosophila RNAi Screening Center
(www.flyrnai.org) (Ramadan et al. 2007). Transient transfection of MSL-
dependent and independent luciferase reporter plasmids was conducted as
described previously(Alekseyenko et al. 2008). For screening, all volumes of
plasmids and luciferase reagents were reduced by 4-fold to accommodate a 384-
well format from the original 96-well format. As controls, GFP dsRNA was added
to two wells and MSL2 dsRNA was added to two additional wells on every
screening plate. GFP and MSL2 dsRNA was prepared as described

previously(Gelbart et al. 2009). All RNAI treatments were conducted for 5 days.

Identification of candidate regulators of MSL complex targeting from RNAIi

screening data

First, the ratio of the Firefly luciferase to the Renilla luciferase activity was
computed for each well in each of the 124 screening plates. Second, the
Firefly/Renilla activity ratios for the GFP dsRNA wells and the MSL2 dsRNA wells
were compared to assure that at least a 5-fold dynamic range was present for

each plate. All plates fulfilled these criteria. Third, we calculated the median
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Firefly/Renilla ratio for each plate and its standard deviation. Our criterion for
identifying a well as a positive screening hit was that its Firefly luciferase/Renilla
luciferase ratio is more that two standard deviations above or below the plate
median for both replicate plates. Most 384-well plates had 2-5 screening hits.
To eliminate screening hits that cause non-specific cell lethality or low
transfection efficiency, we did not consider wells with Renilla luciferase values
that were more than three-fold below the plate median. Secondary screens
using validation dsRNAs and additional plasmids described in (Alekseyenko et al.
2008) were performed using the same protocol and analysis approach. All

dsRNA amplicons are identified in Table S1 by their DRSC number.

MRNA analysis and Western blotting

MRNA analysis and qRT-PCR was performed after the following RNAI
treatments: 1) DRSC03718 to target CG1832; 2) DRSC15625 to target NSL1
(CG4699); and 3) DRSC27502 to target PAF1 (atms). All RNAI treatments were
conducted for 5 days in SL2 cells as previously described (Gelbart et al. 2009).
An additional CG1832 RNAI construct (DRSC 29935) was also tested with similar

results (data not shown).

Western blotting was conducted as previously described using standard

protocols (Gelbart et al. 2009). We generated the rabbit polyclonal CG1832

antibody against part of the glutamine-rich domain of the protein (amino acids:
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#22-121) that was determined to be unique in the Drosophila genome. For
Western blotting, the CG1832 antibody was used at a 1:1000 dilution, the tubulin
antibody (Sigma) was used at a 1:10,000 dilution, and the histone H3 antibody

(Abcam) was used at a 1:1000 dilution.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation from SL2 cells was conducted as
described previously (Gelbart et al. 2009) using antibodies targeting the MSL2
protein, H4K16ac (Millipore), H3 (Abcam), and CG1832 (SDI) proteins. RNAI
treatments were performed using the following DRSC RNAi constructs
(www.flyrnai.org): 1) DRSC03718 to target CG1832; 2) DRSC15625 to target
NSL1 (CG4699); and 3) DRSC27502 to target PAF1 (atms). To assure
reproducibility, large scale RNAIi experiments were performed in which 225 ug of
each dsRNA was added to a T225 flask containing 45 mls of SL2 cells. An
additional CG1832 RNAI construct (DRSC 29935) was also tested with similar

results (data not shown).

Three independent chromatin preparations were performed for each
experiment and qPCR was performed on input and IP samples using primers that
are specific for MSL target genes and CES loci. Primer sequences were
previously described(Gelbart et al. 2009). Standard deviations among the three

replicates were calculated after normalization to a sample that was treated with
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the GFP dsRNA construct as a control within each chromatin preparation.
MRNA extraction followed by gRT-PCR was performed in parallel with each ChIP

experiment to assure that the RNAI treatments were effective.

Preparation of ChiP-seq libraries

Duplicate ChlP-seq libraries from independent chromatin preparations
were generated using a protocol adapted from the lllumina ChlIP-seq sample
preparation guide as follows (www.illumina.com). To obtain sufficient starting
material, three IPs were pooled and concentrated using Qiagen MinElute
columns such that 15 ng of starting material were obtained prior to library
preparation. Libraries from matching input samples were also prepared for each
chromatin preparation. Each enzyme reaction was followed by purification using
AMPure XP Beads (Agilent). The fragmented DNA was 3’ end repaired and &’
phosphorylated using End-it Kit (Epicentre). A 3’ adenosine was added using
Klenow Fragment (3’->5’ exo) (NEB). The annealed adapters were ligated in a
1:50 dilution of the 10 mM stock using T4 DNA Ligase Quick Ligase Kit
(Enzymatics). The libraries were PCR amplified using Phusion high fidelity
polymerase (NEB) for 15 cycles. The libraries were then size selected on a 2%
agarose gel using the E-Gel system (Invitrogen) selecting a range from 200 bp to
500 bp followed by concentration on a MinElute Column (Qiagen). Sequencing

was performed on the lllumina Gallx platform.
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Analysis of ChIP-seq data

Reads were aligned to the dm3 assembly of the D. melanogaster genome
using the Bowtie aligner (Langmead et al. 2009). A summary of the sequencing

statistics is provided below:

Replicate #1 input: 29495696 raw reads, 17591247 aligned reads (59.6%)
Replicate #1 CG1832 IP: 27820142 raw reads, 19210177 aligned reads (69.1%)
Replicate #2 input: 22498098 raw reads, 13510882 aligned reads (60.1%)
Replicate #2 CG1832 IP: 28231400 raw reads, 15194724 aligned reads (53.8%)

Pearson R value for CG1832 ChlIP-seq replicates, 1kb bins: 0.95

Reads aligned with more than one mismatch, and reads that did not align
uniquely were discarded. Peaks were called in each ChlP-seq sample using the
SPP software package with an FDR threshold of 0.05(Kharchenko et al. 2008).
For comparisons with MSL complex ChlP-seq data, MSL complex ChIP-seq data
(Alekseyenko et al. 2008) were realigned with Bowtie and peaks were called with
SPP in the same manner as the CG1832 ChIP-seq samples, for more direct
comparison. The locations of CES loci and MRE sequences were previously
reported(Alekseyenko et al. 2008). Data will be available at NCBI GEO Short

Read Archive (SRA) session GSE39271.

Generation of heatmaps
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The average enrichment profiles of proteins around the MREs (+/- 5kb)
are shown in Fig. 4. The five columns in the heatmap are the following: ‘MRE in
CES’ consists of experimentally obtained 140 MREs (located within 137 CES)
described in (Alekseyenko et al. 2008); ‘Best MRE on X’ and ‘Best MRE on 2L’
consist of 150 MREs that have the best consensus motif match on the X or 2L,
respectively; and ‘Random MRE on X' and ‘Random MRE on 2L’ consist of 150
MREs randomly chosen from the X or 2L, respectively. More details can be found

in Alekseyenko et al, 2012 (submitted).

modENCODE ChIP-chip data processing

ChIP-chip data using Genomic DNA Tiling Arrays v2.0 (Affymetrix) are
publicly accessible online through the modENCODE project
(www.modencode.org). Data analysis was performed in R statistical
programming environment (http://www.r-project.org). For the visualization of the
heatmap (e.g., Figure 4), the +/-5kb region surrounding each MRE was
separated into non-overlapping bins of 200bp. The smoothed probe value within
each bin is averaged to obtain the enrichment value for that bin. Heatmaps were
generated using the same classes of MRE containing loci as described above for

the CG1832 ChlP-seq data.
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Figure 1: An RNAIi screening system in Drosophila SL2 cells to identify
regulators of MSL complex recruitment and function.

A) Schematic of the MSL-dependent reporter system for SL2 cell-based genome-
wide RNAI screening. The system includes the following three elements: 1)
promoter of roX2 gene (370 bps); 2) Firefly luciferase reporter gene; 3) roX2

DHS (DNase | Hypersensitivity Site: 280 bp). Two additional constructs were
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used for secondary screening in which the promoter or CES were altered. The
alternative promoter is that of the CG2690 gene and the alternative CES is the
minimal 150 bp fragment of CES5C2 that were previously described
(Alekseyenko et al. 2008). B) Ratio of the Firefly luciferase activity to Renilla
luciferase activity for MSL complex component RNAI treatments identified from
the genome-wide screen. Data shown are the average and standard deviation of
two replicates from the genome-wide screening plates. Control RNAI treatment

targeted the GFP gene that is not present in SL2 cells.
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Figure 2: Candidate regulators of MSL complex identified from the genome-

wide RNAI screen.
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The Firefly/Renilla luciferase activity ratio and its standard deviation was
determined based on quadruplicate reactions in 96-well plate format after RNAI
treatment targeting the following classes of candidate genes: A) Class 1: NSL
complex, PAF complex and other general transcriptional regulators; B) Class 2:

Activators with potential specific DNA binding activity like CG1832.
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Figure 3: NSL1 and CG1832 contribute to MSL complex recruitment
A) Chromatin immunoprecipitation was conducted using an antibody specific for

the MSL2 protein before and after RNAI treatment targeting the paff, ns/1 and
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CG1832 genes. Four CES loci and the 3’ ends of three previously characterized
MSL complex target genes were assayed (Larschan et al. 2007; Alekseyenko et
al. 2008). Data shown are the average and standard deviation of at least two
replicates. Normalization was conducted both to input DNA material and to the
non-transcribed CG15570 gene as an internal control as previously described
(Gelbart et al. 2009). B) Chromatin immunoprecipitation was conducted as
described for (A) but an antibody targeting the H4K16ac histone modification
(Millipore) was used instead of the MSL2 antibody. In addition to the
normalization as described for (A), H4K16ac IPs were normalized to histone H3
occupancy as determined by H3 ChIP. Due to significant changes in histone H3

occupancy upon paff RNAI treatment, these data were not included.
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Figure 4: NSL complex and CG1832 enrichment at CES loci.

A) Heatmaps show the average enrichment of the Chromator/ Chriz and MBD-R2
components of the NSL complex surrounding MRE sequences as assayed by
ChlP-chip in SL2 cells (two replicates each; data available from

http://www.modENCODE.org). The darker red color indicates greater occupancy,

as measured in the log2 (ChlP/input) scale. Heatmaps are shown for sets of 150
sites containing MREs that are defined as follows: MREs in chromatin entry sites

(column 1); best MREs on the X chromosome or autosome 2L (MRE motifs
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closest to the consensus, but not utilized, columns 2 and 4); randomly chosen
MREs on the X or autosome 2L (columns 3 and 5). B) Heatmaps show the
enrichment of CG1832 surrounding MREs from ChIP-seq data in SL2 cells.
Enrichment of CG1832 is shown surrounding the same MREs that were
examined in 4A. The log2 (ChlP/input) scale is used for binned read count; the
enrichment difference is enhanced in the ChlP-seq data owing to its greater
dynamic range. C) Profiles of genome-wide localization data are shown for
CG1832 (red), MBD-R2 (blue), and Chromator (green), in a 30 Kb region

including the roX2 locus.
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Functional Category

P-value

Protein biosynthesis 1.01E-22
Cell cycle 4.24E-07
Cell cycle control 1.18E-06
mMRNA transcription 4.03E-06
Protein metabolism and modification 3.38E-05
Nucleoside, nucleotide and nucleic acid metabolism |1.03E-04
MRNA transcription regulation 2.99E-02

Table 1. Gene ontology categories that were enriched in RNAi screen
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Fig. S1: mRNA levels of MSL complex components and candidates after
CG1832, Nsi1, and Paf1 RNAI treatments.

A) qRT-PCR was used to assay the expression levels of all MSL complex
components present in SL2 cells. roX2 levels are decreased likely because
targeting of MSL complex to the roX2 CES locus is altered by the RNAI
treatments as expected. Expression levels of other MSL complex components
are unchanged. All data were normalized to the control RNAI treatment and are
the average of two replicates. B) Effective RNAI treatments were validated by

gRT-PCR and the results shown are the average of two replicates.
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Figure S2: Western blots for CG1832 RNAi treatment and antibody
validation.

A) Westerns on whole cell and nuclear extracts indicate that CG1832 is a nuclear
protein and the CG1832 RNAI treatment reduces CG1832 protein levels. The
arrow indicates the location of the CG1832 protein (60 kDa) and tubulin was
used as a loading control. B) Nuclear extraction was performed on protein
samples from SL2 (male) and Kc (female) cells followed by Western blotting.
Histone H3 was used as a loading control. Levels of CG1832 are similar in males

and females.
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Figure S3: Validation of CG1832 antibody by ChIP at CES loci.

gPCR was performed on CG1832 ChIP samples before and after CG1832 RNAI
treatment. Three independent CES loci were assayed and CG1832 RNAI
strongly reduced the levels of CG1832 protein on chromatin at all three loci. An

average of two independent experiments is shown.
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Figure S4. Inmunostaining of polytene chromosomes.
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Polytene staining using the CG1832 antibody (red) in male (A) and female (B)
larvae. Co-staining was performed with an anti-MSL3 antibody (green). Co-

localization of the two proteins is shown in yellow.
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Link to table S1 (220 pages)

https:/lwww.dropbox.com/s/jdyqz30g5lbobc2/Table%20S1.pdf.zip

Table S1: Initial candidates identified from a genome-wide RNAi screen to

identify novel regulators of dosage compensation.
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Link to table S2 (5 pages)

https://www.dropbox.com/s/0i8x2kad5c559ww/Table%20S2.pdf.zip

Table S2: Final candidates identified from a genome-wide RNAi screen that

passed secondary screens.
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Abstract

The Drosophila male-specific lethal (MSL) dosage compensation complex
increases transcript levels on the single male X chromosome to equal the
transcript levels in XX females. However, it is not known how the MSL complex is
linked to its DNA recognition elements, the critical first step in dosage
compensation. Here, we demonstrate that a previously uncharacterized zinc
finger protein, CLAMP (chromatin-linked adaptor for MSL proteins), functions as
the first link between the MSL complex and the X chromosome. CLAMP directly
binds to the MSL complex DNA recognition elements and is required for the
recruitment of the MSL complex. The discovery of CLAMP identifies a key factor
required for the chromosome-specific targeting of dosage compensation,
providing new insights into how subnuclear domains of coordinate gene

regulation are formed within metazoan genomes.
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Introduction

Diverse mechanisms have evolved to correct for dosage imbalances
between genes on the X chromosomes and autosomes in mammals, C. elegans,
and Drosophila (Gelbart and Kuroda 2009). In mammals, dosage compensation
involves inactivation of one of the two X chromosomes in females (Nguyen and
Disteche 2006; Payer and Lee 2008; Meyer 2010). In C. elegans, gene
expression along each of the two hermaphroditic X chromosomes is reduced
(Meyer 2010). In Drosophila, dosage compensation increases the transcript
levels from most active genes along the length of the single male X chromosome
by at most twofold to equal expression from the two female X chromosomes
(Belote and Lucchesi 1980; Hamada et al. 2005; Larschan et al. 2007). A
unifying feature of these dosage compensation mechanisms is that they all
involve distinguishing the X chromosome from autosomes to coordinately

regulate a large number of genes, a process that remains poorly understood.

The key regulator of dosage compensation in Drosophila is the male-
specific lethal (MSL) complex, which is expressed specifically in males and
distinguishes the X chromosome from the autosomes (Belote and Lucchesi 1980;
Gelbart and Kuroda 2009). It has been hypothesized that the MSL complex
identifies its X-chromosome target genes in a three-stage process. First, the MSL
complex recognizes the sites of transcription of its roX7 and roX2 long non-

coding RNA components, which are encoded on the X chromosome, and

91



cotranscriptionally incorporates them (Kelley et al. 1999, 2008). Second, the MSL
complex recognizes 150-300 additional genomic loci distributed across the X
chromosome, called “chromatin entry sites” (CESs). CESs were defined by their
high levels of MSL complex occupancy and retention of the core MSL
components in the absence of MSL3 (Kelley et al. 1999; Alekseyenko et al.
2008). Most CES contain one or multiple 21-base-pair (bp) GA-rich cis-acting
DNA sequences called MSL recognition elements (MREs) that are required for
MSL complex recruitment, but there are no known sequence-specific contacts
between the MSL complex and MREs (Alekseyenko et al. 2008; Straub et al.
2008; Fauth et al. 2010). Third, the MSL complex spreads from CESs to the
bodies of active genes on the X chromosome by recognizing histone
modifications associated with transcriptional activation, including trimethylation of
H3K36 (H3K36me3) (Larschan et al. 2007; Bell et al. 2008). Once active genes
are recognized, their transcript levels are increased by the MSL complex

(Hamada et al. 2005; Larschan et al. 2011).

While both the roX noncoding RNAs and MREs con- tribute to the
recognition of the male X chromosome, they are individually insufficient to
generate X-chromosome specificity (Meller and Rattner 2002; Park et al. 2002;
Alekseyenko et al. 2008; Straub et al. 2008). Therefore, we hypothesized that
additional factors are required to tether and enrich the MSL complex at its target
sites on the male X chromosome. Thus, we performed a cell-based genome-

wide RNAI screen, allowing for the possibility that MSL regulators might have
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genome-wide roles in both males and females in addition to X-specific roles in
males (Larschan et al. 2012) that would not have been recovered from the
powerful MSL screens that identified all of the MSL complex components (Belote
and Lucchesi 1980). Such non-sex-specific regulators provide a key opportunity
to understand the first steps in X identification, including recognition of highly

conserved MREs within CESs (Alekseyenko et al. 2013).

To define new regulators of MSL complex targeting or function, our
genome-wide RNAI screen identified proteins that specifically modulate the
activity of a luciferase reporter gene fused to the CESs adjacent to roX2
(Larschan et al. 2012). Among many other candidate positive regulators, we
identified the conserved non-sex-specific CG1832 protein that has a glutamine-
rich N terminus and a C-terminal domain containing seven C2H2 zinc fingers
(Larschan et al. 2012). We found that CG1832 is enriched at CESs and that
CG1832 RNAI strongly reduces MSL complex recruitment at five CESs tested in
male tissue culture cells (Larschan et al. 2012). However, key questions
remained: (1) Does CG1832 provide a direct link between the MSL complex and
the X chromosome? (2) Does CG1832 regulate MSL complex recruitment to the
entire X chromosome in flies? (3) Is CG1832 enriched on the X chromosome
independent of the MSL complex to facilitate the discrimination of the X

chromosome from autosomes?

Here, we named CG1832 CLAMP (chromatin-linked adaptor for MSL
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proteins). We identify CLAMP as the previously unknown link between the MSL
complex and the X chromosome. First, we show that CLAMP directly recognizes
MREs and is required for recruitment of the MSL complex to the entire X
chromosome. Second, we demonstrate that CLAMP is enriched at key CESs in-
dependent of the MSL complex. Third, we show that the MSL complex and
CLAMP have a synergistic occupancy relationship that increases the X
enrichment of both factors at critical CESs such as those at the roX loci. Our
results support a mechanism whereby the MSL complex uses the X-enriched
CLAMP protein at CESs followed by further enrichment from synergistic

interactions between the two factors.

Results

CLAMP directly recognizes MREs to tether the MSL complex to the X

chromosome

To determine whether CLAMP and the MSL complex colocalize at CESs
in vivo, we performed CLAMP chromatin immunoprecipitation (ChlP) sequencing
(ChlP-seq) experiments in male SL2 cells and compared CLAMP occupancy
profiles with available MSL complex occupancy profiles (Fig. 1; Alekseyenko et al.
2008; Larschan et al. 2012). We found CLAMP occupancy at many loci
throughout the genome (X: 2695; autosomes: 10,009) and strong colocalization

with MRE sequences (Fig. 1A,B; Supplemental Fig. S1). Moreover, CLAMP and
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the MSL complex exhibit their highest occupancy levels when colocalized (Fig.
1A; Supplemental Fig. S2A, S2B). Nonoverlapping CLAMP occupancy sites
occur at 59 ends of active genes on all chromosomes (Supplemental Fig. S2C),
and nonoverlapping MSL-binding sites are localized over the bodies of active X-
linked genes (Supplemental Fig. S2B). Furthermore, CLAMP sites occur
precisely over MREs within CESs compared with the broader domains of MSL
complex occupancy (Figs. 1A,B, 3A [below]). Together, these patterns are
consistent with a role for CLAMP in recruiting the MSL complex to CESs,
followed by spreading of the MSL complex to the bodies of active genes and

additional non-sex-specific roles for CLAMP at 59 ends of active genes.

Next, we used the MEME software package (Bailey et al. 2009) to
generate a position weight matrix (PWM) representing the most enriched
sequence within 500 regions surrounding CLAMP occupancy sites (2 kb each) at
the 59 and 39 ends of genes genome-wide. All CLAMP localization motifs on the
X chromosome and on autosomes shared an 8-bp GA-rich core region that is
very similar to the previously identified MRE consensus sequence (Fig. 2A).

Therefore, we hypothesized that CLAMP functions as an MRE recognition factor.

To test this hypothesis, we characterized the in vitro DNA-binding
specificity of CLAMP. We used protein-binding microarrays (PBMs) to assay
CLAMP binding to all possible 10-bp sequences (Berger et al. 2006). Each PBM

is a dsDNA array that contains all possible 10-bp sequences embedded within

95



variable flanking sequences. After testing the complete seven-finger CLAMP
construct and many additional combinations of zinc fingers, we were able to
express soluble protein for the C-terminal six-finger and four-finger zinc finger
regions of CLAMP (see the Materials and Methods). The in vitro PBM analysis
for these proteins yielded statistically significant 8-bp motifs with high PBM
enrichment (E-score = 0.497; E-score = 0.498), in excellent agreement with the
CLAMP in vivo binding-site motif and the previously defined MRE consensus (Fig.

2B). Therefore, CLAMP binds directly to the MRE motif in vitro.

Next, we examined whether MREs are required for the recruitment of
CLAMP in vivo in male and female larvae using available stocks with three intact
or mutated MREs embedded within a minimal 150-bp fragment of CES5C2
inserted site specifically into an autosomal location (Alekseyenko et al. 2008;
Supplemental Fig. S2D). Occupancy of both the MSL complex and CLAMP is
greater on the X chromosome compared with the autosomal insertion
(Supplemental Fig. S2D). The autosomal insertion with three intact MREs shows
greater occupancy of CLAMP than that in which the 8-bp core of each of the
three MREs is mutated. Therefore, MREs are required for CLAMP recruitment in

both males and females, as expected for a non-sex-specific factor.

To determine whether enrichment at CESs is specific to CLAMP or is a

common feature shared with other factors that can recognize MRE-like

sequences, we examined a well-characterized Drosophila DNA-binding protein,
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the GAGA factor (GAF) (Lee et al. 2008). In contrast to CLAMP, which is strongly
enriched at CESs, GAF occupancy was lower at CESs compared with other
GAF-binding sites throughout the genome (Supplemental Fig. S2E, S2F). These
data suggest that CLAMP, but not GAF, directly recognizes MRE elements within
CESs. In addition, CLAMP was recently shown to physically associate with the
MSL complex on chromatin using an approach that combined ChIP with mass
spectrometry (Wang et al. 2013). Therefore, CLAMP directly recognizes MREs
and physically associates with the MSL complex, providing the first link between

the MSL complex and the X chromosome.

CLAMP is required for MSL complex recruitment to the male X-

chromosome in vivo

We previously demonstrated that CLAMP is required for recruitment of the
MSL complex to five CESs in SL2 male tissue culture cells (Larschan et al. 2012).
To determine whether CLAMP is required for MSL complex recruitment to the
entire X chromosome in flies, we used a publicly available RNAi transgenic
Drosophila line to reduce CLAMP mRNA levels (http://www.flyrnai.org; see the
Materials and Methods). Because CLAMP is highly expressed in all tissues, we
expressed the RNAI construct ubiquitously (http://www.flybase.org; see the
Materials and Methods). Although the CLAMP RNAI construct did not completely
eliminate CLAMP mRNA levels (Supplemental Fig. S3A), immunostaining of

polytene chromosomes for CLAMP (Supplemental Fig. S3A, S3C) and CLAMP
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ChIP occupancy (Supplemental Fig. S3D, S3E) were strongly reduced. CLAMP
RNAI causes a pupal lethal phenotype in both males and females (Larschan et al.

2012).

Next, we used ChIP for the MSL2 core component to examine MSL
complex recruitment to five CES in the presence and absence of CLAMP RNAI
treatment (Supplemental Fig. S3F). Our results showed that CLAMP RNAI
strongly reduced the occupancy of the MSL complex in male larvae
(Supplemental Fig. S3F). We measured H3 occupancy by ChIP to determine
whether CLAMP RNAIi globally disrupts chromatin and found only modest
changes after CLAMP RNAi (Supplemental Fig. S3G). Also, we performed
polytene staining for the MSL3 protein after CLAMP RNAi and observed no
detectable MSL3 staining, revealing that CLAMP is required for MSL complex
recruitment to the entire X chromosome (Supplemental Fig. S3B). Thus, CLAMP

promotes MSL complex localization to the entire X chromosome in flies.

It was previously shown that loss of targeting of the MSL complex reduces
complex stability, likely due to ubiquitylation of complex members by MSL2
(Copps et al. 1998; Villa et al. 2012). Therefore, measuring MSL protein levels
after CLAMP RNAIi would not distinguish between effects on complex stability
and targeting to the X chromosome. However, we previously demonstrated that
CLAMP RNAi does not affect mRNA levels of MSL complex components

(Larschan et al. 2012), and CLAMP is strongly enriched at 92% of CESs (Fig. 1;

98



Supplemental Fig. S1), suggesting that indirect effects on MSL complex stability

are unlikely (Larschan et al. 2012).

The MSL complex is highly enriched on the X chromosome compared with
autosomal controls (Supplemental Fig. S3B; Alekseyenko et al. 2008) but
mediates at most a twofold increase in transcription. Furthermore, only a 1.4-fold
decrease in expression of X-linked genes is seen after MSL2 RNAI in male SL2
cells (Hamada et al. 2005). To determine how CLAMP regulates gene expression
globally, we conducted mRNA sequencing (mMRNA-seq) experiments in male SL2
cells before and after CLAMP RNAIi treatment. As expected for a non-sex-
specific factor present on both the X chromosome and autosome (Supplemental
Figs. S2, S3B), CLAMP RNAIi caused changes in gene expression genome-wide.
However, CLAMP RNAI caused a greater decrease in the gene expression of X-
linked genes compared with autosomal genes (P < 9.1 E-5), consistent with a
function in MSL complex targeting. Consistent with its localization throughout the
genome and enrichment on the X chromosome (Supplemental Fig. S1), CLAMP
RNAI affects gene expression on both the X chromosome and autosomes with a

bias toward X-linked genes.

In contrast to average X-linked genes, the genes that encode the roX
noncoding RNA components are highly dependent on the MSL complex (Bai et al.
2004). Therefore, we measured the levels of roX RNAs before and after CLAMP

RNAI treatment by quantitative RT-PCR (gRT— PCR) in male and female third
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instar larvae (Supplemental Fig. S3A). In males, we found that roX2 levels were
reduced fourfold after CLAMP RNAI, indicating that CLAMP serves as an
activator of roX2 expression. In contrast, roX1 levels were largely unchanged in
males after CLAMP RNAI. In females, roX1 was significantly increased after
CLAMP RNAI treatment (6.5-fold), and roX2 levels remained largely unchanged.
These patterns of CLAMP-mediated regulation agree with the established
differential regulation of roX1 and roX2 and recent genetic evidence implicating
roX2 as the first site of X identification (Meller and Rattner 2002; Bai et al. 2004;

Lim and Kelley 2012).

CLAMP is enriched on the X chromosome independent of the MSL complex

Identifying CLAMP as the protein that directly recognizes MREs provides
a key opportunity to reveal new insight into the process of X identification. We
hypothesized that X enrichment of CLAMP independent of the MSL complex
would indicate that CLAMP could function as a beacon on the X chromosome to

distinguish it from autosomes.

To determine how the MSL complex regulates CLAMP occupancy, we
compared CLAMP occupancy at MREs on the X chromosome and on autosomes
in male cells before and after MSL2 RNAi and in female cells that lack the MSL
complex. Overall, we found that the percentage of MREs occupied by CLAMP

was greater on the X chromosome when compared with autosomes in both male
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cells (50% on X vs. 32% on autosomes) and female cells (62% on X vs. 38% on
autosomes) (Supplemental Fig. S4A, S4B, S4C). Therefore, CLAMP is enriched
at X-chromo- some MREs compared with autosomal MREs, independent of the

MSL complex.

Next, we determined how CLAMP occupancy varies in its dependence on
the MSL complex at MREs within CESs. To define the total number of likely
CESs for subsequent analysis, we determined how the largest class of previously
characterized CESs (306 loci) (Sural et al. 2008) overlapped with CLAMP sites
present in male cells and found 265 common sites (87% overlap). Next, we
clustered these sites based on their overall binding pattern and occupancy level
of CLAMP in male cells, male cells after hypomorphic MSL2 RNAi (Hamada et al.
2005), and female cells (Fig. 3A; see the Supplemental Material). We also plotted
the average occupancy at each of these classes of CESs compared with the
average CLAMP site on the X chromosome and the autosome (Fig. 3B). In this
way, three distinct classes of CESs were defined (Fig. 3A, 3B). Group A: Largely
MSL-dependent CESs exhibit a strongly decreased CLAMP occupancy in the
absence of the MSL complex, and their occupancy in female cells is much below
that of the average CLAMP site (177 sites). Group B: Partially MSL-dependent
CESs, including both roX loci, exhibit higher than average levels of CLAMP
occupancy in the absence of the MSL complex and further increase in their
occupancy and breadth in the presence of the MSL complex (43 sites). Group C:

Largely MSL-independent CESs have higher than average CLAMP occupancy in
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both male and female cell lines (45 sites). ChIP-qPCR was used to validate these

classes in both cell culture and larvae (Supplemental Fig. S4D).

Thus, group B and group C CESs, including both roX loci, have higher
than average levels of MSL-independent CLAMP occupancy compared with
group A sites, which have lower than average MSL-independent CLAMP
occupancy. These data suggest that group B and group C CESs may function as
beacons to promote X identification because they are occupied by CLAMP
independent of the MSL complex. In addition, CLAMP associates with chromatin
interdependently at group A and group B sites (Fig. 3; Supplemental Fig. S3B,
S3F). Therefore, synergistic interactions between CLAMP and the MSL complex

at group A and group B sites likely increase the occupancy of both factors.

To define additional common features that distinguish each subclass of
CESs, we compared the following properties: the number of tandem MREs within
each CES, the two-dimensional clustering of CESs along the X chromosome,
and the average nucleosome occupancy in the absence of the MSL complex (Fig.
4; Supplemental Fig. S4). First, we found a strong increase in the percentage of
group B and group C sites with three or more tandem MREs present within each
CES locus compared with group A sites (Fig. 4A). Second, group B sites are
clustered in two dimensions along the length of the X within a 5-Mb region
surrounding roX2 (P < 0.027), with the maijority of sites between the roX genes

(Fig. 4B). In contrast, group A sites are uniformly distributed, and group C sites
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exhibit minimal clustering distal to the group B sites. Third, we examined
chromatin organization at each subclass of sites in the absence of the MSL
complex using publicly available female cell data sets (Supplemental Fig. S4E;
Henikoff et al. 2009; http://www.modencode.org). Under high-salt extraction
conditions, which are likely to provide the most accurate nucleosome occupancy
profiles over CESs, the decreased nucleosome density at group B and group C
loci in female cells resembles that previously reported for male cells

(Supplemental Fig. S4E; Alekseyenko et al. 2012).

In summary, the number of tandem MREs within each CES locus (Fig. 4A),
two-dimensional clustering along the length of the X chromosome (Fig. 4B), and
MSL-independent nucleosome occupancy (Supplemental Fig. S4E) are features
that distinguish subclasses of CESs and were not previously identified by
analysis of the average properties of all CESs (Alekseyenko et al. 2008, 2012).
By defining three distinct subclasses of CESs, we provide a new tool for

examining how the MSL complex identifies the X chromosome.

Discussion

Our identification of CLAMP as the previously unknown link that tethers

the MSL complex to the X chromosome supports the following mechanism for X

identification (Fig. 4C): (1) Prior to MSL complex targeting, maternally loaded

CLAMP binds directly to MREs within group B and group C CESs, including roX
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loci, due to clustering of tandem MREs within these loci (Fig. 4A). (2) During
early embryogenesis, MSL-independent transcription of roX genes is stimulated
(Kelley et al. 1997; Meller and Rattner 2002) and is likely to facilitate
cotranscriptional MSL complex assembly (Lim and Kelley 2012). CLAMP is
enriched at the CESs adjacent to roX loci independent of the MSL complex and
tethers the MSL complex to the X chromosome (Figs. 1, 2, 3). (3) The MSL
complex catalyzes acetylation of H4K16 (H4K16ac) (Smith et al. 2001), thereby
opening chromatin (Shogren-Knaak et al. 2006) and increasing the accessibility
of MRE sequences for recognition by CLAMP. Synergistic interactions be- tween
the MSL complex and CLAMP (Fig. 3A; Supple- mental Fig. S3B, S3C, S3F) are
likely to contribute to the high occupancy of both factors at the roX loci, followed
by spreading to additional CESs (Fig. 3A; Supplemental Figs. S3F, S4). Through
this proposed mechanism, we suggest that CLAMP functions together with roX
RNAs to target the MSL complex to the X chromosome. The high degree of
conservation of both CLAMP and MREs across Drosophila species (Alekseyenko
et al. 2013) suggests that they are key components of a conserved mechanism

for establishing an active chromatin domain within a metazoan genome.
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Methods

Flies and crosses

The CLAMP RNAi fly line was obtained from the TRIiP project
(www.flyrnai.org). Fly stocks were provided by the Bloomington stock center and
raised on yeast, sugar, cornmeal-based media at 25 °C. The CLAMP RNAi
experiment was performed by crossing the CG1832 RNAI stock #27080 (y[1]
v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02426}attP2) with a driver da-Gal4 stock
Bloomington #8641 (w[1118]; P{da-GAL4.w[-]}3) and the matched control
experiment was performed by crossing the CG1832 RNAI stock to a (y[1] w[1])

control stock.

Chromatin immunoprecipitation (ChIP) from third instar larvae

A protocol was adapted from Larschan et al., 2007.

Chromatin Preparation

The following protocol is modified from Larschan et al., 2007. Chromatin

was prepared from 150 sexed third instar larvae ground into a powder in a mortar

and pestle while frozen in liquid nitrogen. Larvae were homogenized in a 40 mL

Dounce homogenizer in 40 mLs of PBS containing a protease inhibitor cocktail
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(PI) (pancrease-extract 0.002 mg/ml, thermolysin 0.0005 mg/ml, chymotrypsin
0.002 mg/ml, trypsin 0.02 mg/ml, papain 0.33 mg/ml) (Roche). Next, the extract
was crosslinked with 1% formaldehyde. Samples were rotated for 20 min at room
temperature followed by quenching with 2 mLs 2.5 M glycine for 5 minutes at
room temperature. The extract was chilled on ice and centrifuged for 5 minutes at
1500 g at 4 °C. The pellet was resuspended in 40 mLs PBS containing 1x Pl and
0.2 mM PMSF followed by centrifugation for 5 minutes at 1500 g at 4 °C.
Centrifugation and resuspension were repeated as described above with the
following buffers: 1) 10 mLs Wash A (10 mM HEPES pH 7.6, 10 mM EDTA pH
8.0, 0.5 mM EGTA pH 8.0, 0.25% Triton-X 100, 1x PI, , 0.2 mM PMSF); 2) 10
mLs Wash B (10 mM HEPES pH 7.6, 10 mM NaCl, 10 mM EDTA pH 8.0, 0.5
mM EGTA pH 8.0, 0.25% Triton-X 100, 1x PI, 0.2 mM PMSF); 3) 10 mLs TE
Wash (10 mM Tris-HCL pH 8.0, 1 mM EDTA pH 8.0, 0.01% SDS, 1x PI, 0.2 mM
PMSF); 4) 10 mLs TE Wash with SDS (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH
8.0, 1% SDS, 1x PI, 0.2 mM PMSF), and 5) 2 washes with 10 mLs TE Wash.
Next, the pellet was resuspended in 2 mLs Pre-RIPA (0.1% SDS, 10 mM Tris-
HCL pH 8.0, 1 mM EDTA pH 8.0, 1x PI, 0.2 mM PMSF). A Misonix Q125 tip
sonicator was used to fragment 400 uL aliquots of chromatin for 1 min total
sonication time (20 % amplitude, 6 intervals of 10 sec). The aliquots were then
pooled together and Triton-X 100 was added to a final concentration of 1%
followed by rotation at 4 °C for 1 minute. Next, deoxycholate was added to a
0.1% final concentration followed by rotation at 4 °C for 1 minute. Then, NaCl

was added to a final concentration of 140 mM followed by rotation at 4 °C for 5
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minutes.

Next, 200 uL of the chromatin preparation was saved for the input control
sample. To reverse the crosslinks on the input samples, the following reagents
were added: 1) 200 uL of RIPA 150 (50 mM Tris-HCI pH 8.0, 1% NP-40, 2 mM
EDTA pH 8.0, 0.1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1x PI, 0.2
mM PMSF, 1 mM DTT); 2) SDS to a final concentration of 1%; 3) 15 uL 5M NaCl;
4) 1 uL of DNAase-free RNAse A (Roche). Samples were incubated at 65 °C
overnight. To digest proteins and RNA, the following reagents were added: 1) an
additional 1 uL of RNase A followed by incubation at 37 °C for 30 minutes; 2) 20
uL 1M Tris-HCI pH 6.8; 3) 10 uL 0.5M EDTA pH 8.0; and 4) 3 uL 20 mg/mL
proteinase K (Invitrogen) followed by incubation at 42 °C for 90 minutes. To
remove digested protein and enzymes, phenol-chloroform-isoamyl alcohol
(Invitrogen) extraction was performed followed by chloroform extraction using
Phase-Lock tubes (Eppendorf). DNA was precipitated by adding 10 uL glycogen
(Ambion), 1/10 volume of 3 M NaAc, and 2 volumes of 100% EtOH followed by
incubation at -80 °C overnight. Samples were centrifuged at 20,000 g at 4 °C for
10 minutes followed by washing the pellet with 1 mL 70% ethanol and
resuspension in ddH20. Concentrations were obtained using the Qubit DNA
High Sensitivity reagents (Invitrogen) and fluorimeter. 500 ng of each sample
was run on a 2% agarose gel to determine that chromatin fragmentation
produced fragments from 200-500 bp in length. The remainder of the chromatin

preparation was resuspended in RIPA 150 buffer to a final concentration of 10
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ug/mL.

Immunoprecipitation

The immunoprecipitation protocol was modified from Alekseyenko et al.,
2006. Immunoprecipitation was performed using 1 mL of the appropriate
chromatin preparation combined with antibody at 4 °C overnight. Anti-MSL2
antibodies were described previously (Kelley et al. 1999). The anti-CLAMP
antibody was described previously (Larschan et al. 2012) and the anti-H3 was
obtained from Abcam. 60 uL of pre-blocked Protein A agarose beads (Millipore)
were added to each IP followed by rotation at 4 °C for 2 hrs. Each IP was then
centrifuged at 1000 g at 4 °C for 3 minutes. Beads were resuspended in cold
RIPA 150 buffer followed by rotation at 4 °C for 5 minutes and centrifugation at
1000 g at 4 °C for 3 minutes. Washes were repeated with RIPA 150, RIPA 300
(50 mM Tris-HCI pH 8.0, 1% NP-40, 2 mM EDTA pH 8.0, 0.1% sodium
deoxycholate, 0.1% SDS, 300 mM NaCl), LiCI/TE (0.25 M LiCl, 1% NP-40, 1%
sodium deoxycholate, 10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0) and two
times with TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0). The samples
were eluted off the beads twice with 250 ul Sodium Bicarbonate Buffer (1% SDS,
0.1 M sodium bicarbonate) by rotating at room temperature for 15 minutes

followed by centrifugation at 1000 g for 3 minutes.

Quantitative Real-Time PCR
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Primer sequences are available upon request and were previously
reported (Alekseyenko et al. 2008). Briefly, all primers were tested to assure that
they have 100% efficiency and good linearity prior to use with an ABI 7000 real
time PCR machine. The average relative quantitation (ABI User Bulletin #2) of
three replicate reactions was determined for all samples. Platinum SYBR master
mix w/ROX (Invitrogen) was used. Two independent chromatin preparations
were conducted for each experiment and standard deviations are reported.
Dilutions of input and IP DNA were conducted to assure that samples were in the
linear range for quantitative PCR. To assess the overall ChIP enrichment,
normalization was conducted using primers within either the CG15570 or PKA
internal control genes that span genomic loci that are unbound by MSL complex
or CLAMP as assessed by ChIP-seq. Normalization to input DNA was also
conducted for ChIP experiments. After normalization to input, ChIP data were
normalized within each biological replicate to data from the primer pair with the
highest enrichment value. Subsequently, biological replicates were averaged

and standard deviations calculated.

Cell culture and RNAI

Standard cell culture approaches were used to maintain Drosophila SL2

and Kc cells and RNAI treatment conditions are described at www.flyrnai.org.

dsRNA to target the CLAMP gene (CG1832) was generated as described in
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detail at www.flyrnai.org. The DRSC03718 and DRSC29935 constructs were
synthesized using the T7 megascript kit (Ambion) and purified using the
RNAeasy kit (Qiagen). Both dsRNAs yielded very similar results and neither had
specificity for additional genes as off-targets using a 19 bp criterion

(www.flyrnai.org; Larschan et al. 2012). All experiments shown used the

DRSC03718 construct but the DRSC29935 construct yielded very similar results
(data not shown). GFP dsRNA used as a control and the MSL2 dsRNA construct
were synthesized as previously described (Hamada et al. 2005; Larschan et al.

2012). Primer sequences are available on request and at www.flyrnai.org.

RNAI treatment of SL2 cells

RNAi treatment was conducted in T225 flasks as described at
www.flyrnai.org. SL2 cells were diluted to 1.5x10%6 cells/ml and 10 mLs of cells
were added to each T225 flask with 225 pg of dsRNA and 5 mL of water. Six
days after dsRNA treatment, chromatin preparation (as described above) and
MRNA preparation using the RNAeasy Plus kit (Qiagen) were performed. SL2
cells were maintained in Gibco Schneider's medium with 10% heat inactivated

FBS (JRH).

MRNA sample preparation

A protocol was adapted from Gelbart et al., 2009.
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Larval mRNA preparation

From the crosses generated for ChIP experiments described above, 10
sexed third instar larvae were collected, flash frozen in liquid nitrogen and
homogenized using a Tissue Lyser (Invitrogen) and stainless steel beads. The
total RNA was extracted using Trizol Reagent as previously described (Bai et al.
2004). Further purification of total RNA and removal of genomic DNA was

conducted using the RNAeasy Plus kit (Qiagen).

cDNA synthesis and Quantitative real time RT-PCR

Synthesis of cDNA was conducted as described in Alekseyenko et al.
2006 using 1 ug of total RNA, Vilo mix (random hexamer and oligo dT)
(Invitrogen), and Super Script Il (Invitrogen). cDNA was heated for 5 minutes at
85 °C to inactivate enzymes prior to real time PCR with the ABI 7000 machine.
Primer sequences are available upon request. cDNA was diluted prior to gPCR
to ensure values were in linear range. Values were normalized to PKA, a highly-

expressed gene.

Preparation of lllumina sequencing libraries for ChIP-seq and mRNA-seq

A protocol was adapted from Alekseyenko et al., 2008.

Data will be available at NCBI GEO Short Read Archive (SRA). GEO release
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number GSE39271.

ChIP-seq

Chromatin preparation and immunoprecipitation were conducted as
described in Larschan et al., 2012. ChlP-seq libraries were generated using a
protocol adapted from the lllumina TruSeq sample preparation guide. Each
reaction was followed by purification using AMPure XP magnetic Beads
(Beckman Coulter). The fragmented DNA was 3 end repaired and 5
phosphorylated using the End-it kit (Epicenter). A 3’ adenosine was added using
Klenow Fragment (3’->5" exo) (NEB). The indexed annealed adapters were
ligated in a 1:50 dilution of the 100 uM stock using T4 DNA Ligase Quick Ligase
Kit (Enzymatics). The libraries were then PCR amplified using Phusion high
fidelity polymerase (NEB) for 15 cycles. Next, the libraries were run on a 2%
agarose gel using the E-Gel system to select a size range from 200 bp to 500 bp
followed by concentration on a MinElute column (Qiagen). Six libraries were
multiplexed per flow cell lane. Sequencing was performed on the lllumina Hi-Seq

platform.

mRNA-seq

MmRNA-seq libraries were prepared using the Illumina TrueSeq Kit

reagents following the sample preparation protocol provided.
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Bioinformatics

Analysis of ChlP-seq data

Alignment and relationships between MSL complex and CLAMP ChlP-seq data

Reads were aligned to the dm3 assembly of the D. melanogaster genome using
the Bowtie aligner (Langmead et al. 2009). Reads that aligned with more than
one mismatch or did not align uniquely were discarded. Peaks were called using
the SPP software package (Kharchenko et al. 2008) with an FDR threshold of
0.05. Read counts from both input and ChIP samples were calculated within 20
bp bins across the genome. A pseudocount of one was added to both input and
ChIP counts to prevent undefined ratios. Counts were further normalized by the
total number of reads in the sample. Enrichment within each bin was then
calculated as the log(2) ratio of sample-size normalized ChIP read counts to
sample-size normalized input read counts. All data are publicly available at

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE39271.

Data from two independent biological replicates of each ChlP-seq

experiment were combined after we verified that correlation coefficients between

the replicates were high. Furthermore, all bioinformatic analyses described
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below were conducted on each independent replicate and very similar results

were obtained (data not shown).

The sequencing statistics are listed below in addition to Pearson R coefficients:

CLAMP ChlIP-seq from Kc cells (control RNAi) (read number):
Replicate 1 Input: 74673445 raw, 44755545 aligned (59.9%)
Replicate 1 ChlIP: 79102347 raw, 50139342 aligned (63.4%)
Replicate 2 Input: 26546524 raw, 15479624 aligned (58.3%)
Replicate 2 ChlIP: 35921511 raw, 17536896 aligned (48.8%)

Pearson R for CLAMP ChlIP replicates, 1 kb bins: 0.96

CLAMP ChlIP-seq from SL2 cells (control RNAi) (read number):
Replicate 1 Input: 29495696 raw, 17591247 aligned (59.6%)
Replicate 1 ChlIP: 27820142 raw, 19210177 aligned (69.1%)
Replicate 2 Input: 22498098 raw, 13510882 aligned (60.1%)
Replicate 2 ChlIP: 28231400 raw, 15194724 aligned (53.8%)

Pearson R for CLAMP ChlIP replicates, 1 kb bins: 0.95

CLAMP ChlIP-seq from SL2 cells (ms/2 RNAI) (read number):
Replicate 1 Input: 69003930 raw, 39942739 aligned (57.9%)
Replicate 1 ChlIP: 64882446 raw, 38190623 aligned (58.9%)

Replicate 2 Input: 43707761 raw, 22989749 aligned (52.6%)
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Replicate 2 ChIP: 37850575 raw, 18060728 aligned (47.7%)

Pearson R for CLAMP ChIP replicates, 1kb bins: 0.96

For direct comparison between MSL complex and CLAMP, MSL3 ChIP-
seq data from Alekseyenko et al. 2008 were re-processed using the same
method described above for the CLAMP ChlP-seq data. In the scatter plots
(Figs. 1A, S1A), sites of MSL complex recruitment were sorted from strongest to
weakest (x-axis) and the distance to the nearest CLAMP binding site for each
MSL site was plotted on the y-axis. Red color intensity is proportional to the log
of the CLAMP binding site strength calculated with the SPP software. For Fig.
1A, locations of MREs on the X-chromosome identified by Alekseyenko et al
(2008) were plotted relative to MSL binding sites in an analogous manner to the
CLAMP binding sites. Instead of binding site strength, color intensity of the blue
dots representing MREs is proportional to the negative log of the p-value that

measures how well a particular sequence matches the canonical MRE motif.

Identification of sequence motifs within CLAMP binding sites

To define the sequence motifs that were associated with CLAMP binding,
MEME (Bailey et al. 2009) was used to search for a motif within the DNA
sequence surrounding each CLAMP binding site (+/-1 kb). Because performing
MEME analysis on all 12,704 identified binding sites was computationally

prohibitive, MEME was performed on 500 sequences and their reverse
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complements, chosen randomly from the entire dataset, and configured to report
the top 3 motifs identified. Multiple runs produced similar results. In all cases,
the top three reported motifs were GA-rich. To examine whether CLAMP
associates with a different sequence in the absence of MSL complex, four groups
of binding sites were considered: 1) sites +/- 1 kb of autosomal TSS
(Transcription Start Sites); 2) sites +/- 1 kb of autosomal TTS (Transcription
Termination Sites); 3) sites +/- 1 kb of X-chromosome TSS loci; 4) sites +/- 1 kb
of X-chromosome TTS loci. MEME analysis was performed separately on a
subset of each of these groups of binding sites containing 500 sequences. The
resulting identified motifs were similar in all cases and Fig. 2B shows the sites +/-

1 kb of X-chromosome TTS loci (Fig. 2B).

Generating average gene profiles

To generate average enrichment profiles, ChIP and input datasets were each
binned into 20-bp bins after normalization (Figs. 4, S1-4). Enrichment in each bin
was calculated as a log, ratio of the read counts in the ChIP and the
corresponding input bin. A pseudocount of 1 was then added to each bin to
avoid undefined ratios. Regions of a consistent length (e.g. 2 kb or 5 kb) were
extracted around a feature of interest (e.g. TSS, binding peak center) and the

enrichments were averaged.

Defining CES subclasses
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A feature vector was constructed for each of the CES consisting of all three
ChIP datasets and clustered by hierarchical clustering using Ward's minimum
variance criterion and the Euclidean distance metric. From this clustering, two
distinct groups of sites were identified (Group 1 and Group 2). To determine the
MSL-dependence of these sites in an unbiased way, we further classified these
sites into three groups based on the ratio of CLAMP occupancy in S2 cells
(+MSL complex) compared with Kc cells (no MSL complex). This analysis
subdivided the original Group 2 sites into two groups: Group B and Group C.
Group 1 remained intact and was renamed as Group A. gPCR data validated
that the classification of CES loci into three groups was more accurate than the

original two groups (Fig. S4D).

In Fig. 3xA, MSL complex ChIP enrichment profiles computed from the
Alekseyenko et al. 2008 ChIP-seq dataset are also plotted. In Figure 5A, the
number of MRE motifs within 1 kb of the center of each CES was counted. The
percentage of CES in each of the two groups with one, two, three or four sites
was then computed. In Fig. 4xB, the location of each CES along the length of
the X-chromosome was plotted (y-axis) in relation to the percentage of sites

plotted (x-axis).

Analysis of nucleosome occupancy at CES prior to MSL complex recruitment
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Profiled chromatin properties at CES in female Kc cells using publicly available
data include: 1) nucleosome density without salt extraction (green); 2)
nucleosome density after high salt extraction (600 mM NaCl) of MNase-treated

chromatin (blue), and 3) the insoluble pellet (red) (www.modencode.org) (Mito et

al. 2007; Henikoff et al. 2009). High salt extraction of the chromatin produces the
most accurate profiles of CES because they are present at 3’ ends that are not
easily extracted like the 5 TSS regions. The salt-insoluble pellet fraction likely
contains chromatin-associated protein complexes including a CLAMP-chromatin
complex. The profiles of nucleosome density surrounding Group A, B and C

CES loci are shown in Fig. S4E.

mRNA-seq analysis

The expression of each gene is quantified in terms of RPKM (reads per million

reads per kilobase). The distribution of gene expression data was assessed and

a cut-off of RPKM=3 was determined to be a good threshold to separate active

from inactive genes.

in vitro protein expression for protein binding microarrays (PBMs) and

PBM

A protocol was adapted from Berger et al., 2006.

119



The pDEST15 Gateway vector (Invitrogen) was used to generate the
expression plasmid for the C-terminal CLAMP four and six zinc-finger constructs.
For the six-finger construct (amino acid residues 350-561), the following primers
were used for cloning: 5ACTGTTAAAACTGAAAATCCGTCCAA3’'and
3’ CTATAACCCACCGATAATCACTTCCTGTS’.  For the four-finger construct,
(amino acid. residues 412-561), the following primers were used for cloning:
5' GGCGAGAAACCCTATAAATGCCAAAC 3 and 3
CTATAACCCACCGATAATCACTTCCTGT 5. Cloning was performed using
standard Gateway Technology (Invitrogen). Proteins were expressed using the
TnT Quick-coupled Transcription/Translation Systems Kit (Promega). In vitro
transcription/translation reactions were carried out according to standard
protocols with the following adaptation: zinc acetate was added to a final

concentration of 50 uM.

Protein Binding Microarrays (PBMs)

In vitro produced C-terminal 4 and 6 zinc-finger regions of CLAMP were
fused to GST at their N-termini and used in PBM experiments. Proteins were
quantified using standard Western blotting protocols with a GST dilution series as
a standard. The concentrations of the proteins used for PBMs were as follows:
1) C-terminal 4 zinc-finger protein (24.3 nM); 2) C-terminal 6 zinc-finger protein
(13.9 nM).  Protein binding to microarrays was assayed as previously described

(Bulyk, 2009) using a custom-designed 4x44K format oligonucleotide array
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(Agilent Technologies, Inc., AMADID #015681), that was converted to double-
stranded DNA by primer extension as described previously (Berger et al. 2006).
All protein binding microarrays were performed in duplicate using independently
prepared protein samples and the same motifs were obtained. Zinc acetate to 50
uM was added to each sample before binding to the PBMs. PBM data were
quantified, normalized, and analyzed using the Universal PBM Data Analysis
Suite and the Seed-and-Wobble motif derivation algorithm (Berger and Bulyk
2009). An E-score of 0.45 is significant for our PBM experiments (Badis et al.,
2009). We found that E>0.37 corresponds to a false discovery rate (Q-value) of
0.001 by conducting a series of negative control PBM experiments (Badis et al.,

2009).

Immunostaining of polytene chromosomes

A protocol was adapted from Kelley et al., 1999.

Polytene staining was performed as described previously (Kelley et al.

1999). A goat anti-MSL3 antibody was used at 1:100 and the rabbit anti-CLAMP

antibody was used at 1:50. Alexafluor 488 (anti-goat) and 594 (anti-rabbit)

secondary antibodies (Invitrogen) were used for immuno-detection at a 1:200

dilution.
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Figure 1. CLAMP localizes precisely at MREs at high levels when
colocalized with the MSL complex.
(A) Occupancy relationships calculated from input-normalized CLAMP ChlIP-seq

from male SL2 cells (Larschan et al. 2012) and previously defined CESs
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(Alekseyenko et al. 2008) (two biological replicates). MSL complex-binding sites
ranked based on MSL complex occupancy from ChIP-seq read counts (X-axis;
strongest on the left and weakest on the right) (Alekseyenko et al. 2008). The Y-
axis indicates the position relative to the center of the MSL complex sites. Each
red dot represents the position of a CLAMP-binding site that is within 1 kb of an
MSL complex-binding site. The intensity of the red color is proportional to
CLAMP occupancy (see the Materials and Methods). The intensity of the blue
color is proportional to similarity of the individual MRE sequence to the
consensus sequence. (B) Examples of CLAMP and MSL complex occupancy at
three CES are shown from SL2 cells. Input- normalized read counts are shown

on a log scale for CLAMP and the MSL complex.
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Figure 2. CLAMP directly binds to MRE sequences.
(A, top) PWM for the original MRE motif (Alekseyenko et al. 2008). (Bottom)

PWMs were derived from CLAMP ChlP-seq data from SL2 cells. MEME was
used to analyze 200-bp regions flanking 500 CLAMP occupancy sites that were
located at the 39 ends of active genes on the X chromosome. (B) PBM analysis

resulted in direct in vitro binding specificities of the C-terminal CLAMP four (top)

and six (bottom) zinc finger fragments.
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Figure 3. CESs have three classes of CLAMP occupancy patterns.

(A) CLAMP or MSL2 occupancy patterns (reads per kilobase per million mapped
reads [RPKM] normalized to input) are shown within a 2-kb window centered at
the MRE for each member of each subclass of CESs (265 total CESs). (1) Group
A sites are highly MSL-dependent. (2) Group B sites are partially MSL-dependent.
(3) Group C sites are independent of the MSL complex. (B) Average profiles of

CLAMP occupancy (RPKM) normalized to input are centered at group A, group B,
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or group C CES peaks and are shown compared with average occupancy at all

CLAMP sites on the X or autosomes (log2 scale).
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Figure 4. Three subclasses of CESs differ in their number of tandem MREs
and two-dimensional clustering along the X chromosome.

(A) Analysis of the number of tandem MREs within each subclass of CESs. (B)
The locations of CESs from each subclass of sites are plotted to allow their
relative positions along the length of the X chromosome to be determined. The Y-

axis is the position along the length of the X chromosome, and the X-axis shows
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the percentage of sites plotted. The positions of the roX loci are shown as green
lines. (C) Model for CLAMP and roX RNAs functioning together during X
identification: (1) CLAMP binds to MREs within group B and group C
independent of the MSL complex, and roX RNAs are transcribed independent of
MSL complex recruitment. (2) The MSL complex is likely to be cotranscriptionally
assembled at roX loci. CLAMP tethers the MSL complex to CESs, including roX
loci. The MSL complex catalyzes H4K16ac, thereby opening chromatin and
increasing the accessibility of MRE sequences for CLAMP recognition. Next, in-
creased levels of CLAMP associate with CESs and thereby recruit additional
MSL complexes via synergistic interactions. (3) The MSL complex spreads to
additional CESs, potentially stabilized by CLAMP, thereby initiating additional

synergistic interactions.
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Supplemental Figure S1. Global comparisons of CLAMP and MSL complex
occupancy at MREs.

A) Occupancy relationships were calculated based on input-normalized ChIP-seq
experiments that were performed on CLAMP from male SL2 cells (Larschan et al.
2012) and previously defined CES (Alekseyenko et al. 2008). Two independent
ChIP-seq libraries were prepared from biological replicate chromatin samples
that correlated strongly with each other (see Methods). MSL complex binding
sites were ranked based on MSL complex occupancy from ChlP-seq read counts
(x-axis) (strongest on the left and weakest on the right) (Alekseyenko et al. 2008).

The y-axis indicates the position relative to the center of the MSL complex sites.
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Each red dot represents the position of a CLAMP binding site that is within 1 kb
of an MSL complex binding site. The closer the red dot is located to the zero
position on the y-axis, the closer the CLAMP site is to the center of the MSL
complex binding site. The intensity of the red color is proportional to CLAMP
occupancy (see Methods). B) The total read count per kb per million is plotted
for CLAMP ChlIP-seq data for each chromosome and normalized to copy number
(RPKM) (see Methods for details). C and D) Occupancy relationships among

CLAMP binding sites, MSL binding sites, and MREs.
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Supplemental Figure S2. CLAMP and MSL complex are highly enriched
when colocalized and CLAMP also localizes to the 5’ ends of active genes
genome-wide.

A) CLAMP occupancy sites that co-localize with a MSL complex binding site
have enhanced occupancy from SL2 ChlIP-seq analysis compared with other
CLAMP occupied sites on the X-chromosome and autosomes. B) Average gene
profiles of MSL complex ChlP-seq data centered at the transcription termination
sites (TTS) indicates that MSL complex is enriched near 3’ ends of genes in the

presence of CLAMP. C) Average profiles generated from CLAMP ChlP-seq data
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are centered around the transcription start site (TSS) or transcription termination
site (TTS). CLAMP is highly enriched at TSS regions of active genes on all
chromosomes in both SL2 and Kc cells. Enrichment near the TTS is specific to
the male X chromosome and corresponds with the location of CES near these
regions. D) Wild type and mutant MREs were inserted site-specifically into an
autosomal location as previously described (Alekseyenko et al. 2008). The
minimal 150-bp fragment of the CES5C2 high affinity site (yellow) was inserted
with either three MREs (green) with wild type GA-rich 8-bp cores (blue) or with
three mutated 8-bp cores (red). ChIP-gPCR data are shown from third instar
larvae for the CLAMP protein. Primers within the attP landing site adjacent to the
insertion were used as previously described to distinguish between the
autosomal insertion and the endogenous sequence on the X-chromosome
(Alekseyenko et al. 2008). E and F) CLAMP is enriched at CES (E) in vivo in SL2
cells while the GAF protein is enriched at sites outside of CES (F) in SL2 cells as
shown by average gene profiles surrounding their respective binding sites

(CLAMP (ChIP-seq) and GAF (ChlIP-chip)).
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Supplemental Figure S3. CLAMP is required for roX gene transcription and

MSL localization to the X.
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A) gRT-PCR analysis of transcription of roX genes, CLAMP mRNA, and MSL2
MRNA after CLAMP RNAi in male and female Drosophila larvae. B) The CLAMP
RNAI fly line was crossed to a control stock or the daughterless Gal4 driver
followed by immunostaining with the anti-CLAMP and anti-MSL3 antibodies.
Crosses were performed at 25 °C to assure that RNAI is effectively induced by
the Gal4 driver. However, chromosome morphology was poor due to the high
temperature. “Control” refers to progeny of the cross between the CLAMP RNAI
stock and a control y[1] w[1] stock that does not contain the daughterless Gal4
driver. The following false colors were used: 1) Hoecht stain for DNA (blue); 2)
CLAMP immunostaining (green); 3) MSL3 immunostaining (red); 4) overlay of
CLAMP and MSL3 (yellow). C) The following false colors were used: 1) Hoecht
stain for DNA (blue); 2) Pol Il CTD immunostaining (yellow). “Wild type” refers to
a y[1] w[1] stock that was grown at 18 °C to improve chromosome morphology.
The following false colors were used: 1) Hoecht stain for DNA (blue); 2) CLAMP
immunostaining (green); 3) MSL3 immunostaining (red); 4) overlay of CLAMP
and MSL3 (yellow). D and E) ChIP-gPCR data for CLAMP ChIP conducted in
tissue culture male (SL2) and female (Kc) cells (D) and in sexed third instar
larvae before and after CLAMP RNAi at 5 CES (E) as assayed by ChIP-gPCR
indicate that MSL complex is required to enrich CLAMP levels at CES. First,
normalization was conducted to the input sample. Subsequently, internal
normalization was performed within each experiment to facilitate comparisons
between biological replicates. The value for the highest locus within each

sample, roX1, was set to 100%. The occupancy at CG15570, an untranscribed
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gene, is shown as a negative control. Results are the average and standard
deviation of at least two replicates. F) ChIP for MSL2 before and after CLAMP
RNAi at 5 CES as assayed by ChIP-gPCR in sexed third instar larvae.
Normalization was conducted as described in D). G) H3 ChIP at 5 CES loci in
male and female larvae before and after CLAMP RNAi is shown. Normalized
was conducted as described for D) except the CG15570 gene was used for
normalization instead of roX7 because it exhibits the highest H3 occupancy

levels.
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Supplemental Figure S4. Comparison of CLAMP binding characteristics in
the presence and absence of MSL complex.

A) Global X-enrichment of CLAMP in female (Kc) cells independent of MSL
complex as measured by total read-counts on each chromosome arm. B)
CLAMP occupancy at MREs in male (SL2) and female (Kc) cells on the X-
chromosome and autosomes. C) Localization of CLAMP and MSL complex near
MREs in male and female cells is shown from ChIP-seq data at 5 CES.. D)
CLAMP ChIP-gPCR validation of three CES within each subclass of sites in both
SL2 and Kc cells. The % IP was calculated followed by normalization to the
highest value within each replicate (roX7) that was set to 100%. The occupancy
of CLAMP at the CG 15570 untranscribed gene is shown as a negative control.
Data are the average and standard deviation of two biological replicate chromatin
preparations that are independent from each other and from those used for ChlP-
seq analysis. E) Chromatin properties of subclasses of CES are profiled in the

absence of MSL complex (female Kc cells) (www.modENCODE.org). Properties
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are: 1) total nucleosome density (green); 2) high salt extracted chromatin (blue,
600 mM NaCl); 3) the insoluble pellet (red, salt insoluble; large protein-DNA
aggregates). The dashed black lines on each plot indicate the location of the

binding site centers.
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Abstract

Dosage compensation evolved independently in various species
containing heterogametic sex chromosomes. The protein complexes involved in
dosage compensation also evolved independently and therefore differ across
species. Many of the complexes responsible for the change in X-linked gene
expression across species share components with other non-sex specific
complexes. In Drosophila, the Male Specific Lethal (MSL) Complex is the co-
activator complex responsible for increasing transcription of X-linked genes in
males. Recently, we identified the CLAMP zinc finger protein as a key factor
necessary for MSL complex targeting to the X chromosome. CLAMP works
through direct tethering of the complex to GA-rich cis-acting sequences. However,
CLAMP is not an X-specific factor and is found at GA-rich sequences throughout
the genome. Therefore, it is critical to understand how the non-sex specific and

male-specific functions of CLAMP are integrated.

Here we investigate the non-sex specific role of CLAMP as a genome-
wide transcriptional regulator that occupies the promoters of active genes.
CLAMP protein is ubiquitously expressed in embryos and larvae and CLAMP
MRNA is most highly expressed in the ovaries of female flies and neurons of
adult flies. Using a fly line containing a P-element insertion in the 5° UTR of the
CLAMP gene, which results in reduced mRNA and protein levels, we see a

reduction in survival of homozygous flies with males being the most severely
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affected. Interestingly, we also observe a distinct defect in flying and movement
of both male and female homozygous mutant flies that could be linked to reduced
CLAMP expression in neurons. Additionally, to identify genes that could be
responsible for the observed defect, we performed mRNA-seq in male and
female cells. This revealed CLAMP regulating genes involved in brain
development and morphogenesis. This is the first time that CLAMP function has
been linked to important developmental processes and could aid in our

understanding of the evolution of dosage compensation.
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Introduction

Dosage compensation is an essential mechanism responsible for
equalizing X-linked gene expression between the sexes in heterogametic species.
In mammals, the X chromosome is up-regulated in males (XX) and females (XY)
and then one X chromosome is randomly inactivated in females (Jonkers et al.
2008; Deng et al. 2013). In C. elegans, the X chromosome is up-regulated in
both males (XX) and hermaphroditic females (X0); then transcripts produced
from both X chromosomes are down-regulated two-fold in males (Meyer 2010;
Deng et al. 2011). In Drosophila, the X chromosome is up-regulated
approximately two-fold only in males (XX) while no regulation takes place in

females (XY) (Kelley et al. 1995).

Diverse dosage compensation mechanisms have evolved independently
in the different species (Livernois et al. 2012). As expected, the protein
complexes which are responsible for these changes in gene expression are also
not shared among species. In mammals, the Polycomb repressive complex
(PRC) is responsible for X-inactivation in females (Plath et al. 2003; Simon et al.
2013). In C. elegans, the dosage compensation complex (DCC), which shares
components with the condensin complex, down-regulates X-linked gene
expression in hermaphrodites (Meyer 2010; Wood et al. 2010). In Drosophila, the

male specific lethal (MSL) complex, which shares a component with the essential
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non-specific lethal (NSL) complex, up-regulates the X chromosome in males

(Belote and Lucchesi 1980; Kelley et al. 1997; Lam et al. 2012).

We recently identified a previously unstudied zinc finger protein using a
cell-based screening approach to identify non-sex specific factors that are also
involved in dosage compensation in Drosophila (Larschan et al. 2012). The
Chromatin Linked Adapter for MSL Proteins (CLAMP) protein was found to be an
important regulator of Drosophila dosage compensation. CLAMP directly
recognizes important cis-acting sequences enriched on the X chromosome and
is required for MSL localization to the X chromosome. Additionally, CLAMP is
found targeting GA-rich sequences throughout the genome and is localized to the
5" end of transcribed genes (Soruco et al. 2013). Here we investigate the role of
CLAMP as a genome-wide transcription factor. We first characterized a fly line
containing a P-element insertion in the 5 UTR of the CLAMP gene to identify
developmental defects due to the loss of CLAMP expression. Additionally, we
aimed to identify genes that could be directly regulated by the CLAMP protein

using mMRNA-seq in cell culture before and after CLAMP RNA..

Results

CLAMP RNA is expressed at most developmental time points in many

tissues type but it is found very highly enriched in the early embryo, ovaries in

adult females and neurons of adult flies (www.flybase.org)(Graveley et al. 2011).
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Ovary expression is likely due to increased expression necessary for maternal
deposition of CLAMP mRNA in the developing egg (www.flybase.org). To
investigate the non-sex specific role of CLAMP, we first characterized defects in

fly development that result from the loss of CLAMP expression.

The CLAMP locus is located in heterochromatin flanking the centromere
on the arm of chromosome 2L (Fig 1A). Due to the highly repetitive nature of this
region, there are currently no available null or deletion mutants. Our recent
attempts at generating a null mutant using imprecise excision and homologous
recombination for this difficult region have been unsuccessful (data not shown).
To investigate the non-sex specific role of CLAMP, we characterized an available
P-element insertion line containing an 11.5 kb transposable element artificially
inserted in the 5 UTR of the CLAMP gene to observe developmental defects due

to the loss of CLAMP expression (Fig 1B).

Homozygous insertion line shows decreased CLAMP mRNA and protein

levels

To determine whether the insertion line shows a decrease in CLAMP
levels, we quantified mRNA and protein levels in third instar larvae raised at 18
degrees and compared levels to a control line (yw) raised at the same
temperature. To assess mMRNA levels, we performed gRT-PCR on cDNA from

heterozygous and homozygous insertion larvae. In the insertion line, we see a
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70% and 80% decrease in CLAMP mRNA in male and female homozygous

larvae, respectively, compared to control larvae (Fig 2A, right).

To assess protein levels and localization, we performed immunostaining
on polytene chromosomes from the salivary glands of heterozygous and
homozygous males and compared levels to control larvae. Here we see CLAMP
levels similar to control larvae for heterozygous males. However, in homozygous
males and females, we see a dramatic decease in CLAMP localization (Fig 2B).
Together, these data indicate that the P-element insertion is a haplo-sufficient

mutation and when homozygous is disrupting CLAMP expression.

Homozygous insertion males show additional dosage compensation

defects

Previously, we observed an absence of MSL3 localization to the X
chromosome in larvae expressing a CLAMP RNAI construct driven by the Ga4-
UAS system (See Chapter 3) (Soruco et al. 2013). To see if MSL3 localization is
altered in the insertion line, we stained for MSL3 on polytene chromosomes in
heterozygous and homozygous larvae. Here we see a marked decrease in MSL3
localization to the X chromosome in heterozygous insertion larvae and a
dramatic decrease in homozygous larvae compared to control larvae(Fig 2B).

The reduction of MSL3 localization due to reduced levels of CLAMP protein
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supports the requirement of CLAMP in recruiting MSL complex to the X

chromosome (See Chapter 3) (Soruco et al. 2013).

Additionally, in both heterozygous and homozygous insertion males we
see a modest increase in roX mRNA levels (Fig. 2A, left). We had previously
observed a decrease in roX2 levels and a modest increase in roX7 levels after
CLAMP RNAI treatment in both male and female larvae (See Chapter 3)(Soruco
et al. 2013). Therefore, if CLAMP is regulating roX transcription, it is possible
that the residual CLAMP protein levels differ between the RNAI treatment and the

insertion line resulting in differences in roX mRNA levels.

P-element insertion causes a decrease in viability of homozygous flies

We previously illustrated that a reduction of CLAMP mRNA and protein
levels using a CLAMP RNAI line results in pupal lethality in both males and
females flies suggesting that CLAMP is an essential protein (See Chapter 3)
(Soruco et al. 2013). To quantify defects in survivorship for the insertion line, we
counted both heterozygous and homozygous larvae and adult flies over a 16 day
time course. We compared homozygous to heterozygous animals where the
expected Mendelian ratio for homozygous animal would be 50% for a mutant

lines raised over a balancer chromosome.
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Overall, we detect a less severe phenotype in the P-element insertion line
compared to the RNAI line. For male larvae containing the insertion, we see a
slight reduction in homozygous male larvae comparing 11 homozygous to 25
heterozygous larvae or 44% for homozygous male larvae compared to a 50%
expected for the Mendelian ratio (Fig. 3A). Interestingly, the homozygous female
larvae counts are higher than expected with 22 homozygous to 20 heterozygous
larvae or 110% of homozygous female larvae compared to 50% for expected (Fig
3A). This nearly 2-fold increase in homozygous female larvae counts could
potentially be caused by changes in morphogenesis due to changes in

transcription.

We then counted the adult flies comparing homozygous to heterozygous
flies. For male flies, we see a dramatic reduction in homozygous flies with 4
homozygous to 32 heterozygous insertion flies or 12.5% homozygous compared
to 50% for expected (Fig 3B). For female flies, we see a modest reduction in
homozygous flies with 9 homozygous to 21 heterozygous insertion flies or 42.8%
homozygous compared to 50% expected (Fig. 3B). Together, these results
indicate that CLAMP is an important protein for both males and females with
male survival being very dependent on normal CLAMP levels. This dramatic
sensitivity seen in males is potentially due to the additional requirement of

CLAMP during dosage compensation.
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Decreases in CLAMP expression causes severe motor defects in males and

reduced flying in females

In addition to the decrease in the number of male flies surviving to
adulthood (Fig 3B), there is a severe motor or neuronal defect in both the males
and females of the surviving homozygous flies containing the P-element insertion.
In these surviving flies, we see a visible defect in crawling and flying in the
females and a severe defect in the males where they are unable to fly and
stumble while walking (Fig 4) (Link to movies
https://www.dropbox.com/sh/8oqppast5imuyp8/16gJOx3AKR). This defect is most
likely due to decreased mRNA and protein levels in the developing fly (Fig 2).
However, further neurological characterizations and behavior assays are needed

to understand the specific role CLAMP is playing in adult development.

mRNA-seq in male and female cells shows that the loss of CLAMP results

in both positive and negative changes in gene expression

We previously performed ChlP-seq in male and female cells and found
CLAMP enriched at the 3’ end of active genes on the X chromosome in male
cells (See Chapter 3) (Soruco et al. 2013). This 3’ localization is similar to MSL
Complex localization, which is responsible for increased transcription of X-linked
genes during dosage compensation (Alekseyenko et al. 2006). We also found

CLAMP enriched at the 5 end of active genes on all chromosomes similar to
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other ubiquitous transcription factors (Alekseyenko et al. 2013; Soruco et al.
2013). Therefore, to identify changes in gene expression due to the loss of
CLAMP expression we performed paired-end mRNA-seq in male and female
cells before and after CLAMP RNAI. Assaying changes in gene regulation can be
difficult in whole animals due to the differences in the varying transcriptional
profiles of the many cell lineages. Importantly, CLAMP expression is reduced
after the CLAMP RNAI in both male and female cells (See Chapter 3) (Soruco et
al. 2013). Using this technique, we performed two biological replicates and
selected all genes with an RPKM greater than 3 and that have a greater than 2-
fold change in gene expression after RNAI treatment. We further refined these
gene lists by selecting genes that had a greater than 0.2 RPKM in either the
control or CLAMP RNAi sample, identifying top 50% of genes in each each list.
This ensured that sufficiently expressed genes were selected. Using these
criteria, we identified 422 genes in male cells and 329 genes in female cells that

were differentially expressed after CLAMP RNAI treatment.

We then identified 323 genes in which expression is decreased after
CLAMP RNAI and 428 genes that increased in expression after RNAI treatment.
We then categorized these genes as being either positively or negatively
regulated by CLAMP, respectively. In male cells, we identified 156 genes that are
positively regulated by CLAMP and 266 genes that are negatively regulated by
CLAMP. In female cells, we identified 167 genes that are positively regulated

and 162 genes that are negatively regulated by CLAMP (Fig 5A). We then
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arranged these genes base on their chromosome location where we see genes
in both groups located on all chromosomes. This is expected considering that
CLAMP is localized to every chromosome in both males and female larvae (Fig.

2).

Next, we compared genes located on each chromosome to a random
assignment of genes genome-wide (intermine.modencode.org). In male cells, we
detected a large difference in the number of genes regulated on the X
chromosome and 2L compared to a random assignment that is not detected in
female cells. The large difference in the number of genes regulated on the X
chromosome after CLAMP RNAI could be due to a dual role CLAMP is playing
when localized to both the 5’ and 3’ ends of active genes on the X chromosome
(See Chapter 3) (Soruco et al. 2013). We also detected a large difference in the
number of regulated genes on chromosome 2R and 3L in both male and female
cells compared to a random assignment. Further analysis is needed identify if

any additional transcription factors which could be contributing to this affect.

We next performed Gene Ontology (GO) Term analysis using the
ModMine software (intermine.modencode.org). Using this technique, we observe
an over-representation of genes involved in metabolic processes and defense
response both positively and negatively regulated in male and female cells (data
not shown). Additionally, we look at genes that overlap in the two cell types

where we observe 24 positively regulated and 19 negatively regulated genes in
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both male and female cells (Fig 6). Importantly, CLAMP regulates genes involved
in morphogenesis and neurological development in both males and females (Fig.
6, red). Therefore, it is likely that CLAMP is required for appropriate neurological
function due to regulation of genes affected in both sexes. Importantly, this is
consistent with the defect observed in the homozygous insertion flies (Fig 4).
CLAMP positively regulates genes involved in olfactory behavior and circadian
rhythms (Fig. 6 left, blue). Additionally, the CLAMP gene was detected as being
positively regulated due to the decrease in expression after RNAI treatment (Fig.
6 left, green). Detection of this decrease in CLAMP expression is an important
validation of our filtering criteria. Finally, CLAMP negatively regulates genes

involved in motor behavior, visual behavior and reproduction (Fig. 6 right, purple).

Discussion

Using an available P-element insertion fly line and mRNA-seq in cells, we
have uncovered a new potential role for the CLAMP protein during development.
Because a complete null mutant is not yet available despite our extensive efforts,
we characterized the phenotypic changes caused by an 11.5 kb P-element
insertion of the 5° UTR of the CLAMP gene. We determined that decreased
CLAMP protein levels causes severe viability defects in adult male flies as well
as results in neuromuscular defecst in male and female flies. Furthermore,
CLAMP regulates genes involved in neurological development, which could

potentially link changes in gene expression with the observed phenotype in the
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P-element insertion line. It is possible that this is a direct effect of CLAMP binding
to promoters of these genes or an indirect effect of CLAMP regulating another

transcription factor.

CLAMP was recently found associated with the Myb transcription complex
in @ mass spectrometry experiment (Wang et al. 2013). The Myb transcription
complex can act as both a repressor and activator complex depending on the
components that are colocalized (Lewis et al. 2004). In neurons, the Myb-MuvB
complex works to suppress specific olfactory genes to ensure proper
differentiation and CO; sensing (Sim et al. 2012). It is possible that either CLAMP
is directly regulating target genes identified by our mRNA-seq or regulation
occurs via recruitment of a larger transcription complex. Further work will include
additional replicates of mMRNA-seq analysis and comparison with ChlP-seq data
to determine whether target genes are in close proximity to a CLAMP peak. We
will also correlate our mMRNA-seq and ChlIP-seq with existing data that identifies

genes targeted by the Myb transcription complex.

Recently, the Fly Light group at the HHMI Janelia Farm Research Campus
developed lines for genes that are specifically expressed in neurons which
express GFP protein from 1 - 2 kb promoter regions. From this data set, there is
line containing the 1 kb region upstream relative to the CLAMP locus which is a
potential enhancer region (Fig 7A) (Pfeiffer et al. 2008). In this line, the putative

CLAMP enhancer region (R39B02) drives broad expression in the larval central
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nervous system and limited expression in the pupal ventral nerve cord. In the
adult fly brain, there are just a few GFP expressing neurons specific to the
periesophageal neuropils center responsible for mechanosensory function of
antennal segments (Fig 7B) (Virtual Fly Brain) (Milyaev et al. 2012). In the future,
this line could be a valuable tool in assessing the specific region of brain in which
CLAMP is required because these neurons can be specifically stimulated using
genetic tools. We will perform CLAMP immunostaining in the brain to determine

how this driver line correlates with CLAMP protein expression in the brain.

Finally, we have been diligent in our attempts to generate a true null allele
for CLAMP. We are currently using TALEN (transcription activator-like effector
nuclease) and CRISPR (clustered regularly interspaced short palindromic
repeats) technologies available through the Drosophila RNAi Screening Center
(DRSC) to edit the genome by deleting the first intron of the CLAMP locus
(Cermak et al. 2011; Briggs et al. 2012). We believe this method will succeed
where others have failed due to the sequence specificity engineered into these
technologies. We are also currently designing a CLAMP rescue line using the
P(acman) recombineering system, which allows for site-specific integration of
large fragments of DNA into the genome (Venken et al. 2009). We have
designed a construct to contain the entire CLAMP locus (~3 kb) and a 6 kb
upstream region, 9 kb in total, to be artificially targeted to a previously
characterized region on chromosome 3L. By crossing this rescue line to the

mutant and insertion flies we would hope to rescue any defects in development,
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morphology or behavior and confirm the essential role of CLAMP in fly

development.
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Methods

Flies and Larval counts

Fly stocks were provided by the Bloomington stock center and raised on
yeast, sugar, cornmeal-based media at 18 °C for multiple generations. The
CLAMP insertion line is from Bloomington #14352 (y(1); P{SUPor-
P}Clamp(KG00473)/SM6a; ry(506)). The first wave of third instar larvae was
scored as 1 wave and all subsequence days were scored as larvae continued to

emerge.

Larval and cell mMRNA sample preparation

10 sexed third instar larvae were collected, flash frozen in liquid nitrogen
and homogenized using a Tissue Lyser (Invitrogen) and stainless steel beads.
Total RNA was extracted using the Qiagen RNeasy Plus Kit at room temperature.
1 mL of cells was centrifuged at 600 g for 2 minutes and the media was removed.
The cells were disrupted by adding 350 ul Buffer RLT with 2-mercaptoethanol (10
ul/1ml). Lysate was transferred to a QlAshredder spin column in a 2 ml collection
tube and centrifuge for 2 min at maximum speed. The homogenized lysate was
transferred to a gDNA Eliminator spin column and centrifuge for 30 s at 28000 x
g (10,000 rpm). To the flow through, 1 volume (usually 350 pl) of 70% ethanol

was added and mixed by pipetting. The entire volume (700 ul) was transfer to an
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RNeasy spin column and centrifuged for 15 s at 28000 x g (10,000 rpm). The
flow-through was discarded. 700 ul Buffer RW1 was added to the RNeasy spin
column and centrifuged for 15 s at 28000 x g (=10,000 rpm) to wash the spin
column membrane. Discard the flow-through and reuse collection tube. The flow-
through was discarded. 500 ul Buffer RPE with ethanol was added to the RNeasy
spin column and centrifuge for 15 s at 28000 x g (210,000 rpm) to wash the spin
column membrane. The flow-through was discarded. 500 ul Buffer RPE with
ethanol was added to the RNeasy spin column and centrifuge for 2 min at 28000
X g (210,000 rpm) to wash the spin column membrane. The RNeasy spin column
was placed onto a new 2 ml collection tube and centrifuged at full speed for 1
min to eliminate any residual ethanol. The RNeasy spin column was placed onto
a new 1.5 ml collection tube. 30 yl RNase-free water directly to the spin column
membrane and centrifuged for 1 min at 28000 x g (210,000 rpm) to elute the
RNA. Using the eluate from previous step was pipetted onto the RNeasy spin
column and centrifuged for 1 min at 28000 x g (210,000 rpm) to increase yield

and concentration of RNA.

cDNA synthesis and Quantitative real time RT-PCR

Synthesis of cDNA was conducted as described in Alekseyenko et al.

2006 using 1 mg of total RNA, Vilo mix (random hexamer and oligo dT)

(Invitrogen), and Super Script Il (Invitrogen). cDNA was heated for 5 minutes at

85 °C to inactivate enzymes prior to real time PCR with the ABI StepOnePlus
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real time PCR machine.. cDNA was diluted prior to gPCR to ensure values were
in linear range. Values were normalized to PKA, a highly expressed gene. All
primers were tested to assure that they have 100% efficiency and good linearity
prior to use with an ABI StepOnePlus real time PCR machine. The average
relative quantitation (ABI User Bulletin #2) of three technical replicate reactions
was determined for all samples. Platinum SYBR master mix w/ROX (Invitrogen)
was used. Primer sequences are as follows. roX1 , F-
ATGCGAGCGAGACAATGATACT, R-GACTTGCAGTCCGCCCTATG, roX2, F-
CGTTACTCTTGCTTGATTTTGC, R-AGCTCGGATGGCCATCGAAA, MSL2 , F-
GCCCTGTCCGTATGAATG, R-CAACATGGGTAAACAACC, CLAMP, F-
CTGACCACGGCAATAGAA, R-TCCCTCATTTGGCACTTC, PKA, F-

CAATCAGCAGATTCTCCGGCT, R-AGCCGCACTCGCGCTTCTAC

Immunostaining of polytene chromosomes

Polytene staining was performed as described previously (Kelley et al.,

1999). A goat anti-MSL3 antibody was used at 1:100 and the rabbit anti-CLAMP

antibody was used at 1:50. Alexafluor 488 (anti-goat) and 594 (anti-rabbit)

secondary antibodies (Invitrogen) were used for immuno-detection at a 1:200

dilution.

Cell culture and RNAI
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dsRNA to target the CLAMP gene (CG1832) was generated as described
in detail at www.flyrnai.org. The DRSC03718 and DRSC29935 constructs were
synthesized using the T7 megascript kit (Ambion) and purified using the
RNAeasy kit (Qiagen). Both dsRNAs yielded very similar results and neither had
specificity for additional genes as off-targets using a 19 bp criterion
(www.flyrnai.org; Larschan et al., 2012). All experiments shown used the
DRSC03718 construct but the DRSC29935 construct yielded very similar results
(data not shown). GFP dsRNA used as a control and the MSL2 dsRNA construct
were synthesized as previously described (Hamada et al., 2005; Larschan et al.,

submitted). Primer sequences are available on request and at www.flyrnai.org.

RNAI treatment of SL2 and Kc cells

RNAi treatment was conducted in T225 flasks as described at
www.flyrnai.org. SL2 and Kc cells were diluted to 1.5x1076 cells/ml and 10 mLs
of cells were added to each T225 flask with 225 ug of dsRNA and 5 mL of water.
Six days after dsRNA treatment, mRNA preparation using the RNAeasy Plus kit
(Qiagen) was performed (as described above). SL2 and Kc cells were

maintained in Gibco Schneider's medium with 10% heat inactivated FBS (JRH).

MRNA seq and analysis
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MmRNA-seq libraries were prepared using the Illumina TrueSeq Kit
reagents following the sample preparation protocol provided. The expression of
each gene is quantified in terms of RPKM (reads per million reads per kilobase).
The distribution of gene expression data was assessed and a cut-off of RPKM=3

was determined to be a good threshold to separate active from inactive genes.

GO Term Analysis

Gene ontology analysis was performed using gene lists with a greater
than 2-fold change in expression after CLAMP RNAi. Gene lists were then
imported into to online modMine list analysis tool developed by the ModEncode
consortium. The GO term were reported with no correction for genes with a less

that 0.5 p-value.
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A Overview of Chromosome 2L
CLAMP Locus
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Figure 1: Overview of CLAMP locus and P-element insertion.
A) The CLAMP locus is located in heterochromatin surrounding the centromere
on chromosome 2L. B) The CLAMP insertion line consists of an 11.5 kb

transposable element, P-element, inserted in the 5 UTR of the CLAMP gene.
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Figure 2: mRNA and protein levels are reduced in the homozygous
insertion line.

A) mRNA analysis of cDNA from 3™ instar larvae raised at 18 degrees show a
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70% and 80% reduction in CLAMP mRNA in homozygous insertion males and
females, respectively, compared to control larvae, yw (right). Heterozygous and
homozygous insertion males show a modest increase in roX mRNA levels (left)
B) Immunostaining of polytene chromosomes from male 3" instar larvae raised
at 18 degrees for heterozygous males show near wild type CLAMP levels.
Homozygous male and female larvae show a dramatic reduction of CLAMP
protein levels and localization. Additionally, there is a marked reduction of MSL3
localization on the X chromosome in heterozygous males and a near complete

loss of MSL3 in homozygous males.
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Figure 3: Reduced survival of homozygous insertion flies.

A) Heterozygous and homozygous larvae counts over a 16 day time course
reveals a slight reduction in homozygous male larvae (44%) when compared to
the expected Mendelian ratio of 50% for homozygous insertion larvae maintained
over a balancer chromosome. Homozygous female larvae are higher than
expected (110%). B) Adult fly counts over a 16 day time course shows a

dramatic reduction in homozygous male flies (12.5%) surviving while
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homozygous females shows a slight reduction (42.8%) compared to the

expected Mendelian ratio of 50%.
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Link to movies: https://www.dropbox.com/sh/8oqppast5imuyp8/16gJOx3AKR

Figure 4: Severe motor defects observed in surviving homozygous flies.
Homozygous males and females show an obvious defect in movement and flying
with males being most severely affected.

Link to movies https://www.dropbox.com/sh/8ogppast5imuyp8/16gJOx3AkR
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Figure 5. CLAMP RNAIi reveals both positive and negative regulation
genome-wide

A) mRNA-seq analysis before and after CLAMP RNAI revealed 422 genes in
male cells and 329 genes in females cells with greater than 2-fold changes in
expression further filtered for the top 50% of expressed genes. 323 genes are
positively (decreased after RNAI) and 428 are negatively (increased after RNAI)
regulated by CLAMP in both cell types. Genes from both these groups are found
on all chromosomes in both male and female cells. B) Comparison of the
difference in regulated genes on each chromosome to a random assignment of
genes genome-wide reveals a marked difference for X and 2L genes in males
cells that is not seen in female cells. Additionally, there is a marked difference for

2R and 3L genes in both males and females compared to a random assignment.
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Figure 6. CLAMP regulates genes

morphogenesis.
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involved in brain development and

Overlap of genes in both cells types reveals CLAMP both positively and

negatively regulates genes involved in brain development and morphogenesis

(red). CLAMP positively regulates genes involved in olfactory behavior and

circadian rhythms (blue) (left). CLAMP negatively regulates genes involved in

motor and visual behavior and reproduction (purple) (right). CLAMP gene

identified in positively regulated group due to reduction of mRNA from RNAI

treatment (green).
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Figure 7: Putative CLAMP enhancer driving GFP expression in the fly brain.
A) Gene map of putative enhancer region R39B02 (grey with yellow highlight)
located upstream relative to the CLAMP locus (green with yellow highlight) B)
GFP expression (green) of R39B02 region in developing fly brain from the Fly
Light group at HHMI Janelia Farm Research Campus reveals neuronal

localization.
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Discussion

Sex chromosomes are thought to have evolved slowly as a result of
translocations between autosomes in regions surrounding genes involved in sex
determination (Charlesworth 1978). This process evolved independently in many
lineages, creating a wide variety of sex chromosome (Livernois et al. 2012). In
the XY system, this created heterogametic sex chromosomes where the X
contained many essential and non-sex specific genes and the Y became
degenerate through lack of recombination and contained very few genes, most of
which are specific to spermatogenesis (Charlesworth and Charlesworth 2000;

Charlesworth et al. 2005).

In both mammals and Drosophila, females are XX and males are XY. In
1967, Susumu Ohno first proposed a mechanism to correct for this gene dose
imbalance stating that all genes on the X chromosome would need to be
increased in expression two-fold to compensate for expression from the
degenerative Y homologue (Ohno 1967). In the absence of such a mechanism,
expression of the X-chromosome would be insufficient, likely causing lethality.
The mechanisms to correct for the imbalance of gene dose due to heterogametic

sex chromosomes are collectively called dosage compensation.

Through the effort of many research teams, the increase in X-linked

transcription has proven to be necessary in many species (Gupta et al. 2006;
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Nguyen and Disteche 2006; Lin et al. 2007). In some species, a secondary
compensatory mechanism also became necessary to equalize expression of the
X-chromosome to autosomes (Deng et al. 2011; Kharchenko et al. 2011; Lin et al.
2011). For example, in mammals and C. elegans, the X-chromosome is up-
regulated in both sexes, then as an additional step one X-chromosome is
randomly inactivated in mammalian females and both X-chromosomes are down-
regulated by half in C. elegans hermaphrodic females (Jonkers et al. 2008;
Meyer 2010). In Drosophila, the X-chromosome is only up-regulated in a single

step mechanism for dosage compensation and only in males.

As the different sex chromosomes and dosage compensation
mechanisms evolved independently in varying lineages, the protein complexes
responsible for compensation also evolved differently across species. For
example, in mammals, the Polycomb repressive complex (PRC) is responsible
for X-chromosome silencing in females (Plath et al. 2003; Simon et al. 2013). In
C. elegans, the dosage compensation complex (DCC), which shares
components with the condensin complex, down-regulates X-expression in
hermaphrodites (Meyer 2010; Wood et al. 2010). In Drosophila, the male specific
lethal (MSL) complex, which shares a component with the non-specific lethal
(NSL) complex, up-regulates the X-chromosome only in males (Belote and
Lucchesi 1980; Kelley et al. 1997; Lam et al. 2012). One possible explanation for
how these mechanisms and complexes evolved independently among different

species is that evolution co-opted functions of existing protein to also function in
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dosage compensation. One example would be the MOF protein, which deposits
H4K16ac on the X-chromosome and is a shared feature between Drosophila and

mammals (Gelbart et al. 2009; Deng et al. 2013).

Neo-functionalization of existing proteins that interact with transcriptional
machinery would have been under selective pressure to be co-opted to work in
dosage compensation. For example, certain DNA binding proteins would have
been prime candidates for dosage compensation cofactors if the sequence motifs
they target accumulated on the X-chromosome and these co-factors act in
transcription regulation. Our work has revealed that is the case in Drosophila

and the MSL complex (Larschan et al. 2012; Soruco et al. 2013).

We recently discovered a previously unstudied, non-sex specific protein,
CLAMP, which is involved in dosage compensation in Drosophila (See Chapter
2) (Larschan et al. 2012). CLAMP targets GA-rich MSL recognition elements
(MREs) that are enriched on the X-chromosome (Alekseyenko et al. 2008;
Soruco et al. 2013). CLAMP is also required for MSL localization at MSL high
affinity sites on the X, two of which are the roX loci that encode the long non-
coding RNA components of the complex (Soruco et al. 2013). However, CLAMP
is also found targeting GA-rich sequences throughout the genome and is

therefore not an X-specific factor (See Chapter 3) (Soruco et al. 2013).
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It was recently reported that the X-chromosome in Drosophila has
accumulated GA-repeats when comparing D. miranda, which has a newly
evolved X-chromosome, and D. melanogaster, which has a much older X-
chromosome (Jason Dobson, data not shown) (Alekseyenko et al. 2013).
Interestingly, the CLAMP protein is in the top 15% of the most conserved
proteins in the Drosophila lineage when comparing rates of non-synonymous to
synonymous changes in protein coding genes across three species
melanogaster, yakuba and simulans (Nadia Singh, data not shown). Since
CLAMP targets GA-rich sequences, this provides a link between evolution and
accumulation of GA-repeats on the X-chromosome, which are highly conserved,
and dosage compensation. Additionally, if we look at conservation for protein
components of the MSL complex, these proteins are evolving very rapidly (Nadia
Sing data not shown) (Rodriguez et al. 2007). Therefore, there must be some
element, which is preserving the interaction between the GA-rich MRE
sequences and the MSL complex components. The CLAMP protein has a highly
unstructured glutamine rich domain that is flexible and could potentially
accommodate structural changes in the MSL proteins. However, there are still a
number of questions that need to be answered. For example, does the
complexity of sequences required for CLAMP and MSL targeting differ on a
newly evolving X vs. a fully evolved X-chromosome? To answer this question, a
more detailed analysis of CLAMP binding to GA-repeats in various Drosophila

species is required.
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It is not only important to look at evolution and accumulation of GA-
repeats in the Drosophila lineage, but also where these sequences are
accumulating in relation to genes. MSL high affinity sites are often found close to
the 3’ end of genes where MREs and CLAMP are also localized (Alekseyenko et
al. 2008). CLAMP is also found at promoter regions of active genes on all
chromosomes (See Chapter 3) (Soruco et al. 2013). This spatial separation of
CLAMP localization could have evolved to separate the two specific functions of
CLAMP as a non-sex specific transcription regulator and a dosage compensation
cofactor. This could be tested further using a reporter gene assay where regions
of the X-chromosome that CLAMP alone or MSL complex and CLAMP together
are known to target are positioned to the 5’ and 3’ end of the reporter. Monitoring
of transcriptional changes would identify which sequences act as more efficient

recruiters and activators.

Characterizing sequence requirements for CLAMP and MSL targeting will
also be important to further model spreading of the MSL complex from nucleation
sites of the roX loci to high affinity sites along the X chromosome. Currently, it is
thought that the roX loci are targeted first during incorporation of RNAs into the
complex followed by a series of 150-300 high affinity sites (Kelley et al. 1999; Bai
et al. 2004)(Alekseyenko et al. 2008). However, until now, visualizing these
targeting events in real time has not been possible. Therefore, we are eagerly
awaiting data from our MSL induction system in female cells to model this

targeting in real time (See Appendix 1). We hope to be able to distinguish
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between continuous and dis-continuous spreading. Additionally, we have new
evidence that H3K36me3 is an important feature in identifying MSL high affinity
sites in the absence of MSL complex (Jason Dobson, data not shown). Therefore,

we would like to test this requirement in our MSL induction system.

In Drosophila and C. elegans, most active X-linked genes are
compensated with lowly transcribed genes not requiring full compensation
(Disteche 2012). In Drosophila, this may be due to X-linked genes evolving faster
(Meisel et al. 2012). In mammals, there are still a number of genes that escape
X-inactivation making further exceptions to the need for full compensation of all
genes (Berletch et al. 2011). Interestingly in mammals, accumulation of GATA-
repeats on the X-chromosome has been found enriched at genes that escape X-
inactivation (McNeil et al. 2006). Therefore, accumulation of GA-repeats could
work across species to recruit activating factors. However, if the GATA binding

protein in mammals is a true homologue to the CLAMP protein is still not known.

Finally, understanding the role the newly identified CLAMP protein is
playing as an essential transcription factor responsible for regulating
developmental processes genome-wide will contribute to our understanding of

the evolution of dosage compensation in Drosophila (See Chapter 4).
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Induction of MSL Complex in female cells as a tool to identify initial sites of

X-targeting during Drosophila dosage compensation
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Introduction

In Drosophila, dosage compensation is necessary to equalize transcripts
of X-linked genes between males (XX) and females (XY). The Male Specific
Lethal (MSL) Complex is expressed only in males and specifically identifies the
X-chromosome from the autosomes for up-regulation. Targeting of the MSL
complex to the X-chromosome is known to take place in multiple steps. First, it is
thought that the roX loci are targeted during cotranscriptional incorporation of
these essential RNA components into the complex (Kelley et al. 1999; Bai et al.
2004). Next, a subset of high affinity sites, also known as Chromatin Entry Sties
(CES), are targeted in a sequence-dependent step (Alekseyenko et al. 2008).
These high affinity sites contain 21 bp GA-rich cis-acting sequences termed MSL
recognition elements (MREs) (Lyman et al. 1997; Gu et al. 1998; Alekseyenko et
al. 2008). Finally, the MSL complex spreads in a sequence independent step
from these sites to the bodies of active genes through the recognition of the
H3K36me3 mark associated with active transcription. The MSL complex globally
deposits H4K16ac on the X-chromosome through activity of the maleless absent
on first (MOF) component (Gelbart et al. 2009; Gorchakov et al. 2009). H4K16ac
modification enables increased levels of RNA Pol Il over the bodies of active
genes resulting in an approximately two-fold increase in X-linked gene

transcription (Larschan et al. 2011).
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Identification of the MRE sequences involved in dosage compensation
was a critical step in identifying elements, which work to initiate the early stages
of X-targeting. However, the MRE sequences are not X-specific. They are two
fold enriched on the X overall and 4-fold enriched over the bodies of active genes
on the X, but MREs are also found on autosomes (Alekseyenko et al. 2008).
Additionally, when the roX loci are artificially placed at an autosomal location, the
RNAs and complex move in trans to target the X (Park et al. 2002; Oh et al.
2003), oh 2003). Therefore, defining the chromatin context in which the MRE
sequences are located on the X-chromosome is essential in understanding how

MSL complex is able to accurately target the X-chromosome.

Recently, we identified a novel zinc finger protein, Chromatin Linked
Adapter for MSL Proteins (CLAMP), which is essential in targeting MSL complex
to high affinity sites (Larschan et al. 2012). Importantly, CLAMP is able to directly
target MRE sequences. However, CLAMP is also found targeting MREs
throughout the genome and is therefore not an X-specific factor. Our earlier work
was able to detect three classes of high affinity sites within 256 total sites when
comparing levels of CLAMP enrichment in female cells in the absence of MSL
complex to male cells where MSL complex is expressed. In this study we
identified approximately 100 sites in group A, 100 sites in group B sites and 50
sites in group. In the group A or ‘MSL dependent’ sites, there was very low levels
of CLAMP in the absence of MSL complex in female cells and showed a marked

increase in CLAMP enrichment the presence of MSL complex in male cells. In
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the group B or ‘semi MSL dependent’ sites there was modest enrichment of
CLAMP in the absence of MSL complex and then showed a modest increase of
CLAMP enrichment in the presence of MSL complex. In the group C or ‘MSL
independent’ sites, there was very high levels of CLAMP enrichment in the
presence and absence of MSL complex in both male and female cells (Soruco et
al. 2013). From this data, we hypothesized that variations in CLAMP enrichment
at these classes of sites could potentially identify a subset of sites for targeting by

MSL complex very early in development before MSL complex is expressed.

Here we use RNAI treatment against the master sex regulator, Sex Lethal
(Sxl), to induce MSL complex formation in female cells (Alekseyenko et al. 2012).
Using this same system, we performed a 6-day time course experiment in which
we hoped to capture the early stages of X-identification, which until now has not
been captured due to the narrow window of time between fertilization and MSL
complex expression in late cell cycle 14 (Lott et al. 2011). Performing chromatin
immunoprecipitaion (ChlP) for MSL2, H4K16 we hope to distinguish between a
continuous or discontinuous targeting model. In a continuous model, the MSL
complex would scan the length of X-chromosome and target adjacent sites. In a
discontinuous model, a sub-nuclear domain would facilitate targeting of sites
(Mendjan et al. 2006; Vaquerizas et al. 2010). Additionally, performing ChIP for
CLAMP, we hope to observe if enrichment of the newly identified CLAMP protein
plays a role in identifying these sites as “seed sites” for MSL recruitment early in

the X-identification process.
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Results

Sex Lethal RNAI stabilizes MSL Complex and increases H4K16ac

The MSL complex is comprised of a minimum of five proteins and one of
two redundant long non-coding RNAs (Belote and Lucchesi 1980; Hilfiker et al.
1997; Franke and Baker 1999; Deng and Meller 2006; Li et al. 2008; llik et al.
2013). In females, one of two essential core structural proteins, MSL2, is
translationally repressed by a female specific isoform of the master sex regulator
protein, Sex Lethal (SxI) (Fig. 1A) (Kelley et al. 1997). Binding of Sxl to the 5’ and
3’ UTR of MSL2 RNA in females prevents MSL2 protein expression (Kelley et al.
1997; Smith et al. 2000; Smith et al. 2001; Beckmann et al. 2005). Removing
repression of MSL2 in female cells by performing SxI RNAi induces MSL2 protein
expression, stabilizes MSL complex and leads to MOF driven H4K16ac
deposition on the X-chromosome (Alekseyenko et al. 2012). This global increase
in X-specific acetylation results in an increase in X-linked gene expression

(Alekseyenko et al. 2012).

To test this new system, we initially performed an end point experiment in
which we assayed MSL2 and H4K16ac by ChIP-qPCR six days after SxI RNAI in
female cells, similar to Alekseyenko, Ho et al 2012. First, to assess MSL complex

induction, we measured RNA levels for MSL2 and the roX genes by performing
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real-time qPCR. These were normalized to PKA, which is ubiquitously expressed.
Testing roX expression is an accurate reflection of functioning complex because
MSL complex is a strong inducer of roX transcription in male cells. Using this
approach, we observed a stabilization of MSL2 RNA and induction of roX RNA

levels as expected if functional MSL complex is present (Fig. 2A).

Second, we performed chromatin immunoprecipitation followed by qPCR
(ChIP-gPCR) for MSL2 and H4K16ac at seven loci on the X-chromosome, which
include five high affinity sites, one random MRE site where MSL does not have a
strong peak and one control locus of a untranscribed gene (CG15570), to assess
localization and function of MSL complex. Importantly, MSL2 is enriched at all of
the five high affinity sites, with as much as a 5-fold increase in enrichment at the
11D1 site (Fig. 2B). As expected we see a negligible enrichment of MSL2 at the
random MRE and no enrichment at the untranscribed genes (Fig. 2B). This
localization correlates with the induction of functional MSL complex because we
also observe a specific increase in H4K16ac at the five high affinity sites that
does not occur at the two control loci (Fig. 2C). In the future, we could assay

expression levels of nearby genes for increases due to MSL complex activity.

CLAMP is enriched at high affinity sites after MSL complex induction

Next, we performed CLAMP ChIP-gPCR at the same seven loci to assay

for changes in CLAMP levels. Here we also see a 2-fold to 3-fold increase in
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CLAMP enrichment to the five high affinity sites after SxI RNAI, which is absent
at the two control loci. These data support a synergistic interaction between MSL
complex and the CLAMP protein where co-localization increases the enrichment
of both proteins. We hypothesize that increased CLAMP occupancy in the
presence of MSL complex could be due to increased chromatin accessibility from
H4K16ac deposition from functional MSL complex (Gelbart et al. 2009). In the
future, we will test this model on acetylated nucleosome arrays. These data are
consistent with our previous data that revealed a CLAMP-MSL synergistic

interaction in both flies and cell lines (Soruco et al. 2013) (Fig. 3).

Sex Lethal RNAi time course shows early induction of MSL2 RNA

Using this same SxlI RNAi system, we performed a six-day time course
experiment with a corresponding control RNAi (GFP) at each day, in an effort to
capture the initial sites of MSL complex targeting to high affinity sites. We first
assayed mRNA levels of the roX loci, MSL2, Sxl, and CLAMP where we
normalized expression relative to PKA. Here we see a 25% reduction of SxI RNA
over the six-day experiment (Fig. 4A). This corresponds to a modest increase in
MSL2 RNA as early as day 1 with the highest increase at day 5 (Fig. 4B).
Additionally, there is a modest induction in roX RNA levels as early as day 2 (Fig.
4B). Finally, stabilization of MSL2 protein levels as early as day 2 is detected
which is slightly delayed compared to increases in MSL2 mRNA levels as

expected (Fig 4C). We are in the process of performing ChIP for MSL2,
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H4K16ac and CLAMP to model this induction system in real time. We also plan
on generating lllumina sequencing libraries from this experiment, which will
provide high-resolution targeting data for targeting of these three proteins over

the entire X-chromosome.

Discussion

Sex Lethal RNAI in female cells proves to be a valuable tool to observe
MSL complex dynamically targeting the X-chromosome. In the near future, we
will assess MSL localization by performing ChIP-qPCR for MSL2 and H4K16ac.
In addition, we will perform ChIP-qPCR for CLAMP recruitment to see if dynamic
re-localization of CLAMP takes place as MSL complex changes chromatin

accessibility through deposition of H4K14ac.

Next generation sequencing of ChlIP for MSL2, H4K16ac and CLAMP will
provide a global view of MSL targeting the X-chromosome and chromatin
remodeling through deposition of H4K16ac. Analyzing ChlP-seq data for the
CLAMP protein will allow us to test the hypothesis of whether the varying levels
CLAMP enrichment at the three classes of high affinity sites before MSL complex
expression plays a role in identifying these sites as “seed sites” for early MSL

identification.
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Finally, we hope these data sets will allow us to answer some outstanding
questions in the field. These being: Are the roX loci the first sites targeted? Does
H3K36me3 levels affect MSL targeting? Does MSL complex target the X-

chromosome in a continuous or discontinuous model?
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Methods

Kc cell culture and RNAi treatment

dsRNA to target the Sex lethal (SxI) gene (CG43770) was generated as
described in detail at www.flyrnai.org. The DRSC 21490 and DRSC 28896
constructs were synthesized using the T7 megascript kit (Ambion) with additional
RNA polymerase Il and purified using the RNAeasy kit (Qiagen). Both dsRNAs
yielded very similar results and neither had specificity for additional genes as off-
targets using a 19 bp criterion (www.flyrnai.org; Larschan et al., 2012). GFP
dsRNA used as a control construct was synthesized as previously described
(Hamada et al., 2005; Larschan et al., 2012). Primer sequences are available on

request and at www.flyrnai.org.

RNAi treatment was conducted in T75 flasks as described at
www.flyrnai.org. Cells were diluted to 3.0 x10”"6 cells/mL in Gibco Schneider’'s
medium and 3 mL of cells were added to each flask with 67.5 ug of dsRNA in 1.5
mL of nuclease free water. Cells were maintained in 15 mL of Gibco Schneider’s
medium with 10% heat inactivated FBS (JRH). Six days after dsRNA treatment,
MRNA preparation using the RNAeasy Plus kit (Qiagen) and chromatin

preparation and were performed as described below.

MRNA sample preparation
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Total RNA was extracted using the Qiagen RNeasy Plus Kit at room
temperature. 1 mL of cells was centrifuged at 600 g for 2 minutes and the media
was removed. The cells were disrupted by adding 350 ul Buffer RLT with 2-
mercaptoethanol (10 ul/1ml). Lysate was transferred to a QIAshredder spin
column in a 2 ml collection tube and centrifuge for 2 min at maximum speed. The
homogenized lysate was transferred to a gDNA Eliminator spin column and
centrifuge for 30 s at 28000 x g (10,000 rpm). To the flow through, 1 volume
(usually 350 pl) of 70% ethanol was added and mixed by pipetting. The entire
volume (700 ul) was transfer to an RNeasy spin column and centrifuged for 15 s
at 28000 x g (210,000 rpm). The flow-through was discarded. 700 ul Buffer RW1
was added to the RNeasy spin column and centrifuged for 15 s at 28000 x g
(210,000 rpm) to wash the spin column membrane. Discard the flow-through and
reuse collection tube. The flow-through was discarded. 500 ul Buffer RPE with
ethanol was added to the RNeasy spin column and centrifuge for 15 s at 28000 x
g (210,000 rpm) to wash the spin column membrane. The flow-through was
discarded. 500 ul Buffer RPE with ethanol was added to the RNeasy spin column
and centrifuge for 2 min at 28000 x g (210,000 rpm) to wash the spin column
membrane. The RNeasy spin column was placed onto a new 2 ml collection tube
and centrifuged at full speed for 1 min to eliminate any residual ethanol. The
RNeasy spin column was placed onto a new 1.5 ml collection tube. 30 ul RNase-
free water directly to the spin column membrane and centrifuged for 1 min at

28000 x g (210,000 rpm) to elute the RNA. Using the eluate from previous step
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was pipetted onto the RNeasy spin column and centrifuged for 1 min at 28000 x

g (210,000 rpm) to increase yield and concentration of RNA.

cDNA synthesis and Quantitative real time RT-PCR

Synthesis of cDNA was conducted as described in Alekseyenko et al.
2006 using 1 mg of total RNA, Vilo mix (random hexamer and oligo dT)
(Invitrogen), and Super Script Il (Invitrogen). cDNA was heated for 5 minutes at
85 °C to inactivate enzymes prior to real time PCR with the ABI StepOnePlus
real time PCR machine. cDNA was diluted 1:20 prior to gPC R to ensure values
were in linear range. Values were normalized to PKA, a highly expressed gene.
Briefly, all primers were tested to assure that they have 100% efficiency and
good linearity prior to use with an ABI StepOnePlus real time PCR machine. The
average relative quantitation (ABI User Bulletin #2) of three technical replicate
reactions was determined for all samples. Platinum SYBR master mix w/ROX
(Invitrogen) was used. Normalization was conducted using primers within either
PKA internal control genes. Primer sequences uses roX1, F-
ATGCGAGCGAGACAATGATACT, R-GACTTGCAGTCCGCCCTATG, roX2, F-
CGTTACTCTTGCTTGATTTTGC, R-AGCTCGGATGGCCATCGAAA, MSL2, F-
GCCCTGTCCGTATGAATG, R-CAACATGGGTAAACAACC, Sxl, F-
CGCCGAAATGGCCTCCTGGG, R-TGCGTGACAAGCTCACAGGTCG, CLAMP,
F-CTGACCACGGCAATAGAA, R-TCCCTCATTTGGCACTTC, PKA, F-

CAATCAGCAGATTCTCCGGCT, R-AGCCGCACTCGCGCTTCTAC.
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Chromatin Preparation

The following protocol is modified from Larschan et al, 2007

The cells were scraped from bottom of T75 flask and two 0.5 mL aliquots
were removed for RNA extraction and protein gels. To crosslink the cells, 0.354
mL of 36.9% formaldehyde was added to 13 mL cells to a final concentration of
1%. The cells were then agitated on a shaker at 110 rpm for 10 min at room temp.
To quench crosslinking, 1.662 mL of 2.5 M glycine was added to a final
concentration of 125 mM. The cells were agitated at 110 rpm for 5 min at room
temp. The cell were then transferred to a 15 mL Falcon tube on ice and
centrifuged at 4°C at 1500 g for 5 min. The supernatant was removed and the
pellet was suspended in 15mL PBS-EDTA followed by a centrifucation at 4°C
1500 g for 5 min. The supernatant was removed and the pellet was suspended in
10 mL ChIP Wash A buffer (10 mM HEPES pH 7.6, 10 mM EDTA pH 8.0, 0.5
mM EGTA pH 8.0, 0.25% Triton X-100, 1x PIl, 0.2 mM PMSF). Solution was
rotated at 4°C for 10 min followed by a centrification at 4°C 1500 g for 5 min. The
supernatant was removed and the pellet was suspended in 10 mL ChIP Wash B
buffer (10 mM HEPES pH 7.6, 100 mM NaCl, 1 mM EDTA pH 8.0, 0.5 mM EGTA
pH 8.0, 0.01% Triton X-100, 1x PI, 0.2 mM PMSF). Solution was rotated at 4°C
for 5 min. To count cells, 100 ul of cells was removed and 900 ul trypan blue was

added (1:10 dilution). Note all cells will be dead and stained blue. The cell
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solution were continued to rotate at 4°C while the were the cell dilution was
counted using a hemacytometer. The cells were centrifuged at 4°C 1500 g for 5
min and all supernate was removed. The cells were diluted to a target cell count
of 2.5x10° cells/mL in lysis buffer (0.1% SDS, 10 mM EDTA pH 8.0, 50 mM Tris-
HCL pH 8.0). The cells were lyse by rotating at 4°C for 10 min. 300 ul aliquots of
the solution was transferred to Protein Low Bind Safelock tubes for Bioruptor
(Diagenode) sonication at 3 rounds of 5 minutes each round. Note: Each round is
programmed to alternate 30 seconds “on” then 30 seconds “off”. Total time for 3
rounds of 5 min each round is 15 min but total time for sonication is 7.5 min. Add
ice after each round. Make sure the water level does not go above line on
sonicator. Water line should match sample volume in eppendorf tubes. Sonicate
in batches of 6 tubes. The tubes were pooled into a 15 mL falcon tube and spin
at 4°C 13,000 rpm for 10 min. The supernatant was transferred to a Falcon tube
and 9 volumes of ChIP Dilution Buffer was added. Chromatin preparation was
filtered through a PolyPrep column (Biorad). 400 ul was removed for Input DNA
into Protein Low Bind tubes and the remainder was frozen in liquid N2. To
reverse the crosslinks on the input samples, the following reagents were added:
1) 200 mL of RIPA 150 (50 mM Tris-HCI pH 8.0, 1% NP-40, 2 mM EDTA pH 8.0,
0.1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1x PI, 0.2 mM PMSF, 1
mM DTT); 2) SDS to a final concentration of 1%; 3) 15 mL 5M NaCl; 4) 1 mL of
DNAase-free RNAse A (Roche). Samples were incubated at 65 °C overnight. To
digest proteins and RNA, the following reagents were added: 1) an additional 1

mL of RNase A followed by incubation at 37 °C for 30 minutes; 2) 20 mL 1M Tris-
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HCI pH 6.8; 3) 10 mL 0.5M EDTA pH 8.0; and 4) 3 mL 20 mg/mL proteinase K
(Invitrogen) followed by incubation at 42 °C for 90 minutes. To remove digested
protein and enzymes, phenol-chloroform-isoamyl alcohol (Invitrogen) extraction
was performed followed by chloroform extraction using Phase- Lock tubes
(Eppendorf). DNA was precipitated by adding 10 mL glycogen (Ambion), 1/10
volume of 3 M NaAc, and 2 volumes of 100% EtOH followed by incubation at -
80 °C overnight. Samples were centrifuged at 20,000 g at 4 °C for 10 minutes
followed by washing the pellet with 1 mL 70% ethanol and resuspension in
ddH20. Concentrations were obtained using the Qubit DNA High Sensitivity
reagents (Invitrogen) and fluorimeter. 500 ng of each sample was run on a 2%
agarose gel to determine that chromatin fragmentation produced fragments from
200-500 bp in length. The remainder of the chromatin preparation was

resuspended in Lysis buffer 20% SDS buffer to a final concentration of 40 ug/ mL.

Immunoprecipitation

The immunoprecipitation protocol was modified from Alekseyenko et al., 2006.

Immunoprecipitation was performed using 1 mL of the appropriate

chromatin preparation combined with antibody at 4 °C overnight. Anti-MSL2

antibodies were described previously (Kelley et al., 1999). The anti-CLAMP

antibody was described previously (Larschan et al., submitted) and the anti-

H4K16ac was obtained from Abcam. 60 mL of pre- blocked Protein A agarose
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beads (Millipore) were added to each IP followed by rotation at 4 °C for 2 hrs.
Each IP was then centrifuged at 1000 g at 4 °C for 3 minutes. Beads were
resuspended in cold RIPA 150 buffer followed by rotation at 4 °C for 5 minutes
and centrifugation at 1000 g at 4 °C for 3 minutes. Washes were repeated with
RIPA 150, RIPA 300 (50 mM Tris-HCI pH 8.0, 1% NP-40, 2 mM EDTA pH 8.0,
0.1% sodium deoxycholate, 0.1% SDS, 300 mM NacCl), LiCI/TE (0.25 M LiCl, 1%
NP-40, 1% sodium deoxycholate, 10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0)
and two times with TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0). The
samples were eluted off the beads twice with 250 ml Sodium Bicarbonate Buffer
(1% SDS, 0.1 M sodium bicarbonate) by rotating at room temperature for 15

minutes followed by centrifugation at 1000 g for 3 minutes.

Quantitative Real-Time PCR

All primers were tested to assure that they have 100% efficiency and good
linearity prior to use with an ABI 7000 real time PCR machine. The average
relative quantitation (ABlI User Bulletin #2) of three replicate reactions was
determined for all samples. Platinum SYBR master mix w/ROX (Invitrogen) was
used. Two independent chromatin preparations were conducted for each
experiment and standard deviations are reported. Dilutions of input and IP DNA
were conducted to assure that samples were in the linear range for quantitative
PCR. To assess the overall ChIP enrichment, normalization was conducted using

primers within the CG15570 internal control genes that span genomic loci that
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are unbound by MSL complex or CLAMP as assessed by ChlP-seq.
Normalization to input DNA was also conducted for ChlP experiments. After
normalization to input, ChIP data were normalized within each biological replicate
to data from the primer pair with the highest enrichment value. Subsequently,
biological replicates were averaged and standard deviations calculated. Primers
uses 5C2, F-ATCAATGTTTCGATGTAGA, R-CTTCCAACTATCTCGCTCT, 4C14,
F-ATCGACAGAGATGGCAACTGTCAC, R-
GTTGTCAGCTCCATAAGCAATCCCA, 11D1, F-GTGGAAACGGACAGCGTAA,
R-CACATCAGCGACAAGAGGC, roX1, F-ATGCGAGCGAGACAATGATACT, R-
GACTTGCAGTCCGCCCTATG, roX2, F-ACGGTGCTGGCTTAGAGAGA, R-
AGTTCTGGTCACCCTGGAAA, Random MRE on X, F-
CCCCATTTCACATTTGCCCC, R-AGGTTTCCTGTCCCCTCTCT, CG15570, F-

TACTCCTGTCCACCTGCTTT, R-CATTGCCAGTTTCCGTTTCC
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Fig. 1: Sex Lethal RNAi in females induces MSL2 expression with possible
models of X-chromosome targeting

A) Repression of MSL2 takes place in females where Sex Lethal (Sxl) is
expressed. B) Two possible models for MSL targeting the X-chromosome,

continuous (left) and discontinuous (right).
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Fig. 2: Sex Lethal RNAi after 6 days increases MSL2 and
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roX RNA levels

and increases functional MSL complex to high affinity sites.

A) SxI RNAI increases MSL2 mRNA levels after 6-days. This leads to an

increase in roX transcription. B) MSL2 is recruited is increase at five high affinity

sites. C) MSL complex is functional at high affinity sites because there is a

corresponding increase in H4K16ac deposited through MSL complex activity.
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Fig. 3: CLAMP enrichment is increased after SxI RNAi
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CLAMP enrichment is increased after 6-days of SxI RNAi likely due to

decondensation of chromatin through H4K16ac activity of MSL complex. This

supports a synergistic model where co-localization of MSL complex and CLAMP

increases enrichment of both proteins.

209



mRNA Levels

_ 5 9 B rox1
8 B rox2
c O
5= 375 6.75 MSL2
2s W s«
gt B CLAMP
5L 25 45 B PKA
3
= N
£8
o L 125 2.25
T s
=
0 0
fy § § § § § § § § 5§ 5§ % ¢ S
& & & & & & & & & & & g & &
& & & & & 5 & & & & & & & &
& & & & & 5 & 5 & & & & & &
) X ) X ) NS 3 Nd ) & o N & v
© 2 K KR © - Q4 © g & &
N @ N @ N & N @ Q @ N @ N N
Q"D Q Q"U Q Q'D Q Q'D Q Q’U Q Q‘U Q Q’D' Q[D
B mRNA Levels
08
® W roxi
B rox2
06 675 MSL2
0.4 45

0.2 2.25

Relative Expression
Normalized to PKA (log2)

0

Female Kc cells

Control Days after SxI RNAI Male
RNAi 2 3 4 5 6 S2cells

anti-MSL2 — - e D>
T S FA | oo R

Fig. 4: Sex Lethal RNAIi time courses over 6 days shows early induction of
MSL complex

A) SxlI RNAi shows an average 25% reduction in SxI RNA over six days. B) Sxl
RNAI increases MSL2 mRNA as early as day 1, where roX transcription
increases as early as day 2. C) MSL2 protein is induced as early as day three

with day 6 being most similar to male cells.
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